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ABSTRACT

Mullet populations are abundant in littoral waters throughout the world and play a
significant role in organic matter fluxes. Mullets are opportunistic feeders: adults have
frequently been shown to feed on primary producers (e. g. fresh or detrital plant material,
microphytobenthos) but they may also feed on meiofauna. The population structure and
stomach contents of mullets that colonize salt marsh creeks in Aiguillon Bay (French Atlantic
coast) were studied to determine if they use salt marshes as a feeding ground in spring. Stable
isotope analyses were carried out on mullets sampled to assess their diet during their spring
migration. The mullet population was primarily composed of young-of-the-year (G0), 1-year
old (G1) of both Liza ramada and Liza aurata species and 3-year-old or older (G3+) L.
ramada individuals. GO and G3+ population densities increased during the spring period:
catch per unit effort (CPUE) increased from 0.22 to 1.49 ind.min™ for the GO age group; but
stomach content analyses revealed that only G1 and G3+ feed in the salt marsh. Isotopic
signatures of G1 (spring: 8"°C: -14.8%o, 5'°N: 14.1%o) and G3+ mullets (spring: 8"°C: -
16.9%o, 8'°N: 13.8%o) indicate that mullet growth is supported largely by primary consumers,
such as benthic meiofauna or small macrofauna. Mullets are thus positioned at a much higher

trophic level than true primary consumers.

KEY WORDS

Mugilidae; Salt marsh; Diet; Stable isotope analysis; Stomach content; Food web; European

Atlantic coasts

1. INTRODUCTION

Mullets are important members of fish communities in estuarine and littoral waters
throughout the world. The study of their feeding activity is of particular interest for a better
understanding of ecosystem functioning because they are among the few large fish able to
feed directly on the lowest trophic levels (Hickling, 1970; Odum, 1970; Laffaille et al., 2002;
Gautier and Hussenot, 2005). They inhabit numerous habitats in the littoral zone: mudflats
(Almeida et al., 1993), salt marshes (Lefeuvre et al., 1999; Laffaille et al., 2002) as well as
estuaries and even rivers (Lam Hoi, 1969; Keith and Allardi, 2001; Cardona, 2006).

Depending on their habitat, mullets can have many feeding strategies (e. g. water filtering,
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sediment scraping...) (Brusl¢, 1981; Almeida et al., 1993; Cardona, 1995) to exploit the most
accessible food resources, in terms both of quantity and quality (Odum, 1968; Almeida et al.,
1993). Due to their high biomass in European salt marshes, (Laffaille et al., 2000; Parlier et
al., 2006), mullets play a major role in coastal food webs as biotic vectors of organic matter
between littoral habitats and the open sea (Lefeuvre et al., 1999; Laffaille et al., 2002) and
also as competitors with other consumers for food resources (Lasserre et al., 1976).

On European Atlantic coasts, mullets spend their reproduction period off-shore, on the
continental shelf. Spawning occurs at different periods depending on location and species:
from August to February for L. aurata and from fall to winter for L. ramada (Keith, 2001).
Recruitment also varies in coastal areas depending on species and generally lasts from the end
of winter through summer (Hickling, 1970; Gautier and Hussenot, 2005). During that period,
young-of-the-year shift from a planktonic to a benthic diet (Albertini-Berhaut, 1973, 1974;
Ceccherelli et al., 1981; Ferrari and Chieregato, 1981).

Adult mullets also migrate in early spring to the very littoral areas where they perform
daily trophic migrations. They can exploit the full extent of the mudflats, including the lower
part of salt marsh, they can reach via the numerous creeks and channels that fill up at every
high tide (Laffaille et al., 2000; Parlier et al., 2006). Stomach content analyses tend to show
that mullets have a limno-benthophagous feeding mode in these areas: when foraging, they
scrap the superficial sediment layers and ingest a mix of sediment and organic matter. Food
selection is achieved by the mechanical (gill-rakers) and gustatory elements (Bruslé, 1981).

