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Summary

Habitat specific growth rates and condition indices were

estimated for Solea solea and Solea senegalensis, in two
nursery areas within the Tagus estuary, at the end of the
estuarine colonization process, in 2005. While in the upper-

most nursery area the two species of sole live in sympatry, in
the lower nursery only S. senegalensis is present. Daily
increments of left lapillar otoliths were used to estimate age
(in days) and determine growth rates (mm per day). Condition

indices were assessed through RNA-DNA ratio in muscle
samples. Growth rates were higher for S. senegalensis
(0.970and 1.180 mm per day in nursery A and B, respectively)

than for S. solea (0.767 mm per day in nursery A). Growth
rates of S. senegalensis from the uppermost nursery area were
lower when compared to those obtained for the other nursery.

The RNA ⁄ DNA condition index followed the general trend
given by the growth rate estimates, i.e. values were higher for
S. senegalensis than for S. solea. However, no significant
differences were detected in S. senegalensis from the two

nurseries. Larger variations in salinity (10& amplitude in the
uppermost nursery vs 0.2& in the lower nursery) and highest
pollution loads may be important factors lowering the habitat

quality of the uppermost nursery in comparison to the lower
nursery. The use of growth rate estimates based on otolith
readings and the RNA ⁄ DNA index as tools for habitat

quality assessment was discussed.

Introduction

Growth and survival in early life stages strongly influence
successful recruitment to the adult populations (Houde, 1987;
Van der Veer et al., 1990). Rapid growth means that less time

is spent in the most vulnerable size ranges and that larger
individuals will prevail by the end of the nursery period, along
with the related competitive advantages (Van der Veer and

Bergman, 1987; Sogard, 1992, 1997; Ellis and Gibson, 1995).
Fish nurseries are often found in estuaries and shallow

coastal waters, which provide suitable conditions for survival

and enhancement of growth, namely high food abundance,
refuge from predators and higher water temperature
(Haedrich, 1983; Miller et al., 1991; Beck et al., 2001).
Assessing habitat quality of nursery areas has been a long

pursued and difficult goal for estuarine and marine biologists
due to many interacting factors (e.g. Sustainable Fisheries Act,
US Senate, 1996; Brown et al., 2000; Eastwood et al., 2003; Le

Pape et al., 2003). The recent European Water Framework

Directive (2000 ⁄ 60 ⁄ EC; EC (European Communities), 2000)

follows a similar philosophy, concentrating on the need for
identification of good ecological standards for the protection
of specific water bodies (e.g. estuaries).
The estimation of habitat specific growth rates is a key step

for the determination of habitat quality (Able et al., 1999).
Growth rates based on otolith daily rings provide an accurate
measure of growth that integrates the whole life of the fish.

Nucleic acid quantification and subsequent RNA-DNA
ratios has been used in numerous studies as indices for
nutritional condition and growth assessment in larvae and

juvenile fish (e.g. Buckley, 1984; Richard et al., 1991; Gwack
and Tanaka, 2001). This biochemical index reflects variations
in growth related protein synthesis, since RNA concentration

fluctuates both with food intake and protein requirement,
while DNA somatic content remains constant, providing a
recent picture of overall fish condition and growth (Buckley
and Bullow, 1987; Bullow, 1987).

Various studies have assessed habitat quality and compared
different sites. Habitat quality differences have been found
along pollution gradients (Burke et al., 1993), in areas

impacted by man-made structures (Able et al., 1999), in
protected marine reserves (Lloret and Planes, 2003), and
between estuarine and nearshore flatfish nurseries (Yamashita

et al., 2003; Gilliers et al., 2004).
The Tagus estuary has been used as a nursery area by two

commercially important species of sole, the common sole Solea

solea (Linnaeus, 1758) and the Senegal sole, Solea senegalensis
Kaup 1858 (Costa and Bruxelas, 1989; Cabral and Costa,
1999). Two specific nursery areas have been identified within
the estuary, one in the uppermost section that is used by

juveniles of both species, and another in the upper eastern
section (also in the upper estuary but at a lower location), used
only by S. senegalensis (Costa and Bruxelas, 1989; Cabral and

Costa, 1999). Niche overlap has been reported, albeit for a
short period (Cabral, 2000).
Both Cabral (2003) and Fonseca et al. (2006) investigated

growth for the Tagus estuary soles using length frequency
progression methods, yet pointed out the limitations of these
methods and called for the application of a more accurate
growth rate determination method. These authors reported

higher growth rates for soles in the Tagus estuary than in other
important North-European nurseries (although they did not
discriminate the two nursery areas of the Tagus in their

analyses). Fonseca et al. (2006) aimed at evaluating monthly
variation in the condition of the various cohorts colonizing the
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estuary throughout time and concluded that RNA ⁄ DNA
variation patterns over the nursery period reflected growth and

estuarine colonization patterns.
While S. solea is a temperate species with a distribution that

ranges from the Baltic Sea to Senegal, S. senegalensis is a

tropical species that ranges from South Africa to the Bay of
Biscay (Quéro et al., 1986). The Tagus estuary is one of the few
nurseries where both sole species are present in high abun-
dance (Cabral and Costa, 1999).

