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Abstract The benefits of physiological biomarkers,

knowledge and concepts are well-established in fish

and wildlife management as they confer the ability to

understand mechanistic processes, identify cause-and-

effect relationships, and develop predictive models.

Although this approach is gaining momentum in the

context of species conservation, the use of physiolog-

ical biomarkers in exploited marine fish stock man-

agement and recovery plans remains relatively rare.

Here, we present five essential issues to consider to

implement physiological biomarkers in fisheries man-

agement: (i) choice of relevant biomarkers that have a

well-known mechanistic basis, (ii) identification of

species-specific biomarkers reflecting a meaningful

timespan for management, (iii) selection of biomark-

ers compatible with data collection during routine

scientific fisheries surveys, (iv) use of biomarkers as

early-warning signals and complementary indicators

of population-level changes in life history traits and

(v) how physiological biomarkers may help to refine

long-term population dynamic projections under cli-

mate change and management scenarios. Overall, if

based on well-established mechanisms linked to

individuals’ fitness, a focus on physiological biomark-

ers should help to better understand the mechanisms

behind stock declines, changes in stock characteris-

tics, and thus more efficiently manage marine fisheries

and conserve populations. As this approach is trans-

ferable among species, locations, and times, the

integration of physiological biomarkers in fisheries

science has the potential to more broadly enhance

assessments and management of fish stocks.
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e-mail: pablo.brosset@ifremer.fr

P. Brosset � P. Soudant
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France

S. J. Cooke

Fish Ecology and Conservation Physiology Laboratory,

Department of Biology and Institute of Environmental and

Interdisciplinary Science, Carleton University, Ottawa,

ON K1S 5B6, Canada

Q. Schull

MARBEC, Univ. de Montpellier, IFREMER, IRD,
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Introduction

Understanding how individuals respond to environ-

mental changes and the mechanisms shaping their life

history traits is important for fish and wildlife man-

agement (Wikelski and Cooke 2006; Madliger et al.

2016; Bergman et al. 2019). As physiological

responses to environmental variability underpin indi-

vidual life history traits and hence population dynam-

ics (Ward et al. 2016), failing to account for the

physiological constraints set by the environment may

lead to inaccuracies in our understanding of popula-

tion dynamics and the management advice derived

therefrom (Link et al. 2020). For instance, the decline

in reproductive success in birds of prey due to their

exposure to dichlorodiphenyltricholoroethane (DDT)

led to its ban and the subsequent recovery of these

populations (Faroon et al. 2002). Intact glades allow

better growth and reproduction (through better assim-

ilation rate) for the Eastern Collared Lizard (Crota-

phytus collaris), and thus should be prioritized for

conservation purposes (Brewster et al. 2020). Like-

wise, physiological biomarkers showed that six hours

in a salt water pool facilitated post-release survival of

Kemp’s ridley sea turtle (Lepidochelys kempii) after

transportation (Hunt et al. 2019). Collectively, these

(and other studies—see Madliger et al. 2016) studies

illustrate the potential of physiological biomarkers,

knowledge and concepts to inform the management of

species with conservation concerns, an approach that

can be adapted to the management of exploited

species.

The consideration of physiological processes in

recovery plans is highly variable among taxa, with it

being somewhat common for reptiles and mammals

while relatively rare for exploited marine fish stocks

(Mahoney et al. 2018). Most applications of physio-

logical biomarkers in fisheries sciences have focused

on the reduction of bycatch mortality arising from

commercial or recreational fisheries. For instance,

Farrell et al. (2001) demonstrated that placing coho

salmon (Oncorhynchus kisutch) in a recovery box

decreased their stress levels (measured as plasma

cortisol and muscle lactate) and increased their post-

release survival. Likewise, Skomal (2007) showed the

effects of angling time on multiple physiological

factors (blood acid–base status, metabolites and

proteins quantities) and provided recommendations

to improve the post-release survival of large pelagic

fish. Beyond post-capture survival studies where fish

have to be released alive, the large number of sampling

events carried out by scientific surveys and underpin-

ning many stock assessments and management deci-

sions (Maunder and Piner 2014; Trenkel et al. 2019)

opens avenues for the use of multiple physiological

biomarkers in fishery science.

Linking physiological biomarkers and fishery

science, however, presents difficulties that might stem

from the objectives of fishery science (e.g. measuring

population productivity) and its need to estimate

individual fitness (i.e. the genetic contribution of an

individual to the next generation) and population vital

rates (e.g. reproductive success with recruitment rate,

individual growth rate, and total survival rate). If

fisheries data accurately estimate fitness variation and

physiological biomarkers are themselves strongly

linked to fitness, physiological biomarkers may there-

fore be perceived as an unnecessary detour to under-

stand population dynamics. Yet, it is well-

acknowledge that fisheries data provide imperfect

fitness proxies and that typical metrics used in fisheries

science such as size at age one, morphometric body

condition indices or abundance reveal primarily only

rather extreme changes in population ‘state’ (Kat-

sanevakis et al. 2012; Breton et al. 2013; Maunder and

Piner 2014). For instance, even when environmental

conditions become suboptimal and the constraints of

maintaining internal conditions within physiological

tolerance bounds increases (Pérez-Ruzafa et al. 2018),

mechanisms such as compensatory or catch-up growth

(Ali et al. 2003) and/or trade-offs between life history

traits (growth vs survival; Sogard 1997) may lead to an

apparent stasis in population phenotypic characteris-

tics (size-at-age, body condition). These mechanisms,

however, mask fundamental changes in population

state (e.g. size-dependent mortality) and density

dependence effects that might only become evident

later on, delaying the implementation of measures to

improve stock management and conservation (Lennox

et al. 2018). Consequently, managers respond to

declining populations by changing management mea-

sures without necessarily understanding the mecha-

nisms behind population declines, potentially leading

to inefficient results (Mahoney et al. 2018). To this

end, physiological biomarkers that react quickly to

environmental changes and management actions

could be used to define thresholds or reference points

for fisheries science, and may provide much-needed
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information, for example, on how the trajectory of a

population may be linked to reduced growth and

survival.