Trophic ecology of mullets has been most often studied through stomach content analysis.
Although it provides considerable information on fish food resources, stomach content
analysis only reveals what has been recently ingested. Stable isotope analyses of tissues are
complementary to stomach content studies since they allow the determination of what is
actually assimilated (Pinnegar and Polunin, 1999). Stable isotope analyses can also be used to
assess changes of diet during migrations (Fry, 2006). The distinction between ingested and
assimilated resources is important for mullets because their limno-benthophagous feeding
strategy leads them to ingest a large variety of available food items of different degrees of
digestibility, including plants or detrital matter (Odum, 1970; Bruslé, 1981), microalgae
(Almeida et al., 1993; Laffaille et al., 2002), but also meiofauna (Ezzat, 1963; Lasserre et al.,
1976, Laffaille et al., 1998) and small macrofauna (Riera et al., 1999; Bouchard and Lefeuvre,
2000; Quan et al., 2007). Assimilation processes are related to the quality, and thus the
digestibility of ingested food items, with better assimilation rates for fresh tissues or tissues

with higher nitrogen or nutrient content (Tenore, 1983; Mann, 1988; Cebrian, 1999).
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This study was conducted to determine the origin of food sources and the trophic level of
mullets. It has been carried out in the salt marshes of the Aiguillon bay, an intertidal bay on
the French Atlantic coast, in which salt marshes are in the same type of these which have
previously been examined using stomach content analyses (Laffaille et al., 1998; Laftaille et
al., 2002). Mullet abundance is high in this bay during the spring (Parlier et al., 2006), when
mullets colonize salt marsh creeks after a winter stay in off-shore waters (Laffaille et al.,
1998). In this study, the population structure of mullets was determined to define which age
groups colonize the salt marsh creeks. The feeding activity of each age group entering and
leaving the creeks was analyzed by comparing stomach content weight between flood and ebb
tides. The instantaneous and long-term diets were determined using stable isotope analyses of

stomach content and muscle tissues, respectively.

2. MATERIALS AND METHODS

2.1 Study site

Aiguillon Bay, located on the French Atlantic coast, is an bay of 56 km” in area and
includes 38 km” of bare mudflats and 18 km” of salt marshes (Fig. 1) (Verger, 2005). This bay
is a semi-diurnal macrotidal system, which causes relatively strong tidal currents (average
0.2-0.6 m.s'l) (SHOM, 2001). The bay receives most of effluents of the Marais Poitevin, the
second largest wetland in France. Freshwater inputs come from the Sévre Niortaise River, the
Lay River and many channels, including the largest, the Curé Channel. Watershed inputs
occur mainly from autumn to spring (Meunier and Joyeux, unpublished results). Salinity
ranged from 4.5 to 35 during our spring sampling period.

Mullets were collected in a tributary creek of the Curé Channel (Fig. 1). This creek drains
a 10 ha watershed on the southern part of Aiguillon Bay (Parlier et al., 2006). The whole
creek is integrated in the salt marsh part of the bay, dominated by halophytic plants, such as
Halimione portulacoides (Meunier and Joyeux, unpublished results). No vegetation was
present on creek banks, which were covered with wide patches of microphytobenthos. The
sampling site (46°15°49 N, 01°07°09 W) was located 50 m upstream from the creek mouth

and had a cross-section of 15 m wide and 5 m deep.

2.2 Fish sampling
Mullets were regularly sampled during three non-consecutive weeks from the beginning

of March to mid-April 2005 (Spring 1: March 8 to 14; Spring 2: March 24 to 30; Spring 3:
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April 6 to 12). Sampling was performed during spring tides, with tidal ranges from 5.70 to
6.25 m as in the study of Parlier et al. (2006). A total of 22 fish samplings were carried out
during the three sampling weeks to determine the population structure with precision and to
obtain enough samples for stomach content and stable isotope analyses (muscle tissues and
stomach contents). In order to compare stomach contents of mullets before and after their visit
to the salt marsh creek, 16 fish samplings were performed at ebb tide and 6 at flood tide
(Laffaille et al., 2002).