Studies on S. senegalensis ecology are scarce (Dinis, 1986;
Andrade, 1992; Cabral and Costa, 1999; Cabral, 2000, 2003;
Anguis and Cañavate, 2005) and do not allow for conclusive

remarks about recruitment variability, while for S. solea an
important body of literature has already been developed. It is
generally agreed that recruitment of S. solea is determined

before the end of the first year of life, and that water
temperature plays an important role (e.g. Rijnsdorp et al.,
1992; Wegner et al., 2003; Henderson and Seaby, 2005).
However, most studies were conducted in temperate waters.

Understanding the role of habitat quality in the early life of
fish over its full range of distribution is very important for
essential fish habitat determination, particularly for species

such as the soles that are the main target of fisheries over a
wide geographical area.
The present paper aims at: (i) estimating habitat specific

growth rates and condition indices in S. solea and S.
senegalensis, in two nursery areas of the Tagus estuary
(Portugal) based on otolith daily rings and RNA-DNA ratio,

respectively; and at (ii) discussing the use of both methodol-
ogies as tools for habitat quality monitoring of the nursery
grounds for the sole species concerned.

Materials and methods

Study areas

The Tagus estuary (Fig. 1) is one of the largest estuaries in
Western Europe (325 km2). It is a partially mixed estuary with a
mean tidal range of about 4 m. Approximately 40% of the

estuarine area is intertidal. Much of its upper area is composed
by extensive intertidal mudflats fringed by saltmarshes (Caç-

ador and Vale, 2001). Two important sole nurseries were
identified in the Tagus estuary in previous studies (A, Vila
Franca de Xira, and B, Alcochete; Fig. 1) by Costa and

Bruxelas (1989) and Cabral and Costa (1999). Although most
of the environmental factors present a wide and similar range in
these two areas, some differences can be outlined. The upper-
most area, A, is deeper (mean depth 4.4 m), presents lower and

highly variable salinity and has a higher proportion of fine sand
in the bottom substrate. Nursery area B is shallower (mean
depth 1.9 m), and more saline, with lower variability in salinity,

while the bottom substrate is mainly composed of mud (Cabral,
1998; Cabral and Costa, 1999). Nursery A is located in an
industrialised area that receives substantial quantities of

industrial and urban sewage, while nursery B is located in an
area which is under much lower human pressure and has no
important adjacent industries (Vale, 1986).

Climate in this area is Mediterranean with mild winters and

warm and dry summers (Aschmann, 1973).

Juvenile collections

Both nurseries were surveyed monthly from March to October
2005 in order to determine the beginning and the end of

estuarine colonization by 0-group juvenile soles. From late
June (when the first 0-group juveniles were detected in the
nursery areas) and during July (when colonization ended)

surveys were intensified, taking place at approx. two-week
intervals, in order to better determine the end of the estuarine
immigration process of the first cohort of each species.

S. solea is a temperate species with a temporally restricted

spawning period leading to a estuarine colonization concen-
trated in time. S. senegalensis, however, has a very wide
spawning period (Anguis and Cañavate, 2005) which is

characteristic of tropical species and leads to several successive
cohorts. Cabral (2003) and Fonseca et al. (2006) observed that
growth and condition is higher for the first cohort of both

species entering the estuary, indicating that direct comparisons
should take into account the estuarine colonization process. In
2005, the first cohort of both species occurred at approx. the
same time, presenting the highest densities when compared to

subsequent cohorts. In order to work with comparable samples
containing enough numbers of individuals for growth and
condition assessment, we chose to study the first cohort of each

species.
Length frequency of the first cohorts of 0-group juveniles

was analysed at the end of the colonization period for each

nursery area and for each species (to insure that the whole
cohort had already arrived at the nursery) (Fig. 2). Age and
condition were determined in 0-group S. solea and

S. senegalensis collected at eight stations in nursery A and in
0-group S. senegalensis collected at six stations in nursery B (at
the end of the estuarine colonization). Trawls were conducted
with a 2.5 m beam trawl with 5 mm stretched mesh at the

codend.
All samples were frozen immediately after collection. In the

laboratory individuals were identified, counted and their total

length measured to the nearest mm.

