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Abstract – Because of natural complexity, field studies are often inconclusive with regards to the ultimate cause of
a given change observed in wild animal populations. As a consequence, there is scope to develop an Experimental
Ecology Approach (EEA). In this paper, we favour the use of experimental ecology studies to evaluate the effects of
environmental factors on fish biology. We identify the advantages of EEA: disentangling the effects of several factors
and identifying their respective roles, generating artificial scenarios and increasing our capability to collect and analyse
data. This study emphasises the constraints of this approach: fish biological performances may be altered by rearing
conditions, by domestication and by the prevention of some behaviours. It also considers the extrapolation of exper-
imental results with regard to the sea including the realism of experimental design and the constraints of scaling or
extending the results to larger scales. We also propose some experimental ecosystems which are well adapted to the
requirements of EEA and a careful selection of fish species which fit this approach very well. Atlantic Cod (Gadus
morhua) is identified as a good candidate for experimental studies and we present examples of the contribution of EEA
to the description and quantification of the effects of environmental factors in this species. We conclude by highlighting
the respective contribution of field studies (describing a situation in the wild and suggesting some possible causes) and
EEA (allowing an active investigation of phenomena and identifying their final causes).
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Résumé – Écologie expérimentale : une clef pour la compréhension de la biologie des poissons dans le milieu
naturel. En raison de la complexité du milieu naturel, les études de terrain n’apportent souvent pas de conclusion
définitive sur la cause d’un changement observé chez les populations sauvages d’animaux. C’est pourquoi, il est in-
dispensable de mettre en place une approche en écologie expérimentale (AEE). Nous proposons le développement
d’études d’écologie expérimentale afin de décrire l’effet de facteurs de l’environnement sur la biologie des poissons.
Les principaux avantages de l’AEE sont la distinction de l’effet respectif des facteurs permettant d’identifier leur rôle
indépendamment, la possibilité de générer des scénarios artificiels et l’amélioration de la collecte ou de l’analyse
des données expérimentales. Les contraintes de cette approche sont soulignées : modifications des performances biolo-
giques des poissons dues aux conditions d’élevage, à la domestication des animaux ou encore à la prévention de certains
comportements tels que les migrations. Ce travail décrit les difficultés rencontrées lors de l’extrapolation des résultats
expérimentaux au milieu naturel telles que la représentativité du dispositif expérimental et les contraintes observées
lors du changement d’échelle. Nous proposons également différents écosystèmes expérimentaux adaptés aux objectifs
de l’AEE et une sélection attentive d’espèces de poissons utilisées lors de ce type d’étude. La morue ayant été identi-
fiée comme étant un bon candidat pour des travaux en écologie expérimentale, cet article met en évidence l’apport de
l’AEE à la description et à la mesure de l’effet de facteurs de l’environnement sur cette espèce. Enfin, nous mettons
en évidence l’apport complémentaire des études de terrain, décrivant une situation observée dans le milieu naturel et
suggérant des causes possibles et de l’AEE, permettant une compréhension active du phénomène et l’identification de
sa cause finale.
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1 Introduction

Field studies in ecology are often inconclusive with regard
to the ultimate cause of a given change due to the intricacy
of environmental factors and the scarcity of appropriate data.
This provides scope to develop experimental studies designed
to investigate the effects of interacting environmental factors.
Experimental ecology approach (EEA) could be defined as an
experimental work carried out in laboratory or in the field in
order to test hypothesis settled in the wild. By completing field
observations, EEA helps to draw conclusions concerning the
effects of some environmental factors on animal functions such
as reproduction or growth. EEA is situated between mimicking
the natural environment and using a small scale experimental
design to control the effects of environmental factors (Ylönen
and Wolff 1999). This approach uses experimental microcosms
varying in size from test tubes to large tanks, thus reducing the
complexity of the natural environment.

Designing experiments is fundamental to the advancement
of ecology (Lawton 1995). In the marine environment, EEA
is used in various fields such as coastal management (Castilla
2000), ecology of rocky intertidal habitats (Underwood 2000),
stock enhancement (Kellison et al. 2003), fisheries manage-
ment (Morgan et al. 1999; Rowe et al. 2004) or the effect
of pollutants on resources (Aas et al. 2000). EEA has been
conducted in a wide range of marine organisms, including:
coral (Lesser 2004), deep sea tubeworms (Van Dover and
Lutz 2004), phytoplankton (Spies and Parsons 1985), lobsters
or crabs (Ojeda and Dearborn 1991; Whale 2003) and fish
(Isaksson et al. 1994).