The whole mullet community was sampled by using a series of four successive nets in the
creek (Laffaille et al., 1998; Parlier et al., 2006): three trammel nets (70 to 30 mm mesh size,
2 m high and 30 m long) to capture large individuals and a fyke net (4 mm mesh size, 5 m
deep, 1.80 m high, 20 m long) to catch the smallest individuals. To ensure maximum adult
capture rates, trammel nets were set out diagonally across the creek and spaced 10 m apart
because adult mullets can avoid nets and thereby escape (Laffaille et al., 2002). For ebb tide
sampling, nets were set out across the creek at high tide until the creek was totally drained.
Nets were set up on the creek for periods of 20 minutes separated by intervals of 5 minutes;
sampling was therefore efficient for 80% of the tide. Using this kind of protocol, the number
and biomass of fish which migrate into the creek during one tidal cycle can be estimated
(Laffaille et al., 1998). Moreover, with this regular sampling, mullets can be frozen quickly,
thereby arresting digestion and avoiding regurgitation. For flood tide sampling, nets were set
across the empty creek and were left until high tide. The sampling protocol was the same as
for the ebb tide. All samples were stored in iceboxes in the field and deep frozen (-20°C) at

the laboratory until analysis.

2.3 Population structure

All sampled mullets were measured (fork length) to the nearest mm. Mullets of 50 mm
length or more were identified to the species level using the identification keys of Farrugio
(1977), Cambrony (1984), synthesized in Gautier and Hussenot (2005), and Keith and Allardi
(2001). Mullets were individually weighed to the nearest 0.01 g. Mullets less than 50 mm
long, for which identification is very difficult (Cambrony, 1984; Keith and Allardi, 2001),
were not identified. These mullets were pooled into size classes to the nearest mm and mean
individual weights were calculated for each size class (£ 0.01 g). Within species, age was
defined based on growth curves from Le Dantec (1955) and Lam Hoi (1969), tables in Gautier
and Hussenot (2005) and young-of-the-year growth curves for Liza aurata and Liza ramada

from Aiguillon Bay (Parlier, unpublished results).
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For all ebb samples (one sample corresponds to a period of 20 minutes), the number (N;)
and biomass (M;) of mullets per sample were defined for each species and each age group
(Laffaille et al., 1998). Numbers of non-caught mullets (N;) during the 5 minute intervals
between samples 1 and i+1 were estimated by extrapolation using the moving average of
samples (N; and Nj;) with the formula: Nj = [[(Ni/t;)+(N;+1/ti+1)]/2]*t; where t; is the sampling
time for sample i (min), t;+;: sampling time for sample i+1 (min) and t; is the time between
sample 1 and i+1 (min). Biomass of non-caught mullets per sample (M;) was determined using
M; and the same calculations. Total number (X N; + X N;) and biomass (X M; + X M;) of
mullets were calculated per species and per age group for each ebb fish sampling. For each
ebb fish sampling, catch per unit effort (CPUE), i.e. the number (CPUE,) or biomass
(CPUE,,) of mullets caught per minute of sampling, was calculated for each species and
cohort using the formulas (Laffaille et al., 1998): CPUE, = (X N; + X N;)/(Z t; + £ t;) and
CPUE,=(CEM; +ZM)/(Zt+ X t).

2.4 Stomach content analysis

A total of 123 stomach contents of mullets less than 50 mm long were sampled among the
three sampling weeks (flood tides, n = 55; ebb tides, n = 68). The stomach contents of these
fish were too small to be weighted with enough accuracy, so whole digestive tracts were
dissected under a stereomicroscope (%x20) and weighed. The ratio between digestive tract
weight (DTW, £ 0.0001 g) and total fish weight (TW, = 0.0001 g) was calculated to compare
mullets sampled at flood tide and at ebb tide. Non-parametric unilateral Wilcoxon tests were
used to test the differences in these ratios between flood tide and ebb tide (H;: DTW/TW at
flood tide < DTW/TW at ebb tide).