Environmental data

During each trawl environmental data, such as water temper-
ature and salinity, were registered with a multiparameter
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Fig. 1. Location of nursery areas (A and B) within Tagus estuary
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probe, from March to October 2005. Environmental data were
statistically explored with SYSTATSYSTAT 10.0. For the above-stated
reasons (comparability of samples) we focused on the June–
July period and compared only the first cohort of juveniles.

Mean values and standard deviations were estimated for water
temperature and salinity in both nursery areas during the
June–July period.

Growth rate estimation

Otoliths of a subsample of juveniles chosen randomly from
each length category (5 mm length categories) were examined.
The left lapillus, which has the longer axis due to the bilateral

asymmetry between the right and left lapillus, was used for all
age estimates. Lapillar otoliths were used because they are
relatively thin and have well-defined increments that are
spatially more uniform than the sagittae otoliths which have

accessory primordia (Amara et al., 1994). Otoliths were
removed and mounted with glue on microscope slides and

polished in the sagital plane to the central primordial with an
aluminium oxide polishing bar.

Otoliths were analysed under transmitted light at 400· or
1000· magnification, using a video system fitted to a com-
pound microscope. Otolith counts were made along the

posterior axis. Otolith increments were counted three times
(by the same reader); the age was regarded as the mean of the
three counts. Precision was estimated by computing the
coefficient of variation. Otoliths were eliminated whenever

the reading variation was above 5%.
Age was estimated for 151 S. solea and 59 S. senegalensis

from nursery A, and for 52 S. senegalensis from nursery B.

Growth was described by a linear model. An analysis of
covariance (ANCOVAANCOVA) was conducted to test differences in
growth between nursery areas and species (slope of age against

length).

RNA-DNA ratio determination

Nucleic acid determination was carried out following the
fluorometric method described by Caldarone et al. (2001) and
adapted to a cuvette spectrofluorometer, as described in

Fonseca et al. (2006). Detection limits, standard calibration
curves for RNA, DNA and spike recovery of homogenate
samples (n = 3) were first determined with a series of dilutions

of pure calf-thymus DNA (Calbiochem) and 18S- and 28S-
rRNA (Sigma). Tissue sample autofluorescence and residual
fluorescence were analysed, the latter by adding 1 U ll)1

DNase (n = 3) (Sigma). Concentrations of stock standard
RNA and DNA solutions were first checked with an
UV-spectrophotometer.
To ensure reproducibility, two 20 mg (dry weight) replicates

of each juvenile sole were analysed. White muscle was
homogenised through short term ice-sonication with 200 ll
of 1% sarcosine solution (N-lauroylsarcosine), and then

diluted with 1.8 ml Tris-EDTA buffer (Trizma, pH 7.5)
(sarcosine final concentration of 0.1%). Total nucleic acid
fluorescence (RNA and DNA) was measured by adding 300 ll
sample homogenate, 1.8 ml Tris-EDTA and 150 ll Ethidium
Bromide (EB, 1 mg ml)1) to the first vial. DNA fluorescence
was determined by digesting RNA content with 150 ll RNase
(A from bovine pancreas, 20 U ml)1 incubated at 37�C for

30 min, Sigma) in the second vial containing 300 ll sample
homogenate, 1.65 ml Tris-EDTA and 150 ll EB. Excitation
and emission wavelengths used were 360 nm and 600 nm,

respectively. RNA fluorescence value was determined by
subtracting the DNA fluorescence reading (second reading)
from the total fluorescence value (first reading). RNA and

DNA content in tissue samples was calculated through
calibration curves previously constructed plus the dilution
factors used.

T-tests were performed in order to compare conditions
between the two nursery areas, and between both species.
Interspecific comparison is generally not carried out, as RNA-
DNA ratio is species-specific (Bullow, 1987). Yet, S. solea and

S. senegalensis are genetically very closely related and are thus
regarded as sister-species (Ben-Tuvia, 1990; Tinti and Picinetti,
2000); thus, we found that between-species comparison of this

condition index was both interesting and justified. Since the
RNA-DNA ratio is dependent on age of the individual, tests
were performed only between overlapping length ranges.