Brander (1996) highlighted the need for an experimental
approach to fish, suggesting this method would help assess the
effects of temperature on cod recruitment within the context of
global warming. Large differences in the growth of cod stocks
have been observed, which may be related either to environ-
mental factors (e.g., food availability and temperature) or to
genetic causes. According to Imsland and Jonsdottir (2002), it
is necessary to rear cod from different populations in a con-
trolled environment in order to estimate the respective effects
of each factor.

Reviews devoted to experimental ecology studies are
scarce. Underwood (1996) underscored the contribution of
EEA to environmental problem solving, showing the mas-
sive increase in the use of experimental studies since 1965.
The contribution of EEA to explaining stock recruitment re-
lationships in crustaceans was reviewed by Whale (2003), fo-
cusing on the influence of competition, predation, cannibal-
ism and movements on the demography of crabs and lobsters.
EEA studies carried out to improve the understanding of the
ecology of deep sea hydrothermal systems were reviewed by
Van Dover and Lutz (2004). Then, the use of EEA in ecotox-
icology was highlighted by Devauchelle (2002), showing that
only 0.65% of 100 000 commercial substances were tested in
marine organisms.

This paper presents arguments in favor of developing ex-
perimental ecology studies in marine fish. It identifies the ad-
vantages and constraints of this approach. Methodological is-
sues such as experimental design and selection of fish species
for experimental studies are also considered. The contribu-
tion of experimental ecology to the description of the effect of

environmental parameters on the biology of cod is highlighted.
Finally, the problem of the extrapolation of experimental
results to larger ecosystems is considered.

2 The advantages of the experimental
ecology approach

Compared to field studies, EEA has several advantages
related to the control of experimental conditions, namely
i) partitioning the effects of factors, ii) choosing the range of
environmental conditions and iii) improving sampling collec-
tion and analysis.

2.1 Partitioning the effects of factors

Disentangling the effects is the first advantage of the exper-
imental ecology approach. Many factors vary concomitantly
in the wild and may interact with observations of the stud-
ied ones. In this intricate field, it is not possible to distinguish
between the role of these factors and concurrent effects. The
experimental design reduces the natural complexity to just a
variation in one or a set of studied factors. As a consequence,
the confounding effects of interacting factors can be avoided
in an experimental design. In the following two examples, the
covariation of factors results in confounding effects whereby
it is not possible to estimate the cause of the recorded effect:
i) climate change may induce variations in cod recruitment be-
cause of the direct effect of temperature on spawner physiol-
ogy and on fecundity or gamete quality but also because of the
indirect effects of this parameter including plankton produc-
tion (Sundby et al. 1994) or cannibalism (Nilssen et al. 1994),
ii) teleost fish compensate for their mortality due to fishing by
decreasing their age at maturity. This effect may be due to a
population regulation mechanism but also to genetic changes
induced by selection (Rochet et al. 2000). Since it has been not
possible in both examples to disentangle the interacting causes
by field observations, an experimental study would help to sep-
arate the role of these different factors and study their respec-
tive effect. Regarding climate change, the effect of water tem-
perature may be studied by comparing spawning performances
of breeders maintained at different water temperatures. Using
a supplementary experimental design, survival and growth of
cod larvae may be recorded when fed with different plankton
regimes, varying in quantity and quality according to observa-
tions recorded in the wild. As a consequence, both direct and
indirect effects of water temperature on cod recruitment could
be quantified and compared using EEA.