A variety of physiological biomarkers, each poten-

tially equally important, affect or provide information

on body condition and life history traits from an

evolutionary ecology point of view (Kotiaho 2002;

Tomkins et al. 2004; Mangel and Munch 2005). Yet,

fishery scientists often restrict the notion of an

individuals’ body condition to the amount of stored

energy (e.g. Clancey and Byers 2014). Individual body

condition and life history trait variability have been

related to individuals’ energy reserves (from energy

density to fatty acids profiles, Parrish 2009) but also to

metabolism (Rowe and Houle 1996), parasite load

(Timi and Poulin 2003), immune response (Zuk and

Stoehr 2002), ability to sustain physical efforts

(Johnstone et al. 2017), nutritional stress (Hulbert

et al. 2014), oxidative stress levels (Costantini 2008),

and overall stress levels (Korte et al. 2005). Due to the

multitude of pathways affecting physiology and life

history traits (Ricklefs and Wikelski 2002), the use of

multiple biomarkers carefully selected based on well-

known mechanisms can enable the characterization of

individual overall health status (Cooke and O’Connor

2010). Indeed, even if the application of physiological

biomarkers to fisheries questions only generate cor-

relative findings, changes in physiological biomarkers

can provide rapid information regarding individual

and population responses to environmental conditions

and serve as early warning signals (e.g. cortisol, lipid

content, metabolic rate, parasite load; Coristine et al.

2014). Hence, it is essential to focus on several

physiological biomarkers with clear mechanistic bases

related to a given degree of impairment of life history

traits to better understand direct links between envi-

ronmental conditions, physiological biomarkers, and

individual life history traits to predict population-level

outcomes. Therefore, bridging the gap between phys-

iology and fishery science has the potential to improve

our understanding of exploited species’ population

dynamics, enhance our ability to predict population

responses to environmental changes, and hence sup-

port management decisions (Martino and Houde 2010;

Madliger et al. 2016; Nash et al. 2021).

The contribution of physiological research to

fisheries sciences has previously been highlighted

(see Young et al. 2006; Metcalfe et al. 2012;

Horodysky et al. 2015; McKenzie et al. 2016).

However, these papers often focus on a single

technology or on the way to translate individual-level

physiological biomarkers into population-level pro-

cesses. Here, our goal is to provide a framework to

guide the choice of physiological biomarkers with the

greatest potential to be relevant for aquatic fisheries

management (Colin et al. 2016). These relevant

biomarkers (i) have a clear mechanistic basis linked

to life history traits variability, (ii) are unaffected by

the capture and sampling processes, (iii) can be

implemented within the routine operations of scien-

tific fisheries surveys, (iv) can be used as early warning

signals of population changes in life history traits, and

(v) can improve long-term projections of population

demography as well as associated management strate-

gies. Our aim is not to provide a summary of all

possible applications of physiological biomarkers in

fisheries science, but rather to illustrate the diverse

ways in which these biomarkers have the potential to

enhance fisheries management.

Physiological biomarkers for fisheries science

Before being translated at population scales (relevant

for fisheries management), two key properties are

essential for physiological biomarkers: (i) a clear

mechanistic basis and known effects on individual

fitness (i.e. experimental and theoretical cause-and-

effect relationships) and (ii) being easily collected in

the field and accurately measurable. The physiological

biomarkers presented below are thus discussed in

terms of their significance for measuring individual

fitness and their implementation during routine fish-

eries surveys.

Mechanistic basis of physiological biomarkers

Here we provide several examples of physiological

biomarkers, from whole-organisms to gene expression

markers. These examples are by no means exhaustive

but reflect the ones that are known to date to be linked

to life history traits and hence have the greatest

potential to be relevant for fisheries management (i.e.

metabolism, stress responses, energy reserves quantity

and quality, immune responses, oxidative stress

responses, and -omics; see also Table 1).

Metabolism is a key process converting nutrients

into energy usable for different functions and therefore
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Table 1 Summary of the main physiological biomarkers

Physiological

biomarker

Interpretation Meaning Mechanistic links with life

history traits

References

Aerobic scope Difference between

minimum and maximum

oxygen consumption rate

Oxygen- and capacity-limited

thermal tolerance

Related to whole-animal

performance and fitness

Clark et al. (2013)

and Farrell

(2016)

Heart rate Blood flow Biomarker of whole-

organisms acute stress,

proxy of oxygen

consumption

Reduced growth,

reproduction and survival

Farrell (1991)

Hematocrit

concentration

Blood oxygen-transporting

capacities

Measure of exposure to

stressors and physical

activity

Affect growth and survival Sopinka et al.

(2016)

Scale cortisol Chronic stress Determine a stressful

environment

Impair growth, reproduction,

immunity, behaviour

Sadoul and

Geffroy (2019)

and Bonier et al.

(2009)

Blood cortisol Acute stress Determine short-term stressful

event

Impair growth, reproduction,

immunity, behaviour

Sadoul and

Geffroy (2019)

and Bonier et al.

(2009)

Egg cortisol Chronic maternal stress Measure of stressful effects

derived from the

physiological condition of

the mother during

gametogenesis

Shapes offspring phenotype

and therefore growth and

survival

Gagliano and

McCormick

(2009) and

Sopinka et al.

(2017)

Oxydative

stress

Imbalance between ROS

and protective antioxidant

mechanisms when free

radicals[ antioxidants

Potential tissue damages due

to the production of reactive

oxygen species

Inhibit growth, reproduction

and survival, and hence

future fitness; Shapes life

history traits trade-offs

Birnie-Gauvin

et al. (2017) and

Sopinka et al.

(2016)

Heat shock

proteins

Cellular stress response Indicates the level of stress of

an individual, but is highly

context dependant

Markers of stress that may

impair growth,

reproduction, and survival

Sopinka et al.

(2016), Roberts

et al. (2010) and

Iwama et al.

1998

Lipids % Nutritional stress Levels of energy stores

available

Linked to survival,

reproduction and life

history strategies

Adams (1999),

Parrish (2009)

and Couturier

et al. (2020)

Fatty acids

composition

Nutritional stress Levels and quality of energy

stores available

Linked to survival,

reproduction and life

history strategies

Adams (1999),

Parrish (2009)

and Couturier

et al. (2020)

Metabolic rate Baseline rate of aerobic

metabolism (rate of

oxygen uptake)

The amount of energy per unit

of time needed to keep the

body functioning

Linked to variations in

behaviour and critical life-

history traits

Burton et al.

(2011) and

Chabot et al.

(2016)

Gut and liver

enzyme

ativity

Digestive enzyme activity Metabolic activity over the

last 2/3 months and recent

(i.e. 48 h) feeding intensity

Seems to affect fish growth

and survival

Lemieux et al.

(1999) and Cahu

and Zambonino-

Infante (1994)

Leukocyte

counts

Immune defense activity Provide a measure of animal

health and exposure to stress

Linked to future

performances and viability

Sopinka et al.

