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Summary

The juveniles of Senegal sole, Solea senegalensis, Kaup 1858,
and common sole, Solea solea (Linnaeus 1758) concentrate in
estuarine and coastal nurseries of widely differing temperatures
and salinities. Yet, little is known about the effect of these
physiologically important variables on the gastric evacuation
rates of these species. Gastric evacuation experiments were
performed on juveniles of S. senegalensis and S. solea. Three
temperatures were tested, 26, 20 and 14°C at a salinity of 359,
A low salinity experiment was also carried out at 159, at
26°C. Experimental conditions intended to reflect conditions in
estuarine and coastal nurseries where juveniles of these species
spend their first years of life. The relation between stomach
contents and time was best described by exponential regression
models for both species. An analysis of covariance (ANCOVA)
was performed in order to test differences in evacuation rate
due to temperature and salinity (slope of evacuation time
against stomach contents) for each species. While increasing
temperature increased evacuation rates in both species
(although not at 26°C in S. solea), the effect of low salinity
differed among species, leading to a decrease in gastric
evacuation rate in that of S. senegalensis and an increase in
S. solea. Differences in gastric evacuation rate between species
were related to its metabolic optimums and to its distribution
in the nursery area where fish were captured. Implications for
the habitat use of estuarine and coastal nurseries are discussed.

Introduction

The evaluation of feeding interactions between species and
quantification of predation requires food consumption esti-
mates. A common approach to estimating food consumption
in the wild is the combination of field data on stomach
contents and information on gastric evacuation rates (e.g.
Bajkov, 1935; Bromley, 1994). Food consumption models
generally assume that over long time periods the rate at which
food is evacuated from the stomach is equal to the rate at
which food is ingested.

The determination of gastric evacuation rates in commercial
fish species is also important for aquaculture purposes. Much
of the fish cultured in Portugal and Spain comes from semi-
extensive multi-species fish-farms, where estimation of food
consumption by each species is crucial for management
purposes.

This study focuses on 0-group juveniles of Senegal sole Solea
senegalensis, Kaup 1858, and common sole, Solea solea,
(Linnaeus 1758). These are benthic flatfishes with sympatric
distribution from the Bay of Biscay to Senegal and the western
Mediterranean (Quero et al., 1986). They are very similar
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morphologically as well as in ecological needs. Both species are
important predators and therefore can be of great importance
to the dynamics and composition of the biological communi-
ties in the estuarine and coastal systems where they occur.
Both types of sole have high commercial value. S. senegalensis
is a species of increasing interest in aquaculture and is
commonly cultured in the Portuguese and Spanish southern
coasts (Dinis et al., 1999; Imsland et al., 2003).

The first year of life is a key stage in fish development,
particularly for species like the sole that concentrate in large
densities in estuarine and coastal nurseries where space and
food partitioning become an issue (e.g. Schoener, 1974; Ross,
1986). In these nurseries, fish juveniles benefit from the reduced
number of predators and conditions favourable to rapid
growth, such as high temperatures and prey abundance.
However, they must withstand temperature and salinity
amplitudes much broader than those found in the sea
(Haedrich, 1983). Therefore, the estimation of food consump-
tion in estuarine and coastal waters must take into account the
influence of temperature and salinity in the gastric evacuation
of fish.

Temperature is probably the most studied variable influen-
cing digestion and gastric evacuation (Bromley, 1994).
Although there are some exceptions, most studies found an
exponential relationship between the temperature and gastric
evacuation rate (e.g. Elliot and Person, 1978; Elliott, 1992;
Bromley, 1994).