2.2 Choosing the range of environmental conditions

In the wild, the variations in environmental parameters re-
main limited to the natural range. Furthermore, changes in
these parameters are uncontrolled and difficult to predict. In
contrast, in an experimental design, conditions which are dif-
ferent from the ones occurring in the wild can be mimicked,
controlled and their effects assessed. A mean increase in sea
surface temperature of 1.03 ◦C was recorded in the Bay of
Biscay over the past century (Planque et al. 2003). Between
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1980 and 2000, a 0.5 to 1 ◦C increase in sea water temper-
ature was observed in this region at depths ranging from 0
to −200 m (Vandermeirsch, unpublished results). The global
warming hypothesis suggests a subsequent temperature rise
of ocean waters. Temperature affects different functions in
fish, including all aspects of reproduction (Van der Kraak and
Pankhurst 1996). However, the assessment of these effects on
reproductive performances in fish, especially under conditions
suggested by the future scenario of climate changes, are not
yet available. According to simulation models predicting fu-
ture ocean warming (Hegerl and Bindoff 2005), artificial sce-
narios such as increasing water temperature can be generated
in reduced controlled environments. Then, potential implica-
tions of these future changes on fish biology could be quanti-
fied using an experimental design.

2.3 Improving sampling collection and analysis

Compared to field studies, the experimental approach
offers better means of data collection and analysis. At sea, the
sampling period is limited to the duration of oceanographic
surveys. Only restricted time-series are available. Therefore,
the description of development stages or physiological cycles
is partial, only covering the sampling period. In captivity, a
more refined description of these cycles is possible because
of the availability of breeders and multiple sampling oppor-
tunities. This is the case in pollack (Pollachius pollachius)
where gametogenesis was described by sampling breeders kept
in captivity, using parameters such as changes with time of
oocyte diameter, histological examination and steroid concen-
tration (Omnes et al. 2002). The description of gametogene-
sis is more difficult in rarely caught species such as wreckfish
(Polyprion americanus) whereby adults are found in depths
between 300 and 1000 m. This study was carried out in cap-
tive adults kept in large volume tanks (Suquet et al. 2001).

Basic parameters such as food quality and quantity in-
gested or temperature experienced by fish in the wild are
hardly ever measured. However, individual effects can be mon-
itored during controlled experiments using tags or fish isola-
tion. A complete picture of breeder physiological status includ-
ing hormonal concentrations and blood composition can be
recorded using laboratory facilities. These analytical and tech-
nical platforms are easier to use in a controlled experimental
environment. The spawning performances of cod were individ-
ually monitored by keeping mature male-female pairs in small
volume tanks. This showed female and egg batch rank effects
accounting respectively for 35% and 26% of the total variance
in egg diameter (Chambers and Waiwood 1996). The effects of
trawl avoidance on the reproductive performances of cod were
experimentally evaluated showing higher plasma cortisol lev-
els, fewer courtships and a higher production of abnormal lar-
vae (Morgan et al. 1999). Because of difficulties in age deter-
mination, European hake (Merluccius merluccius) growth may
be underestimated from specimens collected in the wild. The
growth rate observed in a tagging-recapture experiment was
twice greater than that predicted by the model for this species
(De Pontual et al. 2004). This suggests an overestimation of
hake age. The determination of hake growth capacity could be
improved using EEA by directly measuring otolith increments

Fig. 1. Features of two experimental ecosystems designed for
Experimental Ecology Approach.

and the growth rate of captive hakes fed ad libitum and ex-
posed to an annual cycle of water temperature met in the wild
by this species. Furthermore, the effects of some environmen-
tal factors on otolith growth pattern could be assessed in an
experimental design.

3 Tools required for the experimental ecology
approach

There is a large number of i) experimental ecosystems but
also ii) fish species which could be candidates for EEA.

3.1 Selecting an experimental ecosystem

Compared to the wild, experimental ecology studies use
reduced ecosystems. Two types of ecosystems can be used,
depending on research requirements (Fig. 1).