(2016)
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determines individual energy acquisition, transforma-

tion and allocation to different life history traits (e.g.

growth, reproduction; Newsholme and Start 1973). In

species for which individuals can be released after

capture following sampling, estimating the metabolic

rate indirectly (i.e. typically measured as the rate of

oxygen uptake or the heart rate) in their natural habitat

is possible with boat or shore based respirometry

(Chabot et al. 2016) and/or electronic tags (Metcalfe

et al. 2016). These methods are useful for understand-

ing the behaviour and energy allocation of wild fishes

as a function of environmental conditions (Chabot

et al. 2016). Fish metabolism is also affected by

hormones such as glucocorticoids that will rapidly rise

in response to stress factors (within 3–5 min) and have

provided some of the most successful set of animal

stress biomarkers (Denver et al. 2009). Monitoring

basal corticosteroid level or the increase in corticos-

teroids after a standardised stressful event in various

tissues such as muscle, blood, eggs, mucus or scales

have been found to be valuable biomarkers of short-

term and chronic stress (Baker et al. 2013; Sadoul and

Vijayan 2016). Assessing chronic stress is particularly

interesting due to its detrimental consequences for the

metabolism, the immune system (Korte et al. 2005;

Sadoul and Vijayan 2016), growth (Gregory and

Wood 1999) and for reproduction (Faught and Vijayan

2018). Alternatively, the metabolic activity over a

timespan of 2–3 months and feeding intensity over the

last 48 h in fish can be estimated using pancreatic and

intestinal enzymes (e.g. trypsin and alkaline phos-

phatase) that facilitate the hydrolysis and absorption of

nutrients, respectively (Cahu and Zambonino-Infante

1994; Lemieux et al. 1999). For these reasons,

digestive enzymes have been widely used as biomark-

ers of fish physiological functions related to growth

and survival abilities (Ueberschär 1995; Zambonino-

Infante et al. 2008; Zambonino-Infante and Cahu

2010).

The amount of energy reserves stored in a whole

individual can be directly measured (e.g. bomb

calorimetry) or approximated based on the total

amount of lipid extracted from key energy storing

organs (e.g. gut, muscle, liver). These metrics have

proven useful to assess the energetic status of

individuals and to address question related to life

history strategies, ecology and fish stock management

(Lloret et al. 2014). These approaches are, however,

limited in a number of ways as only a fraction of the

energy measured in the entire body may be allocated

to the different functions (Sargent et al. 1999; Tocher

2003) and energy reserves may be stored in different

forms (glycogen vs lipids) during development (Jos-

rgensen et al. 1997), making it difficult to quantify the

actual amount of energy reserves available during

growth (Jobling and Johansen 1999). In addition to

differences in the amount of energy reserves, differ-

ences in their quality may be important as for instance

the availability of essential lipids that support crucial

physiological functions can influence directly the

development and health of fish. Especially, dietary

n-3 polyunsatured fatty acids (omega-3) composition

can affect growth, reproduction, behaviour, vision,

stress resistance, disease resistance and immune

response (Kiron et al. 1995; Sargent et al. 1999;

Montero et al. 2003). Therefore, monitoring individual

fatty acids composition could be more accurate to

estimate individual health.

Table 1 continued

Physiological

biomarker

Interpretation Meaning Mechanistic links with life

history traits

References

Main toxicants

(e.g. lead,

cadmium)

Chronic contaminant

stressors

Behavioural and physiological

changes in fishes in response

to toxicants

Affect fish survival and

reproduction

Scott and Sloman

(2004) and

Sloman and

McNeil (2012)

Gene,

transcript or

protein

expression

profiles

Identification of functional

response pathways

through gene expression

profiles

Identifying functional

physiological thresholds

predictive of compensatory

responses

Detrimental outcomes in

survival and therefore

fitness

Connon et al.

(2018) and

Jeffries et al.

(2021)

For each biomarker we provide an overview of key aspects such as interpretation and the known associated mechanistic links with

organismal life history traits
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As immune responses are costly to mount, the

optimal response to a pathogen will depend on an

individuals’ current condition and infection status

(Viney et al. 2005). A simple way to evaluate immune

response is to quantify the lysozyme activity (Lie et al.

1989) or the neutralizing antibodies (e.g. using a cell-

based assay; Tort et al. 1996; Boshra et al. 2006). The

immune system is a network that protects the organism

against diseases and pathogens. Thus, measures of

individual immune responses are key in understanding

variation in health status and hence the consequences

on life-history traits (Sheldon and Verhulst 1996;

Šimková et al. 2008; Dupuy et al. 2015). Oxygen is

essential for many metabolic processes but oxygen

metabolism also leads to the inevitable production of

reactive oxygen species (ROS; Sies 1997). ROS act as

signalling molecules to regulate biological and phys-

iological processes with roles in apoptosis and the

induction of defence genes transcription. However,

when the amount of ROS overcomes an organisms’

anti-oxidant capacities, for example during rapid

individual growth or lasting exposure to stress factors,

ROS will damage lipids, proteins and/or DNA

(oxidative stress; Yu 1994; Costantini 2008). Such

unbalanced situations will have negative conse-

quences on individual growth, reproduction and body

maintenance (Birnie-Gauvin et al. 2017). Oxidative

stress levels can be measured using biomarkers of

damage (e.g. lipid peroxidation, protein carbonyla-

tion, DNA-damage), and endogenous or exogenous

anti-oxidant defences (e.g. superoxide dismutase,

catalase, carotenoids; Beaulieu and Costantini 2014).

Among molecular level biomarkers, metabolomic,

proteomic, transcriptomic and genomic tools are the

most recently developed ones (Madliger et al. 2018;

Bernos et al. 2020; Le Luyer et al. 2021). This suite of

‘-omics tools’ can pinpoint key metabolites, micro-

biome dysbiosis, proteins and genes involved in

individual response to changes in the environment.

For example, yolk proteins have been used as

biomarkers of endocrine disruptions that impair fish

reproduction (Kime et al. 1999). Likewise, plasma

proteomics have allowed the detection of a network of

protein changes associated with immunological path-

ways in stressed fish andmay be biomarkers of chronic

stress (Raposo De Magalhães et al. 2020). These ‘-

omics tools’ therefore facilitate the investigation of

individual response to environmental changes, and the

establishment of causal links between molecular and

physiological/organismal variation. The main con-

strains remain the need to quickly freeze and keep the

sample frozen at - 80 �C in order to ensure proteins

or RNA integrity and relatively high analysis cost that

limit sample size.

