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Physiological studies focus on the responses of cells, tissues and individuals to stressors, usually in
laboratory situations. Conservation and management, on the other hand, focus on populations. The
field of conservation physiology addresses the question of how abiotic drivers of physiological
responses at the level of the individual alter requirements for successful conservation and manage-
ment of populations. To achieve this, impacts of physiological effects at the individual level need to
be scaled to impacts on population dynamics, which requires consideration of ecology. Successfully
realizing the potential of conservation physiology requires interdisciplinary studies incorporating
physiology and ecology, and requires that a constructive dialogue develops between these tradition-
ally disparate fields. To encourage this dialogue, we consider the increasingly explicit incorporation
of physiology into ecological models applied to marine fish conservation and management. Conser-
vation physiology is further challenged as the physiology of an individual revealed under laboratory
conditions is unlikely to reflect realized responses to the complex variable stressors to which it is
exposed in the wild. Telemetry technology offers the capability to record an animal’s behaviour
while simultaneously recording environmental variables to which it is exposed. We consider how
the emerging insights from telemetry can strengthen the incorporation of physiology into ecology.
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1. INTRODUCTION
The development of conservation physiology as a
discipline has been driven, in part, by the long-term
recognition that: (i) the abiotic environment can
shape an organism’s physiological development; (ii)
human activities are altering the abiotic environment
on a global scale; and (iii) abiotic impacts on an
organism’s physiologies can affect individual fitness
with implications for population-level processes or, in
other words, physiologists have knowledge and tech-
niques that are useful for addressing contemporary
applied conservation issues at the scale of populations.

Conservation physiology was originally defined as
‘the study of physiological responses of organisms to
human alteration of the environment that might cause
or contribute to population declines’ by Wikelski &
Cooke [1]. However, for this discussion, we consider
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conservation physiology to be an applied subdisci-
pline within ecophysiology and define conservation
physiology as ‘the study of physiological responses of
organisms to environmental changes and human-induced
impacts, and their implications for population and ecosys-
tem dynamics’. Our refined definition: (i) takes account
of the fact that natural variations in the environment
may alter the response of organisms to human impacts;
(ii) does not solely focus on population declines; and
(iii) places emphasis on the critical issue of scaling from
physiological effects to population, community and eco-
system level processes. While considering definitions, it
should be noted that in this discussion, ‘conservation’ is
taken to refer to management of exploited living resources
as well as conservation of biodiversity.

There are three mechanisms by which changes in the
abiotic environment can effect a species’ population
dynamics: (i) through direct impacts on the physiology
of the focal species; (ii) through changes in physical
transport of planktonic stages of the focal species (e.g.
larval transport and dispersal); and (iii) indirectly
through changes in ecological relationships, such as
predator or prey abundance, where the abiotic changes
impact ecologically related species rather than the focal
This journal is q 2012 The Royal Society
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Figure 1. The hierarchical levels of biological complexity, and their incorporation into existing resource management
models. Processes are identified as interlinked boxes overlaid on a background (light and dark grey) of increasing biogeo-
graphic scale. The impacts of environmental stressors on, and socio-economic outputs from, these processes are
indicated by black arrows. The contribution of telemetry to understanding individual processes and to the different types
of modelling (described in the dashed text boxes under the relevant process box) is indicated by grey arrows. Adapted

from Le Quesne & Pinnegar [2].
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species itself. As conservation physiology addresses the
physiological responses of organisms to changes in the
environment, we focus this discussion on the first mech-
anism, although passing mention is made to other
mechanisms where appropriate. In addition, because
current telemetry methods cannot yet be applied to
small individuals, our discussion is restricted to macro-
metazoans and not plankton or fish larvae.

Although physiology operates at the level of individ-
ual organisms and below (e.g. cellular or molecular
levels), societal concern for the marine environment
operates at the scale of populations, communities
and ecosystems. Therefore, the application of conser-
vation physiology requires scaling from physiology to
ecology (figure 1). This is a complex process which
requires more than direct scaling of individual physio-
logical effects to societal impacts because many
biotic and abiotic factors modulate population-level
responses to environmental changes. Owing to the spa-
tial and temporal scale at which ecological processes
operate, many of the key questions related to applied
conservation, such as the possible outcomes of dif-
ferent management interventions, are inaccessible to
traditional manipulative experiments, and therefore
Phil. Trans. R. Soc. B (2012)
require qualitative assessments or predictive modelling
studies. A key part of the development of conservation
physiology will therefore be the incorporation of
physiology in ecological modelling frameworks.