Salinity is not usually addressed in gastric evacuation
studies, yet there is evidence that this factor should be taken
into account when dealing with euryhaline fish. It is well
known that teleost fish hypo-osmoregulate in marine environ-
ments, and are therefore faced with osmotic water loss and the
passive gain of many ions (Smith, 1930; Evans, 1993). To
avoid dehydration they constantly drink ambient water,
absorbing the majority of the imbibed volume within the
intestine. Euryhaline fish when faced with low salinities will
lower their drinking rate and eventually stop drinking (Smith,
1930; Evans, 1993). The drinking rate has an important
influence on gastric evacuation because every time fish drink,
part of the stomach content will be flushed into the intestine.
Osmoregulation is also known to affect food intake (e.g.
Buckley et al., 1995; Peterson-Curtis, 1997; Imsland et al.,
2001), food conversion efficiency (Lambert et al., 1994; Lik-
ongwe et al., 1996; Alava, 1998; Imsland et al., 2001),
hormone balance (McCormick, 1996; Bjornsson et al., 1998)
and the metabolic rate (Woo and Kelly, 1995; Swanson, 1996;
Dutil et al., 1997).

The present study aims to: (i) investigate effects of tempera-
ture and salinity in the gastric evacuation of S. solea and
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S. senegalensis juveniles fed discrete meals of Nereis diversicolor
(Miiller, 1776), to (ii) relate it to the estuarine environment
where they spend their early life and to (iii) compare estuarine
and coastal nurseries’ habitat use constrains for juvenile sole.

Materials and methods
Study area

The Tagus estuary, where the fish used in the experiments were
captured, is one of the largest estuaries in Western Europe
(325 km?). It is a partially mixed estuary with a tidal range of
ca. 4 m. Approximately 40% of the estuarine area is intertidal.
In previous studies two important sole nurseries were identified
in the Tagus estuary (Vila Franca de Xira, and Alcochete) by
Costa and Bruxelas (1989) and Cabral and Costa (1999). The
uppermost area, Vila Franca de Xira, is deeper (mean depth
4.4 m), presents a lower and highly variable salinity and has a
higher proportion of fine sand in the substrate (approximately
40%). The Alcochete nursery is shallower (mean depth 1.9 m),
and more saline, with lower variability in salinity, and the
substrate is mainly composed of mud (mean value 60.4%)
(Cabral, 1998; Cabral and Costa, 1999). In the uppermost
nursery, Vila Franca de Xira, both species are present; highest
densities of S. solea occur at the lowest salinity area, closest to
the freshwater input, whiile S. senegalensis presents high
densities over a wider salinity range within the nursery (Cabral
and Costa, 1999). At the Alcochete nursery only S. senegalen-
sis is present (Cabral and Costa, 1999).

Gastric evacuation experiments

S. senegalensis and S. solea were captured in the Tagus estuary
and selected according to their size. Prior to experiments fish
were held in circular tanks with capacities of 350 L for a
minimum of 4 weeks (maximum stocking density 120 fish per
350 L). Fish were then transferred to 160 L aquaria equipped
with mechanical and biological filter units. Temperature was
regulated with a precision of £0.1°C. Salinity was regulated
with a precision of 0.19, Temperature and salinity were
monitored daily. Fish were exposed to a day length of 12 h.

For the gastric evacuation experiments fish were transferred
into compartments to allow controlled feeding of each
individual. Compartments measured 25 x 30 x 40 cm (length,
width, depth). Experimental fish were 0-group, weighted
between 3.00 and 5.00 g (mean = 4.42; SD = 0.60) and
measured between 70 and 85 mm (total length)
(mean = 75.48; SD = 4.55). Fish were kept for 3 weeks in
these compartments prior to the gastric evacuation experi-
ments. During this period they were fed with the same prey
given during the experiment.

A preliminary experiment was carried out in order to
determine the period of complete stomach and digestive tube
emptying and assess the appropriate interval between obser-
vations. In the preliminary experiment observations were made
30 min after feeding and every hour for 48 h.

Prior to the evacuation experiments fish were not fed for
24 h to allow a complete emptying of the stomachs. The
experimental meal was offered to the fish for 15 min, as in the
3-week feeding period. After feeding, fish were anaesthetized in
1:3000 solution of tricaine methanesulphonate (MS 222
Sandoz) and sacrificed with a cut on the anterior spine.

Observations were made at 0, 2, 3, 4, 8, 14, 16 and 20 h after
feeding (eight fish were used at each experimental time). Fish
were measured (total length with 1 mm precision) and weighed

(wet weight with 0.01 g precision). Stomach contents were
weighed (wet weight with a 0.001 g precision).