The effects of specific environmental conditions on

many of these physiological biomarkers are well

established under laboratory conditions (Vinagre et al.

2012; Vanderplancke et al. 2014; Birnie-Gauvin et al.

2017). However, different environmental factors (e.g.

increasing water temperature and decreasing oxygen

concentration) can have additive, synergic or antag-

onistic effects on individual physiology and physiol-

ogy–fitness relationships (Wernberg et al. 2012;

Kimball et al. 2012; Côté et al. 2016). Moreover,

individual behaviours such as dispersal or foraging

decisions can directly dampen the effects of adverse

environmental conditions and trigger other physiolog-

ical responses (e.g. climate change shifted distribution

areas may have higher predator densities and thus lead

to more fish chronic stress; Tuomainen and Candolin

2011). Therefore, in addition to the development of a

roadmap for successful use of physiological biomark-

ers in fisheries management (see below), a concerted

effort combining in-situ data as well as controlled

laboratory studies is necessary to calibrate in-situ

measures. Indeed, we need to derive more knowledge

on potential climate change-related drivers impacts on

several vital rates from laboratory and field studies

(e.g. with ecotoxicological measures on lethal con-

centration of a substance in water causing a death of

50% of the tested population, LC50) to build robust

models for climate impacts projections. These models

could adequately assess physiological constraints and

mechanisms underpinning individuals’ health and

vigour for a large number of natural populations and

provide science-based advice for sustainable manage-

ment of aquatic resources (Peck et al. 2013; Catalán

et al. 2019).

Enable scientific survey samples to be physiology-

compatible

The collection of samples required to measure these

physiological biomarkers must be easily implemented

within the routine operations of scientific fisheries

surveys (see the ‘‘Fishery survey compatibility’’ step

in Fig. 1). The most common constraints for onboard

sampling are time, space, and sample storage
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facilities. Consequently, physiological measurements

less impacted by tissue degradation and/or requiring a

small quantity of tissues and equipment should be

prioritised (see Table 2) over biomarkers based on

whole organism performance such as classical respi-

ratory experiments which would require equipment

rarely available onboard (even though some recent

innovations propose promising practical and reliable

field respirometry methods; Mochnacz et al. 2017) or

on shore but outside of traditional academic laboratory

environment. There have also been innovations in

sampling that allow use of small, non-lethal tissue

biopsies (e.g., gill tissue for transcriptomics work,

Jeffries et al. 2021; blood for use in say cortisol assays,

Lawrence et al. 2020) such that data can be collected

from rare or threatened species that are released alive.

The major issue with samples collected during

fisheries surveys is the impact of acute stress response

associated with the capture process on many physio-

logical biomarkers. Irrespective of the fishing gear,

physiological biomarkers strongly affected by these

processes must be avoided because the acute (and

short-term) stress responses to fishing are bound to

swamp the longer-term baseline levels of these

biomarkers. For instance, hormonal concentrations in

plasma or leukocyte counts can change rapidly in

response to fish exhaustion and stress (Dhabhar 2002;

Walker et al. 2005) while the lytic activity of plasma

leukocytes or the concentration of scale cortisol are

largely unaffected by the acute stress responses of fish

and hence largely unaffected by capture (Sadoul and

Geffroy 2019). It might also be possible to statistically

account for these effects by using an estimate of

‘capture stress’ (see Lawrence et al. 2018 for example)

but this would be done based on the assumption that

the response of these biomarkers was consistent across

individuals, an assumption that might be impossible to

experimentally assess in many species. Thus,

biomarkers that are not influenced by fishing acute

stress such as scale cortisol or lipid stores should be

favored. Moreover, onboard workload often implies

delays in sample collection after capture that induce a

rapid degradation of fish tissues. The sensitivity of

each physiological biomarker to this degradation must

be evaluated and it is critical to identify the maximum

time during which a sample is amenable to sampling

for specific biomarkers and environmental conditions.

Recent studies that focus on genomics or transcrip-

tomics tend to use RNA stabilization solution as a

preservative and although refrigeration is preferred, it

is not essential. Every biomarker, test, and tissue type

is different in terms of how it should be preserved and

physiological biomarkers with the least demanding

requirements should again be favored. For instance,

samples collected to investigate oxidative stress levels

only need to be rapidly placed in- 20 �C freezers and

analysed within 4 months (Beaulieu and Costantini

2014), the activity of digestive enzymes can relatively

easily be preserved using non-toxic reagents (Cahu

and Zambonino-Infante 1994), and the use of lytic

activity of plasma leucocytes requires only storing

plasma samples at- 20 �C. If no processing facilities
are available onboard, freezing the whole fish is the

only solution to bring back exploitable samples to the

laboratory. In this case, one must select a subset of

biomarkers that are the least affected by freezing and

thawing processes.

Steps to follow in the selection of optimal

physiological biomarkers

After addressing the issues of reliability and feasibil-

ity, the different responses of biomarkers to stress

factors points to the advantages of employing a suite of

biomarkers. Obviously, the success of such an

approach would depend on the choice of this suite of

biomarkers. Following Cury and Christensen (2005)

and Rice and Rochet (2005) approach, we focus on

two decisive steps to choose physiological biomarkers

intended to support management decision-making:

(i) the identification of biomarkers adapted to the

target species, with an appropriate temporal integra-

tion (i.e. the timespan over which the biomarker

reflects a given physiological process), informative for

management, and with both reasonable financial cost

and time investment, and (ii) the selection of the most

relevant suite of biomarkers for providing information

on individual and population changes for the consid-

ered species.

Identification of species-specific physiological

biomarkers with temporal integration relevant

for management

Wild fish populations may have different ecological

features, inhabiting a single or a diversity of habitats,

and displaying a variety of behaviours. Therefore, the
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Fig. 1 Flow chart representing the key steps for considering and implementing physiological biomarkers in fisheries management
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choice of physiological biomarkers has to be tailored

to each species, accounting for characteristics such as

size/life history stage (that constrains the amount of

tissue that can be collected), habitat (i.e. demersal or

pelagic) or functional traits (e.g. dietary preferences,

dispersal abilities, longevity), and even population and

sex. For instance, the continuous swimming activity of

pelagic fish makes them highly sensitive to oxygen

availability while strictly demersal fish will be less

sensitive to this parameter (Clark et al. 2013; Brown

and Thatje 2014). Likewise, life at the poles has led to

a wide range of physiological adaptations in fish. For

instance, Antarctic icefish (Notothenioidei sp.) such as

the loss of red blood cells and haemoglobin as a result

of living in oxygen-rich waters (Cheng and Detrich

2007). Such key ecological differences will make

some biomarkers more informative than others

depending on the studied species. Furthermore, fish

anatomic properties can limit the sampling of some

physiological biomarkers. For instance, fish species

without scales or with small scales that are difficult to

sample (e.g. flatfish) or often renewed (small pelagics)

are not appropriate to study cortisol content in scales.