Animals in the wild only experience the microenvir-
onment in their immediate vicinity, yet environmental
variability occurs over a range of temporal and spatial
scales. Controlled laboratory experiments may tell us
how an animal’s physiology or behaviour may alter in
response to a change in one or a limited set of stres-
sors. But laboratory experiments are rarely structured
in a way that takes account of: (i) the full range of
stressors that occur and interact in the natural environ-
ment; (ii) changes in the animal’s state through space
and time that affects the relative importance of these
stressors to its biology; and (iii) the behavioural
response of the animal that may modulate the impact
of the stressor on the animal.

Telemetry, using electronic devices attached to or
implanted into fish, offers the ability to record an
animal’s movements and behaviour while simulta-
neously recording at least some of the environmental
variables to which it is exposed [3]. Further-
more, recent advances in telemetry now enable
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measurements to be recorded from marine fish over
seasonal, and even multi-annual, timescales. There-
fore, information gained from telemetry studies can
enhance conservation physiology by providing insights
into the realized behaviour and physiology of fish in the
wild to validate or modify understanding developed
from laboratory studies.

The successful realization of conservation physiology
requires truly interdisciplinary studies that incorporate
physiological knowledge and ecological understanding
to develop advice on conservation management
strategies. Achieving this requires development of a
working dialogue between the traditionally disparate
fields of physiology, and ecology and ecological model-
ling. To develop this dialogue, we firstly provide a
review of fisheries population and ecosystem modelling
methods, and how knowledge of fish physiology and
responses to abiotic changes has been incorporated
into them. Then, using cod and tuna as examples,
we review case studies where telemetry has provided
information about movements and behaviour in
relation to environmental factors that has both vali-
dated and challenged our understanding of expected
responses. Finally, we consider two examples that pro-
vide a framework for integrating knowledge on
relationships between abiotic drivers and physiology
directly into the processes that underpin applied mod-
elling studies that can be used to provide advice in
support of conservation objectives.
2. MODELLING
The fundamental focus of marine fisheries and con-
servation science over the past century has been to
understand the factors controlling population dynam-
ics and to predict the impact, in terms of population
abundances and/or yields, of different human acti-
vities, particularly fishing. Although it has long been
recognized that population dynamics can be influ-
enced by the environment [4–6], the tendency over
most of the past century has been to consider envi-
ronmental factors as stochastic noise that cannot
be further resolved [7]. However, in recent years,
advances in climate forecasting, improved environ-
mental timeseries and increases in computing power
have allowed environmental variability to be explicitly
incorporated into ecological modelling studies [7].
The increasing capacity for models explicitly to
handle environmental variation provides an opportu-
nity to incorporate knowledge of the relationships
between physiology and abiotic drivers into population
and system modelling frameworks and provides a
mechanism to scale up effects observed at the individ-
ual level to potential population- and system-level
impacts. However, the manner in which physiological
information can be incorporated into models varies
greatly depending on the model structure and the
physiological process being considered [2].

Both empirical and mechanistic models are used in
predictive modelling studies and each has its strengths
and weaknesses. Typically, empirical models describe
processes with empirical or statistical relationships
that are developed based on observations [8] and
often represent complex processes in simple equations
Phil. Trans. R. Soc. B (2012)
with relatively few parameters. However, a major
limitation is that previously observed empirical relation-
ships may break down in situations when conditions
change substantially. Empirical models therefore
offer only limited power for extrapolation. By contrast,
mechanistic (i.e. ‘process-based’) models start from a
theoretical consideration of what processes need to
be modelled and only then consider what data are
required [9]. Mechanistic models are considered
more robust when extrapolating beyond previously
observed conditions. However, mechanistic physio-
logical models frequently require data that are not
always readily available and are often difficult to col-
lect. Improved process description can therefore
come at the cost of increased measurement error in
the model owing to increased data requirements [10].

Although empirical models do not explicitly repre-
sent the fundamental processes driving the dynamics
of a system, the empirical relationships used within
a model supposedly capture the net or emergent
effects of the underlying processes. Consequently, it
is conceptually possible to emulate alterations in the
underlying processes by modifying model relationships
or parameter values in a manner that captures the
emergent effects of the underlying change. There are
many examples of modelling studies that have used
such an approach of fusing process-based modifiers
to empirical models, such as forcing (the application
of independent data in a model that influences the
outcome) stock–recruit relationships [11] or growth
parameters [12] in response to environmental variabil-
ity within fisheries population models. However, the
clear distinction between empirical and mechanistic
models implied in the above discussion is, for conven-
ience, a simplification. In reality, there is a spectrum of
model types from very simplistic empirical models
though to highly complex mechanistic models, with a
host of intermediate forms.