Digestive tracts of mullets of 50 mm long or more were regularly collected on mullets
sampled at flood tide (n = 123) and ebb tides (n = 131). Percentages of empty stomachs
(vacuity index, VI) were determined and compared between flood tide and ebb tide with Chi-
square tests. The whole stomach contents were weighed (£ 0.01g) and ratios between stomach
content fresh weight and total fish fresh weight (instantaneous ration, IR) were determined.
Differences in IR of mullets per cohort and species between flood tide and ebb tide were

tested using non-parametric Wilcoxon tests.

2.5 Stable isotope ratio analysis
Samples of each age group and of each species for mullets >50 mm long were collected

during the three sampling weeks. Stomach contents and white dorsal muscle tissues were
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collected to determine the instantaneous and the long-term diets of mullets, respectively.
Muscles were dissected with the highest care to avoid the presence of bone pieces. For
smaller mullets (<50 mm long), the mass of the stomach contents was too small for the stable
isotope analysis and fish analyses were performed on whole eviscerated and topped fish. All
samples were freeze-dried and ground using a ball mill. Fish samples from mullets <50 mm
and all stomach contents were acidified with 1 mol.L™ HCI to remove carbonates then dried
in a dry bath at 60°C and ground again. Since acidification may have an effect on 8'"°N values,
these samples were analyzed separately for 8'°C (acidified samples) and 8'°N (raw samples).
No delipidation was performed on samples since no significant effect on isotope values was
noticed during preliminary tests on the different fish class sizes.

Fish isotopic signatures were compared with signatures of food sources from Riera et al.
(1999) and from Richard (Unpublished results). Other food sources were hand-picked directly
from fresh stomach contents with a stereomicroscope and Dumont #55 forceps: nematodes
(sample of 200 individuals), annelids (sample of 50 individuals) and plant detritus and treated
as above.

Samples were analyzed using an EA-IRMS (Isoprime, Micromass, UK). Isotopic values
were expressed in the 8 unit notation as deviations from standards (Vienna Pee Dee Belemnite
for 8'°C and atmospheric N for 815N) following the formula: 813C or 81°N= [(Rsample/ Rstandard)-
1] x 10°, where R is '>C/**C or "N/"*N. The analytical precision for the measurement was
0.15%o for carbon and 0.2%o for nitrogen. Stable isotope signatures were compared with non-

parametric Wilcoxon tests.

3. RESULTS

3.1 Population structure

From the 16 ebb and the 6 flood fish samplings carried out, 1748 mullets were captured.
Among individuals with fork length >50 mm, 131 Liza ramada and 59 Liza aurata were
identified. Four age-groups were distinguished (Fig. 2, Table 1): young-of-the-year (G0), 1
year old mullets (G1), 2 year-old mullets (G2) and 3 year-old or older mullets (G3+), the G3+
group being exclusively composed of L. ramada.

GO represented the main percentage (50.9 to 96.9%) on the population at each sampling
and their mean CPUE,, increased from 0.22 to 1.49 ind.min™' between Spring 1 and Spring 3
sampling weeks (Table 1). The G1 age group was dominated by L. ramada and represented

the second most abundant age group. G2 individuals from either species were very rare. L.
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ramada G3+ represented a very small proportion of the population, with the highest G3+
CPUE, being 0.01 ind.min™", corresponding to 0.9 to 1.2% of total densities. Nevertheless,
their CPUE,, accounted for the largest proportion of total population biomass, representing
between 56.2 and 96.6%. Biomass proportions of other groups were extremely low except
during Spring 1 sampling, when the sum of G1 accounted for 32.9% of the population
biomass (Table 1).

3.2 Stomach content analyses

For <50 mm mullets, DTW/TW ratios were 8.6 + 3.5 (n = 55) at flood tide and 8.7 £ 5.5
(n = 68) at ebb tide and there was no difference in whole digestive tract weights between
mullets sampled at flood and ebb tides (p = 0.955). All of the 153 studied digestive tracts
were orange-colored and only four presented light traces of sediment.