Firstly, experimental studies can be carried out in small to
medium volume (0.5−15 m3) tanks and fish can be kept at
high stocking density. In this type of system, environmental
(temperature, light intensity, light duration, salinity, etc.) and
rearing factors (food quantity and quality, fish density, sex-
ratio, etc.) are controlled. As a consequence, uncontrolled in-
teraction between factors is limited. This system can be used
for a mono factor experimental design in which the effect of
different levels of a single factor is assessed: increasing tem-
perature from 8 to 12 ◦C during the spawning period of the
pollack (Pollachius pollachius) decreased the total number of
released eggs by 96% and the number of viable eggs by 98%
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(Suquet et al. 2005). Examining the effects of multiple param-
eters seems more difficult due to the combination of factors
and levels which rapidly increase the number of experimen-
tal conditions. However, a factorial fractional design can also
be used (Kobilinsky 1997). This design, previously used in in-
dustry, decreases the number of studied factor combinations by
selecting a fraction of the treatment combinations required for
the complete factorial experiment. In the wild, this was used to
estimate predation mortality in the Georges Bank fish commu-
nity (Tsou and Collie 2001). This method has rarely been used
in experimental design and, to our knowledge, never in the case
of EEA. A fractional factorial design has been successfully
used during screening experiments in the cryopreservation of
milt of two cyprinid species, allowing the main and minor fac-
tors to be separated (Babiak et al. 2000). Since they are kept in
a homogeneous environment, fish maintained in controlled ex-
perimental designs cannot select among different conditions.
Therefore, this system constrains animal behaviour. Then, di-
rectly extrapolating results to the wild is not recommendable
because this experimental system is highly simplified.

Secondly, mesocosms can also be used in experimen-
tal ecology studies: fish are kept at low density, in large
(15−1000 m3) tanks or ponds and food is from both endoge-
nous (planctonic blooms) and exogenous origins (Divanach
and Kentouri 2000). Compared to small volume tanks, the
mesocosm technique provides a host of possible preferrenda
in terms of environmental conditions. As a consequence, an-
imal behaviour is less constrained in mesocosms. The ef-
fects of water temperature, light intensity and wind speed on
seabass (Dicentrarchus labrax) behaviour were investigated
in large ponds (200 m3), using acoustic telemetry techniques
(Bégout Anras and Lagardère 1998). Fish position was de-
termined with an accuracy of 20 cm. The swimming activity
(trajectories, space utilisation and activity rhythms) was af-
fected by these parameters. Such results could not be precisely
assessed in the wild. Changes with time in physical param-
eters, chlorophyll, nutrient and plankton concentrations were
assessed in 40 m3 enclosures in the presence or absence of a
predator (sea bream, Sparus aurata larvae) (Pitta et al. 1997).
In cod, this design was successfully used to estimate environ-
mental and maternal effects on variability in length and growth
of larvae and juveniles (Clemmesen et al. 2003). Then, meso-
cosms better mimic wild ecosystems because of their less con-
straining captivity conditions. Thus, direct extrapolation of ex-
perimental results to the wild is more justified, compared to
small volumes controlled tanks.

3.2 Selecting fish species

In order to improve the development of EEA, fish species
candidates for these studies must be selected according to
some complementary aspects, using a process similar to the
one implemented for new species in aquaculture (Quemener
et al. 2002).

Firstly, a thorough knowledge of the biology and rearing
practices of the selected species must be available because they
are maintained in captivity. This is the case for cod whereby
10 000 scientific publications are at present available in the
Aquatic Sciences and Fisheries Abstracts (ASFA) base. How-
ever, only 2000 scientific publications refer to hake and, to our

knowledge, none of them contains results about rearing experi-
ments. Cod farming is expanding (Adoff et al. 2002) providing
an increasing number of efficient rearing techniques because
there is much greater knowledge regarding its biology and
because landings have decreased dramatically.

Secondly, there is great concern about overfished species
which show a decline in biomass and recruitment and a bet-
ter knowledge of their biology could prove beneficial. It is
essential to appreciate the main factors determining recruit-
ment strength in order to achieve stock recovery. In this re-
spect, Gadiformes such as cod or hake are species of interest
for experimental ecology because of their recent collapse in
world fisheries (cod: from 4 million t in 1968 to 900 000 t in
2001; hake: from 135 000 t in 1985 to 58 000 t in 2001; FAO
2001).

Thirdly, some scientific questions may concern a limited
number of species. This is the case when the effects of envi-
ronmental changes on the reproductive traits of fish are stud-
ied. Compensation strategies in the face of overfishing dif-
fer between fish species. Compensation is less efficient in
Clupeiformes compared to Gadiformes and Perciformes be-
cause it mainly changes fecundity in response to increased
adult mortality but does not act on age and length at maturity
as observed in the former species (Rochet 2000). Fish species
which are more resilient to overfishing must be selected to as-
sess a compensation strategy. This is the case of cod which
compensates for overfishing by implementing a density de-
pendant growth, namely by decreasing their age at maturity
and egg diameter, and by increasing their size at maturity and
fecundity.