Comparisons were made between both species at nursery A
and between S. senegalensis from nursery A and B. The
software STATISTICASTATISTICA was used for the test procedures.
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Tagus estuary, July 2005: (a) S. solea, nursery A; (b) S. senegalensis,
nursery A; c) S. senegalensis, nursery B
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Results

Estuarine colonization by soles in 2005

The first cohorts of both soles colonized the estuary in June–
July, establishing spatial and temporal sympatry in the upper

nursery area, but not in the lower nursery where only
S. senegalensis was present, as previously observed (Cabral
and Costa, 1999; Cabral, 2003). As expected, the first cohort of

S. senegalensiswas followed by new cohorts entering the estuary
in the following months. S. solea presented only one cohort.

Environmental conditions during the study period

In the June–July period, mean salinity in nursery A was 12.9&
(SD = 3.0; minimum = 6.9&; maximum = 16.9&;

n = 16), while in nursery B it was 32.5& (SD = 0.1;
minimum = 32.4&; maximum = 32.6&; n = 12). Mean
water temperature in nursery A was 24.4�C (SD = 0.9;

minimum = 23.5�C; maximum = 25.7�C), while in nursery
B it was 25.0�C (SD = 0.5; minimum = 24.3�C; maxi-
mum = 25.9�C).

Length frequency, growth and condition of the juveniles

Length frequency distribution of 0-group juveniles at the end

of the colonization period showed approx. normal distribu-
tions for both species and nurseries studied (Fig. 2).
Growth during the first months following settlement was

best described by a linear model (Fig. 3). S. solea 0-group
juveniles growth rate was estimated to be 0.767 mm per day
(range of total length of individuals analysed, TL : 57–

109 mm; n = 215) in nursery A. S. senegalensis 0-group
juveniles growth rate was estimated as 0.970 mm per day
(range of total length of individuals analysed, TL : 36–99 mm;
n = 59) in nursery A, while in nursery B growth rate was

estimated as 1.180 mm per day (range of total length of
individuals analysed, TL : 19–52 mm; n = 52). Thus, S. solea
had a slower growth rate than S. senegalensis in both nurseries

(P < 0.05), while S. senegalensis from nursery B presented the
fastest rate (P > 0.05).
Mean RNA-DNA ratio was 2.90 for S. solea (nursery A),

while for S. senegalensis 3.50 in nursery A and 4.01 in nursery
B. Condition was significantly different between the two
species in nursery A (t test = )3.81, P < 0.05), while no

significant differences were detected between S. senegalensis
from nursery A and B (t = 0.25, P > 0.05).
Condition peaked in the second length class in both species

from nursery A, while in nursery B peak condition was

observed in the third length class (Fig. 4). After reaching a
peak, RNA-DNA ratio declined with fish length in both
species. The smaller category lengths presented low values,

especially in S. senegalensis from nursery B.

Discussion

Habitat specific growth rates estimated through otolith read-
ings revealed differences between nurseries and sole species,
while habitat specific condition based on RNA-DNA ratio

revealed differences between species but not between nurseries.
Higher growth rates were found in S. senegalensis from

nursery B than from nursery A. RNA-DNA ratios did not

reveal any differences between nursery areas, but were higher
for S. senegalensis than for S. solea, both inhabiting nursery A.
Interspecific comparison of growth rates within nursery A also
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revealed a higher value for S. senegalensis. These results seem
to indicate that nursery B has a higher quality of habitat than

nursery A.
One important issue regarding differences among nurseries

is cross migration of juveniles between the two areas. Vinagre

et al. (2007) concluded that Tagus estuary 0-group soles
exhibit high site fidelity to the nursery they colonize, meaning
that migration should not be a confounding factor in growth
rates and condition estimates carried out in the present study.

Differences between nursery areas depend on multiple
factors not always clearly identifiable due to the highly
complex and variable nature of estuarine systems. Yet,

differences between the sole nurseries in the Tagus estuary
are possibly related to salinity, prey availability and pollution
levels. Nursery B has more stable salinity levels than nursery

A, implying that an important amount of energy that would be
used for constant adjustment to salinity variation can be
diverted to growth (Evans, 1993; Moyle and Cech, 1996). Prey
availability is also different between the two areas. While the

main prey in nursery A is Corophium spp., in nursery B
Scrobicularia plana (da Costa, 1778) is the principal prey
(Cabral, 1998). The higher calorific content of bivalves

compared to amphipods is possibly an important factor
determining growth rates (Cummins and Wuycheck, 1971).
Other important aspects differentiating nursery A from B are

pollution load and human pressure (Vale, 1986). The lower
pollution stress levels to which fish are exposed in nursery B
should be important for general health and growth.