A wide variety of model types have been applied
to issues of living marine resource management
which can crudely be grouped into four main classes:
population models, individual-based models (IBMs),
species distribution models (SDMs) and mass- or
energy-balanced models. Although the output of
different models and different model types varies con-
siderably and is based on model requirements, their
components, either implicitly or explicitly, represent
processes at a range of different biological and eco-
logical scales (figure 1). Model types differ in their
principal modelling units, which may be individuals,
populations or even ecosystems, and the types and
influence of modifiers (which themselves may be
model outcomes that feedback into successive cycles
of a time-based model), environmental stressors, or
both. To understand how information on the relation-
ship between physiology and the environment may be
incorporated into these models, we briefly describe
each model type (below) along with examples of how
environmental variability has been incorporated into
them. This is not intended as an exhaustive review,
or as a definitive description of the model types, but
rather an overview to give a flavour of the range
of model types available and approaches used to
introduce environmental influences on physiology.
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(a) Individual-based models

IBMs track individuals on the basis of rules governing
the behaviour and development of individuals, and
population dynamics emerge as the sum of the indi-
viduals that comprise the population. IBMs are
particularly amenable to incorporating physiological
and behavioural data as the algorithms controlling
development of organisms can incorporate detailed
physiological representation of processes controlling
development which then drive the emergent proper-
ties of the population [13]. For example, Daewel
et al. [14] applied a fish larval IBM coupled with a
three-dimensional hydrodynamic and lower trophic-
level model to examine the impact of environmental
variability on larval development of cod (Gadus
morhua) and sprat (Sprattus sprattus). In this model,
temperature directly modified larval metabolic rates
and developmental times, whereas the hydrodyn-
amics contributed to environmental forcing of the
lower trophic-level model.
(b) Population or production models

Surplus production models consider populations as a
single biomass pool and simulate population biomass
dynamics only with two parameters: the intrinsic rate
of population growth (r) and the system carrying
capacity (K ) [15,16]. Within this framework, the
emergent outcome of all the underlying processes is
expressed solely via their effect on either r or K. In a
500 year retrospective analysis of the Newfoundland
cod population, Rose [17] introduced environmental
forcing by modifying r with a tree-ring temperature
proxy and found the inclusion of environmental for-
cing improved the fit with historical data compared
with runs without environmental forcing.

Stage-structured models evolved from surplus pro-
duction models and take a variety of forms. They are
now one of the main tools applied to marine living
resource management. Rather than considering popu-
lations as a single biomass pool, populations are
divided into age- or size-based stages, and numbers
tracked from one stage to the next allowing for natural
and anthropogenic mortality. Stage-structured models
can assume constant recruitment in the form of bio-
mass or yields per recruit models, or can incorporate
a stock–recruit relationship to provide a description of
a ‘whole’ population [18]. Stage-structured models are
used in single-species assessments, or multi-species
analyses where individual populations are linked
through technical [19] and/or trophic interactions
[20]. Stage-structured models typically use growth–
mortality relationships, and these are key factors that
can be modified on the basis of physiological infor-
mation. For example, Cheung et al. [12] modelled
the implications of climate change and ocean acidifica-
tion on growth potential of fish by relating asymptotic
body size and the K parameter of the von Bertalanffy
growth equation to abiotic variables incorporated in
the model.
(c) Mass-balance models

Biomass- or energy mass-balanced models are based
around a model ‘currency’ (e.g. biomass, energy,
Phil. Trans. R. Soc. B (2012)
carbon or nitrogen) and treat groups of organisms as
a single pool of the model currency. The biomass
pools can comprise multiple populations of different
species, or may just represent a single age class of a
specific population. The pools are linked within the
model to create a trophic web, often extending from
primary producers to terminal predators. Although
the model currency is not always explicitly defined as
energy, in many cases the currency chosen essentially
acts as a proxy for energy flow through a system.
Thus, mass-balance models can be amenable to repre-
senting physiologically mediated changes in energy
uptake, partitioning and use at the level of the individ-
ual animal. Ainsworth et al. [21] examined five
different biophysical impacts of climate change in Eco-
path with Ecosim ecosystem models [22] by emulating
changes in bioenergetics of different biological groups
in response to different climate impacts. The use of
energy as a model currency in ecosystem models
makes them particularly amenable to incorporating
physiological knowledge on bioenergetics. Further-
more, energy-based ecosystem models can represent
a range of different physiological impacts with varying
consequences for bioenergetics [2].