Cod is highly sensitive to environmental changes (Brander
1996), its fisheries have collapsed and overfishing of this
species is compensated by a well marked compensation strat-
egy (Rochet 2000). As a consequence, cod is considered as a
good candidate for experimental ecology and EEA can help to
understand and evaluate the effect of these different process.
Cod candidature to EEA is sustained by its thoroughly under-
stood biology and well controlled maintenance techniques

4 Experimental ecology studies in cod

The effects of environmental factors on cod biology have
been widely studied. Many studies have been carried out in the
wild. After summarizing the effects of environmental param-
eters on wild cod populations, three examples of EEA studies
are reported in the following paragraphs, describing the contri-
bution of EEA in studying these changes, in identifying their
cause and quantifying their effects. These three cases are i) a
single factor study: effect of food quantity on spawning perfor-
mances, ii) a two-factor study: effect of salinity and oxygen on
egg survival and iii) a range test: effect of water temperature
on the growth rate.

4.1 A single factor study: Effect of food quantity
on spawning performances

Trophic conditions may have a direct effect on cod repro-
duction. In the wild and in the early 1990s, low prespawn-
ing and postspawning condition factors (K = 100 W × L−3
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(i.e. somatic Weight, fork Length)), low energy reserves but
also reduced fecundities were recorded in wild females in the
Northern Gulf of St Lawrence (Lambert and Dutil 2000).

In experimental conditions, the decline in energy reserves
was monitored, showing that unfed cod were at an increased
risk of mortality when their condition factor values were below
0.60 (Lambert and Dutil 1997). Compared to female cod with
a poor Fulton condition factor (K = 0.5), the number of eggs
released was three to seven fold higher in females with a high
condition factor (K = 0.8−0.9). Furthermore, postspawning
energy losses were proportionally higher in poor condition fe-
males, ranging from 25−40% compared to 5−25% in females
with a high condition factor (Lambert and Dutil 2000). Corre-
lations have been reported between female condition and egg
size but also between egg size and subsequent performances of
larvae such as survival, successful development of a swimblad-
der and specific growth rate (Marteinsdottir and Begg 2002).
These experimental studies confirmed and quantified the ef-
fects of the environmental conditions deterioration on the col-
lapse of the Gulf of St Lawrence cod stock and its failure to re-
cover despite fishery closure. This was impossible in the wild
where correlations between these elements cannot be reported
in a same breeder.

4.2 A two-factor study: Effect of salinity and oxygen
on egg survival

A high variability was reported in Baltic cod catches, de-
creasing from 450 000 t in 1984 to only 40 000 t in 1993
(Pickova et al. 2000). Higher landings were observed after
major inflows of saline water to the Baltic sea, improving
spawning conditions due to an increase in salinity and oxygen
concentration.

Experimental studies confirmed that egg survival was
greatly affected by salinity and oxygen concentration, show-
ing a mortality rate of about 99% of eggs at low values for both
parameters (Nissling 1994). The causes of reproductive prob-
lems in the Baltic sea cod may include other factors such as en-
vironmental pollution resulting from human activity (Pickova
et al. 2000). However, EEA has confirmed the strong impact
of salinity-oxygen interactions on cod egg survival, suggested
in the wild. This was not recommendable in the wild because
many other factors co-varying with Baltic salinity.

4.3 A range test: Effect of water temperature
on the growth rate

Cod lives within a wide range of water temperatures from
below 0 to 20 ◦C. Size at particular age varies substantially:
from 0.6 kg in Labrador to 7.2 kg in the Celtic sea at 4 years old
(Brander 1996). This variability could be attributed to water
temperature but also to genetic differences among populations.