Growth rates for S. solea were higher in the Tagus than in
northern European nursery areas (e.g. Rogers, 1994; Jager
et al., 1995; Amara et al., 2001; Amara, 2004). This was also
reported by Cabral (2003) and Fonseca et al. (2006) using

modal progression analysis of length-frequency data. Higher
growth rates are to be expected in southern Europe due to
higher water temperatures (Yamashita et al., 2003; Henderson

and Seaby, 2005) as well as longer photoperiods throughout
the year (Devauchelle et al., 1987; Boeuf and Le Bail, 1999).
S. senegalensis growth rates were higher than those reported

by Andrade (1992) in the Ria Formosa and Cabral (2003) in
the Tagus estuary but similar to those reported by Fonseca
et al. (2006) for the first cohort of this species in the Tagus
estuary.

RNA-DNA ratios for juvenile soles were within the range of
other studies on juvenile flatfishes ()1.1–8.2) (e.g. Mathers
et al., 1992; Yamashita et al., 2003; Gilliers et al., 2004).

Experiments with reared S. solea concluded that RNA-DNA
ratio of fed fish was around 2 (Richard et al., 1991). Richard
et al. (1991) pointed out that indices from reared and wild fish

must be compared with caution, since food offered to captive
fish may be of lower nutritional value than wild prey. Keeping
this important issue in mind, it can be concluded that soles

from the Tagus estuary were of fairly good nutritional status.
As reported by other authors, the RNA-DNA ratio was

found to be dependent on age (Buckley and Bullow, 1987;
Buckley et al., 1999). A distinctive pattern of decreasing RNA-

DNA ratio with fish length was observed for both species in
nursery A, but not in nursery B. Lower condition values were
noticeable in the first length classes for both species and

nursery areas, especially evident in nursery B. Since the RNA-
DNA ratio reflects recent growth, this could be due to
temporarily unfavourable conditions that affected the smaller

individuals of both nurseries and species.
The higher growth rates and condition of S. senegalensis

when compared to S. solea can have important implications in

a warming climate scenario. S. senegalensis appears to be
better adapted than S. solea to the present environmental

conditions of the Tagus estuary. Temperature is one of the
most important factors determining growth; the Tagus has
higher temperatures than the northern European estuaries

where S. solea thrives but where S. senegalensis is not present.
Water temperature in the upper Tagus estuary is usually
above 23�C during the summer months, well above the
S. solea metabolic optimum temperature of approx. 19�C
(LeFrançois and Claireaux, 2003). S. senegalensis metabolic
optimum temperature has not yet been determined, but being
a subtropical species it will probably be higher than that of

S. solea. Also, spawning, egg incubation and rearing temper-
atures for S. senegalensis are considerably higher than for
S. solea (Imsland et al., 2003). Thus in a warming climate

scenario, lower densities of temperate species such as S. solea
and higher densities of subtropical species such as
S. senegalensis are to be expected, as noted by Cabral et al.
(2001).

Both methods used in the present study provided valuable
information concerning habitat quality. While growth rates
estimated from daily otolith rings provide long-term informa-

tion on growth throughout the entire life of the fish, RNA-
DNA ratios provide information only on recent growth,
around 1 week for juvenile fish (Richard et al., 1991). Thus

growth rates based on otolith readings are influenced not only
by habitat quality of preceding months in the nursery, but also
by the marine environment prior to immigration to the nursery

areas. This may be a limitation when the objective is to
estimate habitat quality solely in an estuarine nursery area.
Recent growth assessed through RNA-DNA ratios is quite
valuable, as it is based solely on the conditions provided by the

nursery area, yet it can be influenced by unusual events that do
not reflect the average habitat quality of the area. Intensive
sampling for RNA-DNA ratios determination starting at the

beginning of the estuarine colonization could yield very
interesting results; however, as this index only reflects the
nutritional condition of the fish over short periods, assessment

of habitat quality over a period of ca. 2 months would be quite
costly and time consuming. The combination of both indices
used in this study integrating habitat quality over a long period
with recent condition is quite interesting for habitat quality

determination in highly variable environments such as estua-
rine nurseries, since the information given by both methods
complement each other.

Other methods such as recent growth estimation based on
marginal otolith increment width (e.g. Amara and Galois,
2004; Gilliers et al., 2004), condition based on protein

concentration (e.g. Peragón et al., 2001; Weber et al., 2003),
condition based on lipid content (e.g. Galois et al., 1990;
Lloret and Planes, 2003) and the use of molecular biomarkers

in areas subjected to pollution (e.g. Nunes et al., 2005;
Rendón-von Osten et al., 2005) are also very promising.
Further research will certainly determine the most appropriate
combinations of indices for each species and habitat type.
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