(d) Species distribution models

SDMs have been widely applied to predict past, current
and future distributions of organisms under different
environmental conditions [23,24]. This class of models
generally determines empirical relationships between
environmental variables and species distributions
based on observed distributional and environmental
data. A range of approaches has been used with the
choice of approach partly dependent on the type of dis-
tributional data available [8,25]. Most existing SDMs
are purely empirical and do not consider process
descriptions of physiology or population dynamics, and
their predictive power has been questioned when applied
to novel environmental conditions [26]. However, some
approaches have started to incorporate more mechanis-
tic considerations by coupling SDMs with population
dynamic models. For example, Cheung et al. [12] expli-
citly modelled the influences of temperature, oxygen and
alkalinity changes on population dynamics and distri-
bution of marine fish via physiological processes
description (see later).

As different models structure the world in fundamen-
tally different ways, it is useful to have different model
types when incorporating physiological data into popu-
lation- and system-level modelling frameworks. The
manner in which physiological information is incor-
porated into these models, as well as the resolution at
which physiological processes are resolved, varies signi-
ficantly between different model types. There is no
consistent correct choice of what type of model to
apply. The appropriate model framework and level of
complexity to apply depend on the physiological process
being emulated, the question being asked and the data
available [27].
3. TELEMETRY AND BEHAVIOUR
Incorporating physiology and behaviour into predic-
tive models requires an understanding of how fish
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respond to the ever changing complex of environ-
mental stressors in their natural environment.
Because telemetry offers the capability to record an
animal’s behaviour while simultaneously recording
the environmental variables to which it is exposed,
this technology provides the means to validate or chal-
lenge assumptions based on laboratory experiments
which, on their own, are unlikely to be able truly to
reflect the realized responses of individuals to the
dynamic environment they experience in the wild.

The advent of micro-electronics in the 1950s
paved the way for electronic devices that could be
made small enough to be attached externally to or
implant into fish (see review by Arnold & Dewar
[28]). Early electronic tags allowed individual fish to
be tracked, usually from a boat or research vessel or,
in association with static listening stations, to record
the arrival and departure of individuals at particular
locations [29]. Tracking experiments have provided
detailed information about the spatial (both vertical
and geographical) movements of individuals, and
if environmental data (temperature, water currents,
etc.) are gathered simultaneously by the tracking
vessel it is also possible to relate fish behaviour to
the local environment [30]. However, tracking stu-
dies are limited because usually only one fish can be
followed at a time, and tag life is limited, usually to
no more than a week or two. These limitations
restricted the extent to which tracking studies can
reveal how a fish’s behaviour alters through time,
either owing to changes in its state or to changes in
environmental conditions.

More recently, integrated circuit technology has
allowed the development of a new form of telemetry,
often referred to as ‘biologging’, in which ‘data sto-
rage’ or ‘archival’ tags intermittently record and store
information from on-board sensors that measure
environmental variables such as pressure (to give
depth), temperature and ambient daylight. Once
recovered, either through acoustic, radio or satellite
links, or through physical recovery of the tag itself,
the data not only provide fine-scale information
about behaviour (e.g. vertical movements derived
from pressure readings) but can also be used to deter-
mine geographical movement based on geolocations
determined from recoded data on many occasions
while the fish is at liberty [3]. This behavioural and
movement information can then be integrated with
environmental data that are either recorded by the
tag at the same time (e.g. water temperature), that
are collected independently (e.g. satellite data of sea
surface temperature or biological productivity) or are
derived through other means (e.g. dissolved oxygen
in the open oceans) for the same geographical area
[31–34] to provide an understanding of how fish
behave in different environmental conditions and at
different times. Further developments in sensor and
telemetry technology continue to provide the capa-
bility directly to record physiological variables such
as heart rate and muscle activity (see review by
Cooke et al. [35]).

Because data can be gathered from the same indi-
vidual over months and even years, data storage tags
also offer the prospect of observing how behaviour
Phil. Trans. R. Soc. B (2012)
changes with the fish’s state (e.g. feeding, migrating,
spawning, etc.) and over longer term (e.g. seasonal)
changes in the environment. As such, and given the
ongoing development of more advanced sensors for
measuring organismal state (see later), telemetry can
provide a bridge between the physiological processes
that are ‘upstream’ of the realized performance of
individuals and the ecological processes that are
the integrated (‘downstream’) outcome of collective
performance.

Having discussed the need for physiological and be-
havioural data to parametrize biologically realistic
mechanistic models, together with the potential for
telemetry to refine our thinking about how physiologi-
cal and behavioural data should be implemented in
such models, we now consider examples of where tele-
metry studies have either validated or challenged
physiological assumptions within models.
(a) Temperature and cod

The response to temperature is a commonly occurring
topic in laboratory-based physiological studies of
marine fish. This is predominantly because tempera-
ture can be easily controlled and because it is a key
factor affecting fish physiology. It acts directly through
the regulation of vital (i.e. feeding, metabolism, trans-
formation, etc.) and non-vital (i.e. vitellogenesis)
processes. Responses to temperature should also be
one of the easiest to corroborate in the field because
temperature data can be easily and accurately collected
over a wide spatial extent, with a range of sampling
and telemetry methods available to measure physio-
logical and behavioural responses. Cod is a widely
distributed and historically important commercial
species across its range. Because of this, both its
biology and physiology have been fairly extensively
described from both laboratory and field studies, pro-
viding an ideal foundation for the application of
conservation physiology principles.