Moreover, small-sized species may be unsuitable to

the collection of some biomarkers because of the

limited amount of tissue that can be sampled (e.g.

about 50–75 mg of fish scale is needed to quantify

cortisol concentrations, Sadoul and Geffroy 2019). In

such cases, it is possible to pool individuals to obtain

enough material at the expense of information at the

individual level and the risk of averaging fish with

different physiological states. Another key point is the

deployment of physiological biomarkers for different

life stages. For example, population productivity

depends on adults (e.g. maternal effect) and the

survival of their offspring during early life stages

(Brosset et al. 2020). Therefore, it might be possible to

improve recruitment forecasts by studying both larval,

juvenile, and adult life stages to get a more holistic

knowledge and strengthen our ability to use them for

population management. These species and life stage-

dependent aspects must be considered from the

beginning when selecting a physiological framework

as they make the choice and the feasibility of optimal

biomarkers highly species-specific (step ‘‘Biomarker

selection’’ in Fig. 1).

Another key aspect of physiological biomarkers

selection is the temporal scale of the processes they

reflect. This temporal integration period, referred to as

timespan, depends on the way physiological processes

are regulated and hence the speed at which a

biomarker responds to environmental variations (e.g.

stress hormones: quick increase and then a steady

decline once the stress factor has disappeared; con-

versely heat shock proteins take much longer to build

up and to get back to their baseline, Madliger et al.

2018). Depending on the tissue sampled (e.g. blood,

muscle, eggs, or organ biopsy, see Madliger et al.

2018), the reference time period of a given physio-

logical biomarker may vary. For instance, information

for different reference periods can be obtained when

measuring cortisol levels in blood (snapshot at the

time of sampling), in eggs (maternal stress level over

previous weeks) or in scales (stress level integrated

over an individual’s lifespan; Aerts et al. 2015).

Similarly, measurements of metabolism can be based

on enzyme activity with a timespan of ca. 2–4 weeks

or fatty acids contents that reflect longer term diet and

metabolism (Parrish 2009). Depending on the question

asked, short-term physiological biomarkers may be

more useful for investigating acute stress at a partic-

ular life-stage or geographic location as they allow

identifying a specific environmental pressure, while

long-term biomarkers will most likely describe

broader life history constraints.

Once a set of suitable physiological biomarkers for

a given species has been identified, it is critical to

ensure that measurements are accurate. Multiple

samples should be collected and technical replicates

for a subset of individuals should be measured to

quantify sampling variation within individuals and

hence the precision of a given physiological biomar-

ker. As tissues can rapidly deteriorate, repeatability

has also to be quantified according to the time elapsed

between an individual’s death and sample collection.

Some biomarkers allow the direct quantification of

tissue degradation (e.g. the appearance of free fatty

acids, Couturier et al. 2020) but in many instances

such degradation will result in a decline in the

magnitude of the measurement (e.g. blubber cortisol,

Trana et al. 2015). Conversely, physiological

biomarkers must show sufficient inter-individual

variability to enable us to characterise differences in

health state.
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Selection of the most powerful physiological

biomarkers

The selected physiological biomarkers must add novel

insights to the classical measurements carried out

during fisheries surveys. Indeed, the relationships

between physiological and size-at-age or body condi-

tion measures are not necessarily straightforward and

physiological biomarkers may highlight constraints

and trade-offs that cannot be revealed by morphome-

tric measurements alone (Kimball et al. 2012). Con-

sequently, physiological biomarkers could be assessed

in a correlative way with the different life history traits

(or their proxies) routinely measured during fisheries

surveys (e.g. size-at-age, body condition, and repro-

ductive status) to identify the shape and strength of

these relationships.

The robustness of inferences drawn from physio-

logical biomarkers is enhanced by the integration of

complementary biomarkers, ideally across multiple

levels of biological organization, that encompass

several physiological mechanisms and underpin indi-

vidual fitness (Trenkel et al. 2007; Hook et al. 2014).

Physiological biomarkers are, however, often consid-

ered separately while the constraints resulting from

changes in health and acting on life history traits are

clearly multifaceted (e.g. on rapid growth; Metcalfe

and Monaghan 2003). Combining multiple physiolog-

ical biomarkers is therefore necessary to understand

the interaction between life history traits and the

overall consequences of environmental changes. Thus,

the use of several biomarkers would likely decrease

the probability of a false positive due to a spurious

result in a single biomarker (Hook et al. 2014;

Madliger and Love 2015). For instance, previous

work has shown that increasing digestive enzyme

activity is related to faster fish growth which itself is

negatively related to oxidative stress (Metcalfe and

Monaghan 2003). Similarly, individuals having higher

chronic stress levels may have lower growth rates and

body condition resulting from the increasing energetic

demand of mounting the stress responses (Abdel-

Tawwab et al. 2019). Thus, the choice of the number

of biomarkers has to be done carefully and should rely

on knowledge of physiological links between them.

This can be done through the implementation of

multivariate analyses (e.g. principal component anal-

ysis, correspondence analysis or factor analysis, Path-

Analysis) to estimate the covariation between

physiological biomarkers, and identify the most

powerful biomarkers (Greenstreet et al. 2012). Mul-

tivariate analyses can also enable us to extract a few

compound variables describing individual overall

health state which might in turn impact life history

traits (i.e. multivariate eigenvectors may readily

reflect individuals’ health state combining for example

low parasite load, good nutritional state and low

chronic stress). As for each physiological biomarker,

the eigenvectors resulting from the multivariate anal-

yses could be correlated with different life history

traits (or their proxies) to determine whether they

outperform separate physiological biomarkers (i.e. to

highlight undetected mechanisms). This approach

might be useful in cases of snapshot information but

such compound variables are not directly comparable

overtime if they are defined based on correlations/co-

variances between variables in separate years. Other

methods to combine indicators are proposed in Rice

and Rochet (2005) and could also be considered. A

flowchart summarizing the main steps of the biomar-

ker selection and validation is provided in Fig. 1.