Ragworm, N. diversicolor, a natural prey of S. senegalensis
and S. solea (Cabral, 2000a), was reared in laboratory aquaria.
Immediately before the experiment, worms were weighed (wet
weight with a 0.001 g precision) and those weighing 0.300 g
were selected, according to experimental needs. Prey weight
was determined from previous experience of stomach contents
analysis of specimens captured in the Tagus estuary.

This experiment intended to mimic temperatures these
species find during the first year of life in nursery areas where
both are sympatric. Three water temperatures were tested:
26°C, commonly found in estuarine nursery areas during
summer; 20°C, common in spring and autumn; and 14°C,
common during winter (Cabral, 2000a). Since the period of
most intense growth of these species occurs during summer
(Cabral, 2003), 26°C was the temperature chosen for the salinity
experiment. During the 4-week period fish spent in circular
tanks the temperature was gradually altered, starting with the
temperature measured on the estuarine waters where they were
caught and until the experimental temperature was reached.
Temperature was altered at a rate of no more than 2°C per
week. Being estuarine species they endure higher temperature
changes in one day due to tides in their natural environment.
Changes of 6°C over a time of 4 weeks reflect changes in the
natural environment, as similar changes happen in the Tagus
estuary around June—July (from 20 to 26°C), around Septem-
ber—October (from 26 to 20°C), around November—December
(from 20 to 14°C) and around April-May (from 14 to 20°C).

The salinity experiment intended to compare gastric evacu-
ation in coastal and estuarine nurseries and was therefore
conducted at 359, a typical salinity in coastal waters, and at
159%,, a common salinity in the Tagus estuary nursery areas as
well as in other estuarine nurseries where these species occur.
During the 4-week period that fish spent in circular tanks the
salinity was gradually altered, beginning with the salinity
measured on the estuarine waters where they were caught until
the experimental salinity was reached. Salinity was altered at a
rate of no more than 59, per week.

Data analysis

Mean and standard deviation values were calculated for each
set of replicates in order to determine time of total stomach
emptying. A regression procedure was conducted in each of the
datasets and it was concluded that the relation between
stomach content and time was exponential. Since the exact
time in which stomachs became empty cannot be determined,
experiments in which empty stomachs occurred were excluded
from the regression analysis to avoid bias (Bromley, 1994;
Temming and Andersen, 1994). Stomachs were considered
empty when the weight of their contents was less than 1% of
the initial meal weight.

An analysis of covariance (ANcova) was conducted with the
software STATISTICA to test differences in the evacuation rate due
to temperature and salinity (slope of evacuation time against
stomach contents) for each species. In order to fulfill the
requirements of this analysis the data on stomach contents was
log transformed. A significance level of 0.05 was considered.

Results

Total stomach emptying time decreased with increasing
temperature in S. senegalensis, as a result of the observed
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Fig. 1. Mean percentage of meal in stomachs of S. senegalensis (a) and

S. solea (b) (bars indicate standard deviation values; n = 8) according
to experiment time at 26°C (@), 20°C (M) and 14°C (4A)
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Fig. 2. Mean percentage of meal in stomachs of S. senegalensis (a) and
S. solea (b) (bars indicate standard deviation values; n = 8) according
to experiment time at a salinity of 35%, (@) and 15%, (O)

increase in gastric evacuation rate with temperature
(P < 0.05). The lower evacuation rate observed at a lower
salinity (15%,) (P < 0.05), when compared to seawater
salinities (35%,), resulted in an increase of total stomach
emptying time.

The period for total stomach emptying for S. senegalensis
was 14 h for fish held at 26°C and 16 h for fish held at 20 and
14°C (Fig. 1). The period for total stomach emptying for
individuals held at 159, (at 26°C) was 16 h (Fig. 2). The
relation between stomach contents and time was best described
by an exponential regression.

Gastric evacuation rate at 26°C was 0.325 g h~!, at 20°C
was 0.259 g h™" and at 14°C was 0.152 g h™' (Fig. 3). Gastric
evacuation rate at 15%, was 0.118 g h™! (Fig. 4), considerably
lower than at 35%, (Fig. 4).