Cod inhabit a wide range of water temperatures and
display a variety of different life-history characteristics
associated with living in particular temperature
regimes [36–39]. Numerous studies demonstrate
that cod physiology is profoundly affected by environ-
mental temperature [40–46]. Over 90 per cent of the
variation in growth in cod is attributed to temperature
[41], with growth being reduced at lower temperatures
and, as a result, individuals achieving maturity at an
older age [41,43]. Estimates of the ‘optimum’ temp-
erature for growth of cod range from 78C to 178C
[40,47,48 and references therein]. Other experiments
suggest that cod behave in ways that reduce thermal
stress. For example, tank studies indicate that cod’s
thermal preferendum is in the range 11–148C
[49,50], and their metabolic scope is maximized in
the temperature range 13–158C [42]. In maturation
studies, cod held at higher temperatures produce
more oocytes and devote a greater proportion of
their resources to egg production [51]. Cod of differ-
ing stock origin held under the same environmental
conditions, however, will invest more in reproduction
if they come from a stock that lives at a higher average
temperature [52].
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Perhaps because of the plasticity of cod behaviour,
and the innate tolerance of this species to a range of
temperatures, studies of the response of cod to differ-
ent thermal drivers in their natural environment are
not quite so clear cut, and the results of different
field studies commonly disagree. For example,
growth estimates of wild cod have been analysed, e.g.
Brander [41], who suggested that, in contrast to lab-
oratory studies, the relationship between temperature
and growth is linear. However, because the data were
collected from biological sampling studies over a lim-
ited range of temperatures, and across a range of cod
sub-stocks, the results have been criticized as unrealis-
tic [53]. However, recent data collected using data
storage tags have also shown that the long-term temp-
erature that cod experience correlates linearly with
growth [32] and that, while the underlying relationship
is the same, the growth rate of cod of different stocks
does not increase at the same rate with temperature,
thus corroborating Brander [41] and emphasizing the
fact that regional and ontogenetic factors are likely to
be important in determining physiological responses
to different environments.

Responses to thermal gradients at timescales that
are too short to have a measurable effect on growth
have also been investigated. While cod show a rela-
tively wide physiological tolerance for different
thermal environments, experiments show that cod
are responsive to even small changes in temperature.
Adaptations within their thermal envelope appear to
be linked to metabolic adjustments and trade-offs
depending on the particular conditions experienced.
Evidence for short-term responses to thermal gradi-
ents under natural conditions is, however, relatively
uncommon. The concept that movements of wild
cod populations are related to changes in water temp-
erature (and depth) on a seasonal scale has long been
based on timeseries of cod abundance at a range of
spatial scales, or evidence of changes in cod abundance
or occurrence at particular times of year [54–58].
However, through data storage tagging experiments,
Neat & Righton [59] showed that cod in the North
Sea did not occupy the more ‘optimal’ thermal
environments, or indeed migrate away from areas
where sea temperature was very high. Instead, individ-
uals in both the southern and northern North Sea
appeared to prefer the warmest proportion of the
environment. This result was further supported in a
subsequent study [32], where broad thermal toler-
ances of cod were shown to both short-term thermal
stress resulting from movement across a 58C thermo-
cline and to long-term thermal stress resulting from
occupancy of very warm (188C) or very cold (less
than 08C) environments. Growth in these environments
was lower than in more favourable environments, prob-
ably as a consequence of the reduced aerobic scope in
such conditions [45].

It is clear that different populations of cod respond
differently to temperature and thermal gradients
[60–62] and, as a population-rich species [63], this
population complexity is a key driver in modulating
the way that cod populations will respond to environ-
mental change. Integrating this degree of complexity
into resource management and climate change models
Phil. Trans. R. Soc. B (2012)
is likely to be a considerable challenge and it may be
that simpler but valid generalizations will need to be
developed and tested in future field studies.
(b) Oxygen and tuna

Similar to temperature, oxygen availability is another
abiotic variable that determines habitat suitability for
marine fish. It is well established that fish growth is
reduced if they are kept in water with reduced
(below air saturation) oxygen concentrations (hypoxia)
[64], with reduced growth being a consequence of
reduced feeding and food assimilation (see Pauly
[65]). Hypoxia-induced reductions in growth have
knock-on effects, reducing maximum size, age at first
maturity and, therefore, potential reproductive suc-
cess. It is therefore to be expected that fish would
seek to maximize reproductive potential by avoiding
oxygen-poor (hypoxic) environments, or may ‘choose’
to inhabit or visit oxygen-poor environments because
the advantages of other habitat features outweigh the
negative impact of hypoxia [66,67].