Overall, researchers and managers must weigh costs

and benefits when deciding whether a given physio-

logical biomarker is applicable in their system.

Using physiological biomarkers in fisheries

management

Physiological biomarkers have been largely used in

ecotoxicology and especially in the context of chem-

ical contaminant exposure, noise pollution, or fish

post-release mortality (Adams et al. 1992; Scott and

Sloman 2004; Skomal 2007; Gagliano and McCor-

mick 2009; Sierra-Flores et al. 2015). However, little

attention has been paid to their potential application in

fisheries management. The main hurdle to overcome is

the scaling up from individual physiology to popula-

tion processes and the integration of these biomarkers

in the decision-making process (Hamilton et al. 2016;

Bergman et al. 2019). Because of their mechanistic

basis, sustained and substantial changes in physiolog-

ical biomarkers are bound to influence individual life

history traits in a linear or non-linear way (i.e.

continuous change vs thresholds specific to each

biomarker). Thus, physiological biomarkers can indi-

cate changes in population dynamics that would have

been missed by the mere monitoring of morphometric
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changes at age and reproductive status and become

physiological biomarkers of current and future popu-

lation changes (Monaco and Helmuth, 2011). Here, we

discuss a number of case studies that highlight the

importance of considering physiological biomarkers

to understand population demography and to forecast

long-term population changes under global change

and fishing scenarios. Koenigstein et al. (2018)

showed that understanding the physiological basis of

the mortality of early life stages to temperature and

acidification allowed to investigate warming and

acidification impacts on Barents Sea cod recruitment

to fisheries and project future stock dynamics. Thus,

severe reductions in average age-0 recruitment suc-

cess and population decline of Barents Sea cod are

projected under uncompensated warming and acidifi-

cation towards the middle of this century (Koenigstein

et al. 2018). Still focusing on early life stages survival,

Moyano et al. (2020) found that increasing tempera-

ture led to a decline in the cardiac performance and

growth rate of herring larvae which were associated

with declines in population productivity and proposed

as indicators for population resilience.We now outline

how physiological biomarkers could inform fisheries

management and conservation and help understanding

how environmental and fishing changes influence

exploited marine populations (Fig. 2).

Identifying ‘early warning’ physiological

biomarkers

In fisheries science, the indicator approach aims at

adjusting management strategies based on indicators

characterizing the impacts of environmental variations

and human practices on exploited populations (Jen-

nings 2005; Rice and Rochet 2005; Rochet et al.

2005). The use of this approach is growing worldwide

as it provides a robust, simple, and pragmatic assess-

ment tool for many freshwater and marine stocks

(Beauchard et al. 2017; Thompson et al. 2020).

However, to date few studies have sought to integrate

physiology into this approach (Adams and Ham 2011;

Jeffrey et al. 2015) while there is an increasing number

of physiological studies identifying sublethal and

lethal effects of climate change and fishing (Bozinovic

and Pörtner 2015). Moreover, physiological states do

not necessarily vary linearly, requiring the identifica-

tion of thresholds in organismal- and then population-

level performances according to the environmental

pressure(s) experienced (i.e. thresholds beyond which

Fig. 2 Theoretical framework to make physiological biomark-

ers useful for fisheries management. With regard to the shape of

the curves, they may be smooth for some species, but could

equally well be a stepwise relationship in which a species can

compensate for disturbance up to a point and then abruptly

transitions into a new physiological status
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growth is impaired or survival and/or reproduction is

diminished, Ricklefs and Wikelski 2002).

Physiological biomarkers complementary to cur-

rent fishery indicators could be identified based on the

relationship between physiological biomarkers and

life-history traits (Table 1). For instance, antioxidant

defences are typically associated with higher fertility

and survival rate, while oxidative stress is associated

with a decrease in reproduction and growth, and hence

the current and future fitness of individuals (Costantini

2008). Likewise, elevated glucocorticoid(s) levels

have been associated with reduced fish survival, poor

gamete quality and poor reproductive success (e.g.

cortisol; Baker et al. 2013). The physiological

biomarkers used to study fish post-release survival

(Horodysky et al. 2015) might also be useful to

estimate discard mortality and hence be used to

improve estimates of unaccounted fishing mortality

(except for European stocks for which the landing

obligation applies). Investigating such performance

curves (e.g. variation in growth, reproductive success

and survival along environmental gradient that define

an organism’s critical limits) is particularly relevant to

understand how fish cope with environmental change

and fishing, and ultimately examine population

dynamics and their change. Thus, individual overall

stress levels and physiological responses can help us to

understand population level tolerance to natural stress

factors and bring further our conservation and man-

agement efforts to mitigate anthropogenic distur-

bances (Sopinka et al. 2016; Birnie-Gauvin et al.

2017). Usually, biomarkers are measured in a sub-

sample of the population under investigation. The

mean response of the individuals in the sample is then

used to estimate the expected response of the whole

population. In formulating new biomarker approaches,

it is also important to move beyond measuring mean

responses or the mean effects that ensue. The propor-

tion of individuals in the population below or above

physiological biomarker thresholds underlining

adverse effects of the environment should thus be

considered. Indeed, the success of natural populations

and communities are determined by the range of

attributes of their individuals, and the determination of

the relative proportions of biomarker levels in regard

to thresholds can be used as a first insight into

population-level consequences of environmental

changes and potentially yield insight on their adaptive

capacity (Depledge et al. 1993).

Physiological biomarkers may also be used to

reveal yet undetected changes when for example there

are signs of recovery at higher levels of biological

organization (populations, communities) while bio-

chemical and physiological systems remain impaired

(and vice versa). As physiological mechanisms cannot

fully compensate over an extended period of time, the

deleterious effects of environmental changes on fish

life history traits and fitness might appear with a delay

(‘carry over effects’, e.g. compensatory growth has

been observed to cause long-lasting alterations to

basal metabolic rate; Killen 2014). Moreover, direc-

tional and disruptive selection caused by anthro-

pogenic or environmental factors might lead to

permanent changes in physiological processes if their

levels and regulation are heritable. Beyond highlight-

ing underlying mechanisms responsible for fish phe-

notype changes, most physiological biomarkers

rapidly respond to the multiple environmental and

anthropogenic changes and pressures experienced by

individuals and can therefore provide early warning

signals of environmental deteriorations, relapses and

recovery dynamics. Highlighting such rapid dynamics

could serve exploited stocks for which management

rely only on indicator-based assessment methods (e.g.

abundance, mortality rate, length and age composi-

tions; Cooke and Suski 2008; Cotter et al. 2009).