Total stomach emptying time decreased with increasing
temperature in S. solea. Gastric evacuation rate increased with
increasing temperature from 14 to 20°C, yet at 26°C a decline
was observed (P < 0.05). Contrary to the observation in
S. senegalensis, the evacuation rate in S. solea was higher at the
lower salinity (15%,) (P < 0.05) when compared to the
seawater salinity (359,), however the time for total stomach
emptying was the same.

The period for total stomach emptying for S. solea was 14 h
for fish held at 26°C, 16 h at 20°C and 20 h at 14°C (Fig. 1).
The period for total stomach emptying for individuals held at
159, (at 26°C) was 14 h (Fig. 2). The relationship between
stomach contents and time was also best described as an
exponential regression. Gastric evacuation rate at 26°C was
0.104 gh™", at 20°C was 0.124 gh™' and at 14°C was
0.113 g h™" (Fig. 3). Gastric evacuation rate at 15%, (26°C)
was 0.174 g h™!, considerably higher than at 35%, (Fig. 4).

Discussion

Both temperature and salinity have an important effect on
gastric evacuation in S. solea and S. senegalensis and should be
addressed when estimating food consumption in natural and
semi-natural systems. While increasing temperature increased
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Fig. 3. Exponential regressions of gastric evacuation for S. senegalensis at 26°C (a), 20°C (b) and 14°C (c) and for S. solea at 26°C (d), 20°C (e)
and 14°C (f) (n = 8 for each experimental time; dots indicate individual determinations)
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Fig. 4. Exponential regressions of gastric evacuation for S. senegalensis at salinity 35%, (a) and 159, (b) and for S. solea at 359, (c) and 159, (d)
(n = 8 for each experimental time; dots indicate individual determinations)

evacuation rates in both species (although not at 26°C in
S. solea), the effect of low salinity differed between species,
leading to an increase in gastric evacuation rate in S. solea and
a decrease in S. senegalensis.

Several studies have focused on the effect of temperature
over gastric evacuation in several fish species (e.g. Elliot, 1972;
Elliot and Person, 1978; Elliott, 1992; Bromley, 1994) inclu-
ding flatfish (e.g Jobling et al., 1977; Flowerdew and Grove,
1979; Jobling, 1980; Hurst, 2004). The works of Kruuk (1963)
and De Groot (1971) showed that evacuation rates of S. solea
increase with increasing temperature. The effect of temperature
on gastric evacuation is a well known phenomenon that
enables fish to have higher daily food consumption rates at
higher temperatures.

Factors that affect gastric evacuation may also affect
appetite and food intake. A correlation between gastric
emptiness and food intake was found for salmonids (Brett,
1971; Elliot, 1975a,b), Gasterosteus aculeatus (Linnaeus 1758)
(Tugendhat, 1960; Beukema, 1968) and Euthynnus pelamis
(Linnaeus 1758) (Magnuson, 1969). It is thought that appetite
is mediated by stretch receptors in the stomach wall similar to
those of higher animals (Stevenson, 1969). It is also well
known that when food is unlimited, ingestion increases with
increasing temperature, reaching a peak at the optimum
temperature before declining steeply as the temperature
approaches the species thermal limit (Jobling, 1993; Yamashita
et al., 2001). The same should happen for gastric evacuation
since these processes are strongly related. As S. senegalensis is
a subtropical species the highest temperature tested, 26°C, is
probably well below its thermal upper limit, which is reflected

by the steadily increasing evacuation rates with temperature.
S. solea, however, is a temperate species with a metabolic
optimum temperature of approximately 19°C (LeFrangois and
Claireaux, 2003). Thus, the observed decline in S. solea
evacuation rate at 26°C is quite probably due to thermal
stress. In estuarine nurseries such as the Tagus estuary where
these sole are sympatric, S. solea is at a disadvantage during
the summer months when juveniles of both species concentrate
in shallow waters that are rich in prey but where temperatures
warm up well above the S. solea metabolic optimum.