Pauly [65] has argued that a physiological
approach, integrating biotic (metabolic rate and fish
growth dynamics) and abiotic (depth, oxygen and
temperature) parameters can explain how fish, both
in the course of their ontogeny and seasonally, migrate
vertically and geographically so as to remain in the
species-specific temperature/oxygen regime that is
appropriate for their size, suggesting that this therefore
determines their overall geographical distributions.
However, there are other environmental variables
that, it might be argued, could also affect movements
and distribution—food availability and the presence
of predators come readily to mind—but very little
field data exist to confirm the extent to which indi-
viduals remain in their predicted temperature/
oxygen regime.

Hypoxia is a common phenomenon in a range of
sea areas such as the Baltic Sea and the Gulf of St
Lawrence [68], as well as large parts of the eastern
Tropical Pacific (ETP) and eastern Tropical Atlantic
(ETA) at depths below about 100 m [33]. The
oxygen-minimum zones in the tropical Pacific and
Atlantic are among the largest areas of naturally occur-
ring hypoxia in the world oceans and are predicted to
expand with climate change [33]. The impact that
hypoxia, along with temperature, may have on the
movements and distribution of fish populations is
being recognized, and increasingly habitat preferences
and physiological limitations are being used to try and
standardize fish population assessment methods [69].
However, Brill [70]—who has reviewed the develop-
ment of our understanding of the temperature and
oxygen tolerances of various tuna species based largely
on laboratory studies—concludes that widely cited
estimates of limiting oxygen levels are inaccurate
because of underestimates of oxygen demand at low
swimming speeds. Brill [70] suggests that the high
metabolic rates observed in tunas at slow swimming
speeds are a consequence of the high osmoregulatory
costs, or other adaptations for achieving very high
maximum metabolic rates. So, while it is clear that
tunas are highly aerobic fish, the complex nature of
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their physiology suggests that their movements and
distribution will also depend on other factors such as
temperature, feeding, maturity, etc. However, until
recently, very few data were available to characterize
how such pelagic species actually use the water
column in different oceanic habitats.

In an attempt to resolve such issues, Prince &
Goodyear [71] and Prince et al. [33] recently used
depth recording pop-off satellite transmitting archival
tags to gain a fuller understanding of the vertical move-
ments of tunas and billfishes in relation to oxygen
availability in the Atlantic and Pacific oceans. Their
results show that, in the ETP and ETA, respectively,
sailfish and marlin are subject to hypoxia-based habitat
compression, being largely restricted to the narrow
surface layer where oxygen levels are above appro-
ximately 3.5 ml l21 (greater than approximately 50%
saturation) and that extends down to a variable
boundary defined by a shallow thermocline, often at
25–50 m, which separates it from deeper, colder,
hypoxic water. However, this is not the situation in
the western North Atlantic (WNA) where oxygen
availability is not limiting and may remain above
4.0 ml l21 down to depths of 300 m. Interestingly,
Atlantic sailfish in the ETP and ETA are larger than
those in the WNA [33,71], and these authors suggest
the larger sizes may reflect enhanced foraging opportu-
nities afforded by the closer proximity of predator and
prey in the compressed habitat, as well as by the higher
productivity in these areas. They also point out that
being confined to a shallow band of acceptable habitat
makes these fish more vulnerable to over-exploitation
by surface fishing gears and that, not surprisingly,
the long-term landings of tropical pelagic tunas from
areas of habitat compression have been far greater
than those from surrounding areas. Such understand-
ing therefore not only provides better basis for
standardizing commercial catch per unit effort
(CPUE) data to improve population assessments, but
also helps to identify habitats where conservation
measures may need to reflect the higher vulnerability
of fish to exploitation.
(c) Oxygen and cod