Another strength of physiological biomarkers is their

ability to identify the mechanism(s) impacted by

multiple pressures (Killen et al. 2013). Indeed, the

relationships between environmental factors and

physiological biomarkers are likely to be stronger

than those obtained with common morphometric

indicators such as growth parameters derived from

length-at-age or indices of body condition. Multiple

physiological biomarkers could routinely inform

management on the drivers of observed population

dynamics, act as early warning signals, and thus

contribute to proactive fisheries management.

Finally, physiological biomarkers and their benefits

listed above may complement the efforts to protect the

marine ecosystem and biodiversity upon which our

health and marine-related economic and social activ-

ities depend (e.g. the 11 descriptors of ‘‘Good

Environmental Status’’ in the European Marine Strat-

egy Framework Directive). By providing new and

early-warning signals about mechanisms shaping

individual fitness and population dynamics, they could

facilitate integrated stock and ecosystem health status
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assessments. The use of scale cortisol measures as

chronic stress biomarker for keystone fish species, for

example, could be a powerful way to monitor envi-

ronmental change and anthropogenic disturbances

altering ecological functioning and thus health status

of communities and ecosystems.

Physiological biomarkers and population

modelling

Physiological biomarkers may improve projections of

both environmental and fishing effects on individual

fitness and hence population dynamics. Understanding

these physiological responses and the associated

variability of life history traits combined with projec-

tions of future environmental conditions might be

invaluable to predict the vulnerability of populations

to climate change and thereby the sustainability of the

fishery (by direct effects on the physiology of

individuals and through trophic cascades; Pérez-

Ruzafa et al. 2018; Little et al. 2020). Indeed, the

effectiveness of management plans depends on reli-

able predictions of life history traits’ variability and

species’ range shifts outside the range of available

(historical) data. Thus, management plans failing to

account for past and future changes in life-history

traits and range shifts will likely misestimate long-

term yields or miss rebuilding targets. For instance,

changes in the spatial distribution of fish stocks may

greatly affect the uncertainty of biomass projections if

the processes driving life history changes are not

quantified accurately (Mangel and Levin 2005;

Monaco and Helmuth 2011).

One way to inform extrapolation in model projec-

tions is to model explicitly the link between environ-

mental variation, physiological processes, and fitness

over the entire life cycle and broad geographic ranges

in a population context (Baskett 2012; Horodysky

et al. 2015). In recent years, there has been renewed

interest in physiologically-based life cycle models

such as the dynamic energy budget theory (DEB) or

biphasic models to assess individual-level effects of

lethal but also sublethal stressors (Wilson et al. 2018;

Watson et al. 2020). These models allow an under-

standing of the trade-offs between growth, survival

and reproduction at individual level and provide a

means to assess the range of interacting drivers

(Huebert and Peck 2014; Teal et al. 2018). For

instance, several studies have shown that such models

can accurately predict growth and reproductive suc-

cess patterns (Baas et al. 2018). For example, DEB

models allow the study of changes in energy pathways

resulting from various stress factors (e.g. food avail-

ability, water temperature, hypoxia or pollutants).

However, because these models specify the response

of an individual, tools such as individual-based model

(IBM) are needed to extrapolate their effects to

population levels. The DEB-IBM framework is

designed to explore properties of both individual

life-history traits and population dynamics, their

interaction with environmental variables such as

temperature or food quantity, tests of DEB theory in

a population context, and to advance individual-based

modelling by basing the representation of individuals

on well-tested physiological principles (Bueno-Pardo

et al. 2020). Such approaches can thus provide a

consistent framework for modeling species physiol-

ogy and combined with projections of future climate

scenarios, predict future population dynamics.

In addition to informing mechanistic forecasting

approaches, tuning life-history trait parameters

according to individual response to environmental

changes in population dynamics models can allow the

evaluation of their impacts on management decisions

(Cooke et al. 2013). Thus, rather than assuming

invariant life history traits (e.g. constant growth or

natural mortality), length- or age-based population

projection models could incorporate expected changes

in life history traits, depending on the climate change

and/or fisheries scenarios being considered (e.g.

different stress levels affect growth rates, McKenzie

et al. 2016; Little et al. 2020). As population dynamics

models often use annual estimates of body weight and

natural mortality rates at length or age, the link

between life history traits and environmental variabil-

ity (through physiological functions) could be used to

adjust size- or age-dependent life history trait values.

For example, including these traits in Von Bertalanffy

models (based on a bioenergetic expression of fish

growth: Von Bertalanffy 1957) may significantly

improve simulations for either length or weight data.

For spatially explicit models, integrating the spatio-

temporal dynamics of the fish–environment interac-

tion (e.g. physiological tolerance curves to different

environmental parameters) can improve current esti-

mates and future predictions of stock distribution and

abundance (Horodysky et al. 2015). Other examples

combine metabolic scope theory with more detailed
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quantitative models to assess how bioenergetic effects

on life history trade-offs might affect populations (e.g.

natural mortality; Jørgensen and Holt 2013). Under-

standing physiological state at early life stages may

also be particularly useful for formulating stock–

recruit relationships. Indeed, the variation in the

number of recruits for a given stock size is one of

the main drivers of population dynamics. Accounting

for the relationship between environmental conditions

and individuals’ physiological characteristics during

early life stages could improve the accuracy of

survival and growth estimates.

By establishing the mechanistic links between

environmental conditions and physiological biomark-

ers, physiological conditions can thus be used to

project changes in vital rates in the long term, for

example to evaluate the impact of climate change

scenarios. These research topics are promising as they

could directly estimate the effect of incorporating

physiological knowledge within projection models.

Examples and challenges of including

physiological biomarkers in fisheries management

Only a few studies (mainly on amphidromous fish

species) showed a practical application of their

analyses of physiological biomarkers in management

plans. Patterson et al. (2016) used quantitative models

relying on physiology measurements such as metabo-

lism and swimming ability under different tempera-

ture scenarios to understand the high in-river

mortalities of Fraser River sockeye salmon due to

water temperature changes. As high mortality events

were associated with high migration temperatures,

Patterson et al. (2016) forecast how water temperature

affects Pacific salmon population in-river mortality

each year. This study led to changes in the manage-

ment model used by fisheries managers for this stock

to determine catch levels to achieve the desired level

of spawning escapements taking into account pre-

dicted losses associated with adverse environmental

conditions. Another example refers to the collabora-

tion of physiologists and fisheries scientists to estimate

post-release mortality. Farrell et al. (2001) used

physiological response variables (such as cortisol

and lactate concentration) to show that Coho salmon

captured as by-catch in commercial nets placed in a

Fraser recovery box for 1–2 h helped their physiolog-

ical recovery and increased post-release survival

(Farrell et al. 2001). Due to the high number of by-

catch, this was assumed to facilitate recovery of Coho

salmon and to decrease population-level fishing mor-

tality, leading to regulations requiring gill net boats to

have recovery boxes to minimize Coho salmon post-

capture delayed mortality.