In laboratory experiments, the effect of water tempera-
ture was tested in cod collected on the southwestern coast of
Iceland. As in many other fish species, optimal temperature for
growth decreases with fish size: from 16 ◦C for 2 g cod to 7 ◦C
for 2000 g cod (Björnsson et al. 2001) or from 14.3 ◦C for 50 g
cod to 5.9 ◦C for 5000 g cod (Björnsson and Steinarsson 2002).
The growth rate of juveniles is more affected by temperature

than that of larger cod. Furthermore, a stock specific difference
in growth capacity has been reported: a higher daily weight-
specific growth rate was recorded in Norwegian coastal cod
larvae (14.4 to 22.3% day−1) compared to those from north-
eastern Arctic ones (13.6−19.7% day−1) (Otterlei et al. 1999).
Between two genetically-differing cod stocks, larvae from the
Grand Banks grew faster than Gulf of Maine individuals at
both 7 and 12 ◦C (Purchase and Brown 2000). In this third ex-
ample, experimental studies confirmed and quantified the re-
spective effects of environmental and genetic factors on cod
growth. This was not possible in the wild because of the covari-
ation of several factors (temperature, food quality and quantity,
genetic origin. . . ).

5 The constraints of the experimental
ecology approach

EEA also has several drawbacks, namely i) rearing con-
ditions, ii) fish domestication and iii) prevention of fish be-
haviour. These constraints must be taken into account when
performing experimental ecology studies.

5.1 Rearing conditions

Rearing facilities offer conditions which can alter fish per-
formances. An increase in stock density in tanks may result in
lower food conversion or growth rate and an increase in fin
erosion. These effects were observed even in rainbow trout
(Oncorhynchus mykiss), an intensively farmed species which
is considered to be tolerant to high stock densities (Ellis et al.
2002). The specific growth rate of cod fed ad libitum fell
from 1.08% to 0.66% when stock density was raised from 2
to 40 kg m−3. These changes reflected a lower food intake as-
sessed in high density condition (Lambert and Dutil 2001). Up
to one–third of adult cod pairs isolated in small volume tanks
showed signs of stress, resulting in irregular spawning inter-
vals and low fertilisation rates (Kjesbu 1989). On the other
hand, the fecundity of wild cod, maintained in captivity and
fed with trash fish for up to three years, was twice that mea-
sured in wild free-living cod. This greater oocyte production in
farmed fish was related to good nutrition provided in captivity
(Wroblewski et al. 1999). As a consequence, rearing condi-
tions may have a great effect on EEA results, either decreasing
or increasing fish performances.

Keeping fish under poor rearing conditions of high stock
density or inadequate food availability, enhances fish size het-
erogeneity (Hecht and Pienaar 1993). As reported in sea bass,
size variation is a major cause of cannibalism (Katavic et al.
1989). Cannibalism is adopted by larvae and early juveniles
due to genetic and behavioural causes. The latter depends on
environmental factors i.e. food availability, turbidity, fish den-
sity and population size structure. Cannibalism has been ob-
served in a large number of fish species (Hecht and Pienaar
1993). In cod, cannibalism may result in a daily loss of 1% of
the population (Blom and Folkvord 1997). In aquaculture, reg-
ular fish sorting according to size improves population man-
agement because the rearing practices are better adapted to
fish requirements (Smith and Reay 1991). Although it helps
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decrease cannibalism, sorting is questionable as regards ex-
perimental ecology purposes because it induces an artificial
selection of fish which can alter the effects of studied factors.
The management of fish size variability and its consequences
in terms of the cannibalism and rearing practices of heteroge-
neous populations is a practical constraint as far as EEA is con-
cerned. The feeding of fish having heterogeneous size is not
well adapted to rearing practices because fish must be fed with
food differing in size and composition. In such unfavourable
conditions, cannibalism develops and it becomes impossible
to control the experimental design. A larger variation in intra
population results is observed whereby it is not possible to es-
timate the cause of the recorded effect. As a consequence, the
effects of the studied factors can not be determined under these
poor rearing conditions. On the other hand, the performances
of fish reared in favourable conditions (rearing conditions pro-
viding high fish growth and survival) are better than those
observed in the wild. In such conditions, the experimental de-
sign can be controlled and the interacting influences can be re-
duced. Therefore, experimental ecology protocols should not
maintain fish in very unfavourable environmental conditions
(providing low fish growth and survival).