Using acoustic telemetry to monitor the movement
and behaviour of cod in a 125 m3 tower tank, Clair-
eaux et al. [66] showed that while cod generally avoid
hypoxic (less than approximately 50% saturation)
water, they will, in certain conditions, enter water
with oxygen saturation levels as low as approximately
14% for short periods, particularly if food is offered.
Similarly, studies conducted using archival tags
showed that cod in the Bornholm Basin of the Baltic
occasionally experienced oxygen saturations as low as
10% and spent a third of the total time at liberty in
water having an oxygen saturation below 50% [72].
These authors suggest that cod move into deeper,
hypoxic water for short periods to feed on sprat and
other prey species that are generally more tolerant to
longer term exposure to low oxygen, but then move
back into the relatively well-oxygenated surface
waters that can support the higher oxygen demand
needed to digest the food they have consumed.
Phil. Trans. R. Soc. B (2012)
Thus, in the Baltic, moving into prey-rich hypoxic
water to feed and then returning to normoxic environ-
ments to digest their food may not result in any
reduced growth despite that fact that they experience
hypoxic water for a relatively large part of the time.
These authors point out that although their telemetry
data did not reveal any particularly new insights into
the threshold nature of hypoxia for determining the
distribution of cod in the Baltic, their results allowed
individual residence periods to be monitored continu-
ously over the full range of available oxygen
conditions, thereby enabling the identification of
more complex behaviours than simple avoidance.
4. SCALING PHYSIOLOGY TO POPULATION
DYNAMICS
The above discussion has identified the opportunities
for taking account of physiological data in considering
resource management, and highlighted some examples
of how a growing body of telemetry-derived data can
help advance existing management tools. Currently,
these advances help to shape model assumptions and
thereby influence the development of new management
policies. The next step towards a true conservation
physiology approach to fisheries management will inte-
grate knowledge on relationships between abiotic
drivers and physiology directly into the processes that
underpin applied modelling studies. We now focus
on two existing models that provide a framework to
realize this, the dynamic bioclimatic envelope model
(DBEM) [12,25,73] and the spatial ecosystem and
population dynamics model (SEAPODYM) [74,75].

The DBEM was developed to assess the effects of
global ocean and climate changes on marine biodiver-
sity and fisheries [12,25,76]. The model was applied to
study more than 1000 species of fishes and invert-
ebrates globally to project rates of species range shifts
and changes in catch potential by the year 2050
under different scenarios of CO2 emissions, outputs
which are directly relevant to conservation and man-
agement. Specifically, the model outputs show many
marine fishes and invertebrates would shift their distri-
bution pole-ward and to deeper water, at an average
rate of approximately 40 km decade21 towards higher
latitude and approximately 3.3 m decade21 into
deeper water (for demersal species). These would
result in high rates of species invasion in higher lati-
tude regions and local extinction along the tropics
and in semi-enclosed seas.

The model which explicitly links ecophysiology with
spatial population dynamics is based on three key
axioms. Firstly, growth is dependent on aerobic
scope, described by a set of equations determining
oxygen demand and supply for growth, derived
from the von Bertalanffy growth function [12]. Sche-
matically, it can be represented by a ‘p-diagram’
[65,77,78] (figure 2). In the model, growth parameters
are expressed as a function of temperature and other
biogeochemical conditions of the environment that
are known to affect growth, such as dissolved oxygen
concentration. Secondly, life-history characteristics
are closely correlated with each other. Thus, the
model determines other life-history characteristics,
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Figure 2. Two p-diagrams illustrating how (a) growth and
maximum (i.e. asymptotic) size of fish depend on the bal-
ance between oxygen supply and demand; (b) factors that

increase maintenance metabolism (e.g. increased tempera-
ture, physiological stress) or reduced oxygen supply (e.g.
hypoxia) will reduce growth and asymptotic weight (from
W1 to W 0

1). Oxygen supply scales allometrically with body
mass, whereas oxygen demand (for maintenance meta-

bolism) is directly proportional to body mass. Growth
depends on the aerobic scope, i.e. on the difference between
oxygen supply and demand curves. Asymptotic size is
reached when oxygen supply is just enough to meet oxygen

demand for basic body maintenance. Hence, increase in
oxygen demand or decrease in oxygen supply will affect
growth and asymptotic size. Adapted from Cheung
et al. [12].
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such as mortality rate and length-at-maturity, from
growth parameters using known empirical models
[79,80]. Thirdly, movement, growth and carrying
capacity of the population are dependent on the
environmental conditions and the physiological pre-
ferences and limits of the population. The model
infers the physiological and ecological preferences of
organisms to environmental conditions such as temp-
erature, salinity and habitat types by overlaying
predicted distribution maps with gridded oceano-
graphic data predicted by earth system models [73].
These parameters then determine the population
dynamics and carrying capacity of the modelled popu-
lation in each 0.58 latitude � 0.58 longitude cell.
Changes in physiology and population dynamics are
driven by projected changes in ocean conditions. The
initial conditions of the model are based on predicted
current distributions of the modelled populations, von
Bertalanffy growth parameters, coefficients for meta-
bolic scaling, movement rate of adults and species’
degree of association to major habitat types.