Other studies highlighted the importance of con-

sidering physiological biomarkers to improve man-

agement outcomes, and although they are not yet

operational, these results would deserve attention from

managers. For instance, Koenigstein et al. (2018)

showed that the severe reductions in average age-0

recruitment success of Barents Sea cod (see above)

could be mitigated by management measures sustain-

ing the cod stock at the high spawning stock biomass

of recent years. Moyano et al. (2020) recommended to

adjust various stock productivity projections accord-

ing to temperature (linked to cardiac performance of

herring larvae, see above) in future management

scenarios. Fahd et al. (2021) used contaminant levels

to estimate survival rates of adult polar cod, their

negative outcome at the population-level as well as

their cascading effects on the food web in a risk

assessment model investigating various oil spill sce-

narios. In a more general way, Beaulieu and Costantini

(2014) found that oxidative stress status was related to

individual fitness and population growth, advocating

for a larger use of this type of biomarker as indicators

in wildlife management. Similarly, Cheung et al.

(2011) combined fish sensitivity to oxygen concen-

tration and ocean acidification to point out that climate

change may lower the growth rate of exploited marine

fish population and hence reduce catch potential by up

to 30% in 2050. These last examples rely on solid

knowledge of physiological mechanisms and clearly

show how cause–effect approaches can help us to

devise more effective management strategies to mit-

igate the effects of future environmental conditions on

abundance and productivity of marine species. In

Fig. 3, we represented how various actors could use

the pathway proposed in Fig. 1. Using the example of

a small pelagic fish population showing biomass and

recruitment decline over time, we illustrated the

compatibility of physiological biomarkers with fish-

eries surveys (e.g. we removed basal corticosteroid

level due to its high sensibility to capture and

metabolic rate which is difficult to measure onboard),

the suitable biomarker selection regarding the species

and time-scale of interest (e.g. we removed liver and
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blood biomarkers due to low quantity of energy stored

in the liver and short-time scale of the processes

evaluated with ROS in blood, respectively) and the

potential management actions following changes in

physiology (e.g. changes in growth, mortality param-

eters and recruitment scenario in stock assessment

models, Fig. 3).

A critical drawback for the application of physio-

logical biomarkers in fisheries conservation and

management is the lack of long-term monitoring data.

Some historical samples stored by the fishing industry

or research institutes might be suitable to retrieve

information about the levels of some physiological

biomarkers (e.g. amount of fatty acids for small

pelagic, scales archived after use for ageing might be

used to quantify cortisol levels). However, in many

cases measuring physiological biomarkers and their

potential threshold levels will require first the appli-

cation of space for time substitutions (and the ensuing

theoretical and practical hurdles that such replacement

induces; Pickett 1989; Lester et al. 2014). By using a

large spatial gradient of existing environmental con-

ditions, it might be possible to obtain a first estimate of

the response of physiological biomarkers to variations

in environmental factors. Consequently, one of the

most important challenges is to gather field informa-

tion to determine the relationship with fitness proxies

for each stock of interest.

Several challenges are associated with the use of

physiological biomarkers. Even if the combination of

physiological responses to environmental conditions

is important for fisheries, considering species’ capac-

ity to compensate for global change is necessary to

determine how vulnerable they might be to present and

future environmental changes. Indeed, natural popu-

lations may show evolutionary responses to climate

change (Thomas et al. 2001) and/or phenotypic

plasticity. Such effects are addressed in studies

looking at fisheries-induced evolution, which can

occur if individual fish within a population vary in

their vulnerability to capture through differences in

traits such as in size, physiology or behaviour, if these

differences are heritable (Diaz Pauli et al. 2015).

However, most fisheries-induced evolution studies

rely on approaches limited to data describing maturity

reaction norms or growth curves (Ernande et al. 2004;

Nusslé et al. 2009). Differences in physiological

performance constraining growth or survival would

then not only reflect changes in the environment but

also phenotypic plasticity and/or adaptive changes in

response to environmental variations. Moreover,

individual phenotypic diversity needs to be considered

at the ecosystem scale as maintaining or increasing

inter-individual trait diversity may improve popula-

tion resilience to environmental perturbations and

hence have positive effects on communities and

ecosystems (Ward et al. 2016). Thus, practitioners

need to account for ecosystem processes at evolution-

ary time scales to manage fisheries resources that

would be bridged in the long run (Laugen et al. 2014).

Conclusion

Physiological biomarkers have great potential to

inform the management of marine fish stocks if

applied according to the following guidelines: (a) con-

sider only physiological biomarkers with a clear

mechanistic basis and ecological relevance regarding

individual fitness; (b) adjust sampling to survey

logistic constraints (fast sampling with small and

easily storable samples) and methodological concerns,

such as reproducibility and robustness should be

maximal; (c) check suitability of selected physiolog-

ical biomarkers and their temporal integration for the

targeted species and the processes studied; (d) select

the most relevant biomarkers to avoid redundancy and

ensure reasonable cost and time investments. This

general approach is clearly transferable among

species, locations and times.

For both management and conservation aspects,

integrating the responses of multiple physiological

biomarkers to different stressors can provide early

warning signals of population responses to environ-

mental changes and thereby serve as additional

indicators of population state. Furthermore, the rela-

tionship between physiological biomarkers and fitness

outcomes may help to refine long-term population

projections through adjusted variability in growth,

survival and connectivity parameters. By improving

the accuracy of projections through physiological

processes, we might be able to account for changes in

life history traits and monitor the effects of environ-

mental changes on exploited populations and thereby

reduce the risks of collapse of these populations. To

this end, collaboration between physiological
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ecologists, fisheries scientists, modellers and policy

makers will be crucial to arm these biomarkers,

pinpoint mechanisms underlying population declines,

and set up appropriate management schemes facilitat-

ing the identification of future ecological problems

much earlier than separate approaches of multiple

disciplines alone. This will warrant meaningful and

improved integration of both empirical and mecha-

nistic understanding of physiology into existing and

future models to address the management needs of

many fish stocks.
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