Some fish species require a specific environment which
may be difficult to mimic. For example, hydrostatic pressure
is an essential signal in relieving gonadotropic blockage in
the European eel (Anguilla anguilla) and triggering sexual
maturation (Dufour and Fontaine 1985). Pressure is difficult
to simulate in captivity. However, eels were maintained in
freshwater at 100 atmospheric hydrostatic pressure, showing
that it is possible to mimic environmental conditions at depth
(Sébert et al. 1990). The experiment was short (one month)
and the number of fish kept in experimental conditions re-
mained limited. In addition, large-size migrating species such
as bluefin tuna (Thunnus thynnus) require large volume cages
ranging from 15 000 to 200 000 m3 (Doumenge 1999). This
species was maintained in on-land facilities (Fores et al. 2000).
Experiments conducted using this species require large volume
facilities (500 m3) which are not readily available.

5.2 Fish domestication

Some fish species are difficult to adapt to captivity con-
ditions. This is the case of hake because no rearing experi-
ments are reported in this species. Among fish species which
are candidates for rearing, it takes 1 to 5 years, depending on
the species, to achieve a good level of zootechnical knowledge
in order to produce sufficient quantities of juveniles (Muir and
Young 1998). The duration of experimental ecology trials in
the case of new species will be extended.

Domestication may also modify fish performances in cap-
tivity. Reared seventh-generation farmed salmon (Salmo salar)
outgrew their wild counterparts, especially in salt water. By
the end of the experiment, the former averaged three times
the weight of the latter (Fleming et al. 2002). On the other
hand, limited morphological and behavioural differences are
observed between wild and hatchery reared cod (Svasand et al.
1998). In experimental ecology studies, highly domesticated
fish whose behaviour and performances may differ from those
of wild counterparts must not be used.

5.3 Prevention of fish behaviour

The prevention of some fish behaviours in captivity is a
practical limit in the case of EEA. The process of migration is
difficult to consider at the experimental scale. Like many other
fish species, cod undertake foraging and spawning migrations
over long distances. Vertical displacements also occur during
24-h periods in response to variations in temperature or prey
availability. By preventing this behaviour in captivity, fish re-
sponses to experimental conditions may be affected. Further-
more, migrations could be induced by parameters of experi-
mental interest such as water temperature: in Newfoundland
between 1981 and 1992, the mean latitude of cod distribution
shifted south by 200 km for each single degree decrease in the
annual sea temperature (Rose et al. 1994). It was observed that
the distribution of tropical fish extended northwards into the
Euro-Atlantic sea waters due to ocean warming (Quéro 1998).
Studying the effect of water temperature in captivity using a
range test may induce additional migration requirements for
values of this parameter poorly adapted to the studied species.
Preventing this behaviour in captivity may modify the effect of
studied factors. However, it is possible to examine how migrat-
ing fish adapt to the environmental conditions of new habitats
using an experimental design. Furthermore, limited displace-
ments may be recorded by EEA: the effect of temperature on
cod position was studied, using a 6 m long horizontal thermal
gradient tank. Fish position was mainly determined by temper-
ature selection, the smaller fish choosing higher temperatures
compared to larger cod (Lafrance et al. 2005).

6 From tanks to the sea
Rearing facilities cannot constitute the sea: this is the main

shortcoming of EEA. The extrapolation of experimental re-
sults to the natural environment presents two problems: i) the
realism of experimental design and ii) scaling.

6.1 The realism of experimental design

EEA simplifies natural complexity within an artificial situ-
ation with a controlled variation in a limited number of factors.
It also reduces the confounding effects of the interacting fac-
tors because it lessens the uncontrolled part of the experimen-
tal design. Laboratory experiments carried out in order to as-
sess optimal temperature for cod growth only considered water
temperature as an experimental factor (Björnsson et al. 2000)
but not covariation of other factors: a decrease by a factor of
two of the mean size of copepods was attributed to increas-
ing temperature in the North sea. This also reduced young cod
survival (Beaugrand et al. 2003). Furthermore, specific artefact
such as periphytic growth on container walls must be consid-
ered since it may account for over 50% of primary production
assessed in mesocosms (Chen et al. 1997). This could affect
the realism of the experimental design, or the extent to which
this system mimics the natural ecosystem.