Salinity is usually not addressed in gastric evacuation
studies, since most of the work on gastric evacuation has been
aimed at incorporating food consumption of adult fish stocks
in multi-species models for fisheries management, such as the
North Sea multi-species model (Gislason and Helgason, 1985;
Pope, 1991). However, in order to study food consumption of
juvenile marine fish that spend their first two years in estuarine
nurseries, salinity must be taken into account, since it is the
single most important factor determining teleost fish drinking
rates (Smith, 1930; Evans, 1993). Antibiotic evacuation studies
reported stomach content leakage in marine fish held at 359,
due to permanent drinking (Guichard, 2000). This does not
happen in freshwater fish since they do not drink (Smith, 1930;
Evans, 1993). Euryhaline fish such as the sole held at low
salinities will lower their drinking rate and therefore present
higher retention of stomach contents and lower evacuation
rates.

Furthermore, several studies show that although feeding
rates increase with salinity, the food conversion efficiency
decreases (Saillant et al., 2003; Wuenschel et al., 2004), poss-
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ibly due to higher metabolic costs at seawater salinity. This
means that fish at lower salinities operate at higher efficiency,
being able to maintain high growth rates at lower ration levels.
This has important implications when assessing habitat use
constrains, in that estuarine nurseries will provide conditions
that allow higher food conversion than the coastal nurseries.

Interestingly, low salinity had a different effect according to
the sole species studied. S. solea seems to be better adapted to
low salinities, which is reflected in its higher evacuation rates
at 159, than at seawater; the opposite was observed in
S. senegalensis. S. solea and S. senegalensis are very similar and
are considered sister species, yet when in sympatry the S. solea
seems to prefer lower salinity habitats than S. senegalensis, as
has been observed in the Tagus estuary (Cabral and Costa,
1999; Cabral et al., in press) as well as in other estuaries (Dorel
et al., 1991; Marchand, 1993; Cabral, 2000b; Cabral et al., in
press). A different level of adaptation to low salinity, as
evacuation rates seem to indicate, is probably the most
important factor determining these species partition of space
within the nursery area.

Other authors have observed species specific use of nursery
habitats concerning salinity for other flatfish species such as
southern flounder and summer flounder in North America
(Powell and Schwartz, 1977; Burke et al., 1991), among the
flatfish community in North Carolina (North America) (Walsh
et al., 1999), for Japanese flounder in Japan (Yamashita et al.,
2001), among the flatfish community of the Sado estuary
(Portugal) (Cabral, 2000b), and in the flatfish community of
the Ems estuary (the Netherlands) (Jager et al., 1993).

Although many factors other than temperature and salinity
are important for the evaluation of habitat quality, our results
indicate that estuarine nurseries provide salinity conditions
more favourable than coastal nurseries for S. solea, since this
species has higher evacuation rates at low salinities, yet in many
estuarine systems it will endure summer temperatures that lead
to thermal stress, which would not happen at the coast. For
S. senegalensis, estuarine nurseries provide favourable temper-
atures during the nursery period. The decrease in gastric
evacuation rate at low salinities is probably compensated by
higher food conversion, as is observed in other euryhaline
species (Saillant et al., 2003; Wuenschel et al., 2004).

One important factor that may influence food uptake in fish
nurseries is predator pressure. Predation is now recognized as
one of the main factors influencing prey behaviour (review in
Lima, 1990) and predator avoidance is known to lead to
changes in habitat use, feeding, morphology and growth of
prey (Jones and Paszkowski, 1997; Turner et al., 1999). Maia
et al. (in press) reported that predator presence led to a 10%
decrease in foraging activity of S. senegalensis, meaning that
nurseries that provide appropriate temperature and salinity
levels may have its habitat quality potential hampered by high
densities of juvenile fish predators.

The present work provides important information upon
which food consumption models can be estimated for S. sene-
galensis and S. solea. Further experimental research using
broader temperature and salinity ranges will bring new insight
into the effect of these important factors over these species
dynamics. Studies on the effects of other factors such as fish
size and prey type will allow for a more comprehensive outlook
on the gastric evacuation process in sole as well as the
production of generalized models of gastric evacuation, such
as those already available for other species (e.g. Jobling, 1980;
dos Santos and Jobling, 1991; Koed, 2001; Temming et al.,
2002; Hurst, 2004; Andersen and Beyer, 2005).
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