The SEAPODYM is specifically designed to pro-
vide mechanistic predictions on spatial population
Phil. Trans. R. Soc. B (2012)
dynamics of tunas and other ocean top-predators
under global change [81]. Similar to DEMB, SEAPO-
DYM simulates changes in biomass of each population
cohort based on population dynamics and advection–
diffusion–reaction equations. Specifically, the model is
forced by environmental conditions (temperature, cur-
rents, primary production, habitat suitability and
dissolved oxygen concentration), prey abundance and
fishing [81]. The model uses a simplified multi-layer
ocean ecosystem with a coarse description of mid-
trophic levels but detailed size-/age-structured spatial
population dynamics of high-trophic-level species
of interest (e.g. bigeye tuna, Thunnus obesus). The
model includes a rigorous parameter optimization
and the habitat preferences of the species are estimated
based on historical environmental forcing and fishing
data. The estimated habitat index implicitly repre-
sents physiological responses of the animals to
changing environmental conditions (e.g. temperature
and oxygen). The model is linked to an earth system
model that provides projections of abiotic and
biogeochemical conditions.

SEAPODYM can inform fisheries management and
conservation of large ocean predators in response to
climate change. For example, using SEAPODYM,
Lehodey et al. [81] examined potential changes in
bigeye tuna populations in the twentieth-first century.
The model suggests an expansion of bigeye spawn-
ing habitat and improvement in adult feeding habitat
in the eastern tropical Pacific, whereas bigeye in the
western tropical Pacific may decrease because of
warming and declines in sub-surface oxygen and
food availability.

In these two modelling approaches, data from phys-
iological studies have been useful in improving the
projections from the models. In DBEM, the three
key axioms, i.e. relationship between oxygen, tempera-
ture and growth, correlation between life-history
characteristics and linkages between habitat preference
and spatial distribution, are largely based on physio-
logical data of the type we have described in our case
studies on the physiology and behaviour of cod and
tuna. However, these models focus on dynamics at
relatively coarse spatial and temporal scales and do
not represent the fine-scale influences of environment
and their trade-offs. These models also assume the
organisms are in a steady state and do not expli-
citly incorporate scope for a wide range of potential
adaptive responses. However, as such issues are
increasingly becoming amenable to telemetry studies,
future developments of these and similar models
should take advantage of the increased resolution
that this new technology offers.
5. CONCLUSIONS
We have shown how knowledge from physiological and
telemetry studies can directly inform the structural
development and parametrization of population
models. Physiological studies on thermal tolerance,
aerobic scope and growth provide useful information
to develop the ecophysiology components. Data
obtained from telemetry studies inform the parametri-
zation of animals’ movement and dispersal rates and
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their responses to environmental changes in the
model. Comparisons between estimated parameters
from the models and experimental findings, for
example thermal tolerance and response functions to
water chemistry, can also be used to calibrate the
models. These models thus allow the up-scaling of
experimental findings to address larger scale ecological
questions that are more relevant to conservation and
management. However, existing models do not gener-
ally have the capacity to represent the fine-scale
cellular or molecular details that most physiological
studies focus on, nor the short-term (e.g. hourly or
daily) behavioural responses of animal movement.

How then does one deal with the fact that the
responses of fish in different environments are com-
plex? Further, what are the consequences of multiple
trade-offs between different stimuli, energy acqui-
sition, energy conservation, stress management and
physiological compensation when applying conserva-
tion physiology to inform management decisions?
Telemetry, laboratory studies, large-scale sampling or
modelling cannot, each on their own, provide a final
answer but, drawn together, they can provide increas-
ingly robust management advice (cf. Cooke et al.
[82]). Telemetry is particularly valuable for providing
insights into short-term behavioural decisions that,
we assume, maximize life-time fitness over longer
timescales, and adds important context to laboratory
studies. However, to date, telemetry has been ham-
pered by the problem that it is very difficult to
measure parameters that directly relate to whole
organism life-time fitness, such as growth or energy
acquisition. However, recent development of telemetry
devices with tri-axial accelerometers may offer fresh
insights into the potential to estimate metabolic rate
in the field from dynamic body acceleration [83,84].

Continuing advances in physiology and telemetry
will provide new insights into the multitude of factors
that influence the realized responses of organisms to
environmental challenges in the wild. However, a key
challenge for applied conservation physiology is to
see through the complexity and to develop realistic
generalizations that capture the critical physiological
mechanisms and behaviour responses that can mean-
ingfully be integrated into the ecological models and
understanding that are ultimately used to advise on
conservation and management interventions.
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