6.2 Scaling

Extrapolation is essential since experiments in ecology are
carried out at a reduced scale. Ecologists are extremely inter-
ested in scaling i.e. extending the results of a study to larger
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scales. A host of publications has been devoted to the sub-
ject of scaling in ecology (for review see Kemp et al. 2001).
Many ecological properties are “scale-sensitive”. Scaling has
two main dimensions, namely spatial and temporal. Fish lar-
vae vulnerability to predation is inversely related to enclosure
size (Paradis et al. 1996). Furthermore, fish growth rate de-
pends on tank size (Theilbacker 1980). As suggested previ-
ously (paragraph 5.1), experimental ecology protocols should
not maintain animals in unfavourable rearing conditions, i.e.
limited volume tanks, since the confounding effects of in-
teracting factors may not be avoided. The mean duration of
327 experiments in ecology was 29 days (Lodge et al. 1998).
In short duration experiments, long term processes are not ob-
served. Thus, the containment effect may vary with captivity
duration (Frost et al. 2001).

The extrapolation of results recorded by EEA is related to
the experimental scale. As suggested in the third part of this
paper, two experimental scales can be used (Fig. 1): small vol-
ume controlled ecosystems and mesocosms. A study involving
a single or limited number of factors can be performed in the
first system, whereas complex interactions between parame-
ters can be determined in the second one. A complete exper-
imental study includes these two successive stages, the first
one describing the precise effects of the studied factors and
the second one rendering scaling easier. This is the case of
a recent study conducted in sole (Solea solea) by Claireaux
et al. (2004). It presented a combined study, assessing the ef-
fects of the Erika oil spill on the physiology and ecology of the
common sole. This study included an experimental phase pro-
viding an assessment of fish kinetic contamination and meso-
cosm experiments determining the long-term effects of oil pol-
lution on fish ecological performances. The association of a
small scale study conducted in highly controlled facilities and
a mesocosm experiment revealed functional alterations which
could not be recorded in the wild: the experimental approach
showed both reduced survival and growth three months after
the contamination.

Regarding the temporal dimension, some scientific prob-
lems such as changes in age and size at first maturity require
long period protocols. As these studies are aimed at determin-
ing the effects of individual juvenile history on first matura-
tion and on reproductive performances over 2 or 3 consecutive
years, they could take 5 to 6 years to complete in the case of
cod.

A possible risk remains when scaling from experimental
tanks to the natural ecosystem: Artefacts inherent in the exper-
imental design may affect realism. It is difficult to mimic large
natural ecosystems using tanks or mesocosms. Thus, ecologi-
cal hypotheses can be better tested in a controlled environment
by comparing results recorded at different levels of the studied
factors. Therefore, EEA provides answers to ecological ques-
tions in the form of trends.

7 Conclusion

A combination of field studies and experimental ecology is
required in order to better understand the ecological process.
The former provides a description of the situation observed
in the wild and can also suggest some possible causes of the

observed phenomena. The latter presents an active investiga-
tion of these phenomena and it identifies their ultimate cause.
Furthermore, a reliable quantification of the effects of the envi-
ronmental factors can be assessed because of the large volume
of data recorded in an experimental design.

EEA uses very different facilities ranging from laboratory
microcosms to large ponds. The facilities must be adapted to
experimental requirements: ranging from closely controlled
small scale tank facilities which are used to assess the effects
of a limited number of factors to large mesocoms testing the
effects of several interacting factors. Whatever the experimen-
tal design, it cannot reproduce exactly the complexity of the
marine ecosystem. As a consequence EEA improves the un-
derstanding of natural processes by providing answers to
ecological questions in the form of trends. Compared to field
studies, sampling capabilities are enhanced using EEA. Fur-
thermore, an analytical platform can be set up in a laboratory
allowing an in depth description of physiological mechanisms
in fish.

EEA is a pluri-disciplinary activity involving interactions
between different domains. The study of the effects of environ-
mental parameters in fish requires close cooperation between
fishery scientists, ecologists, aquaculturists, physiologists and
geneticists. This approach is essential to the grasp of the com-
plex process observed in the wild.

Finally, EEA works on the understanding of a current key
problem: the human impact on the natural ecosystem. EEA can
play an important role in describing the effects of the non sus-
tainable use of resources, global warming, pollution and loss
of natural habitats. For all these reasons, EEA must be consid-
ered as a key to understanding fish biology in the wild.
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