For > 50 mm mullets, L. ramada G1 had lower VI at ebb tide, when they left the salt
marsh creek, than at flood tide (Table 2). No significant differences in VI were observed
between ebb and flood tides for L. aurata G1 and L. ramada G2 and G3+ groups. Numerous
G1 individuals sampled at flood tide were indeed characterized by light food traces in the
cardiac part of their stomach, explaining the lack of differences in VI between flood and ebb
tides. Except L. ramada G2, age groups of both species presented much higher IR at ebb than
at flood tide and very low IR values (ranging from 0 to 1%) were much more frequently
observed at flood tides than at ebb tide (Table 2). At flood tide, the highest IR values were
measured in L. ramada G3+. The number of L. aurata G2 stomachs collected was too low for
VI and IR comparisons. All of the 202 full stomach contents were composed by a greenish-

black mixture of sediment and organic matter.

3.3 Stable isotope ratios of stomach contents and muscle tissue

Food sources directly sorted from stomach contents had the following signatures:
nematodes: 8'°C: -15.9%o, §1°N: 11.7%o; annelids: 813C: -15.3%o, 8"°N: 12.2%o; plant detritus:
8'°C: -15.6%o, 8'°N: 9.4%o (Fig. 3 and 4). Values reported in Riera et al. (1999) presented
lower 8"°N, particularly those of nematodes and annelids with a difference of up to 4.2%o. The
mean isotope ratios for microphytobenthos from Richard (Unpublished results) and Riera et
al. (1999) ranged from -16.6 to -14.4%o for 8'°C and from 4.5 to 6.3%o for 5'°N.

Isotope ratios of GO ranged from -22.1 to -18.4%o for 5"°C and from 8.0 to 12.8%o for '°N

(Fig. 3) and show a very large increase in 8'°C and 8'°N values between individuals of 20 to
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30 mm in length. Mullets longer than 30 mm in length presented 5'°C and §'°N values
approaching those of G1.

In spring, 8'°C and 8'°N values of L. ramada and L. aurata G1 ranged from -17.4 to -
12.7%o for 8'°C and from 12.4 to 18.7%. for 8"°N (Fig. 3); they were not significantly
different between species (Wilcoxon-tests, 8 °C: p = 0.156, 8"°N: p = 0.734). "°C and §"°N
values of G1 individuals were, on average, higher than those of GO individuals (Wilcoxon-
tests, 8°C: p <0.001, §'°N: p <0.001). Mean differences in 8'°N between muscle and
stomach content signatures were 2.7%o for both species (Table 3). Stomach content signatures
were similar between both species (Wilcoxon tests, 8'°C: p = 0.607, 5'°N: p = 1.000), ranging
from —24.2 to -14.5%o for 8'°C and from 9.6 to 14.1% for '°N (Fig. 4). Range of stomach
content 8'°C was wider and more depleted than the one of muscle tissue; nevertheless most of
stomach content 8'"°C ranged from -18.0 to -14.0%o.

Signatures of G2 muscle tissue were highly variable in spring, particularly for "°C, with
values ranging from -25.4 to -10.5%o, and not significantly different between species
(Wilcoxon tests, 8'°C: p = 0.373, 8'°N: p = 1.000). 8'°N values (both species taken together)
were similar to the ones of G1 individuals (Wilcoxon test, p = 0.905) whereas G2 5"°C values
were much lower than G1 8"*C (Wilcoxon test, p=0.001) (Table 3). The few stomach content
samples from L. ramada G2 individuals showed stable isotope ratios similar to those of L.
ramada G1 (Wilcoxon-tests, 8 °C: p = 0.582, §'°N: p = 0.727). Differences between muscle
and stomach content signatures were high, particularly for 8'°N (3.2%o for L. ramada). Only
one stomach content from L. aurata was sampled in spring. There were no G2 individuals in
the summer sample.

8"°C of G3+ muscle tissues were similar to those of G2 individuals but lower than those of
G1 (Wilcoxon tests, G2: p=0.150, G1: p=0.001). 5"°N of G3+ muscle tissues were similar
to those of G2 and G1 individuals (Wilcoxon tests, G2: p = 0.632, G1: p = 0.507). Almost all
values ranged from -17.7 to -12.9%o for 8'°C and from 9.7 to 15.1%o for 8'°N. Only three
individuals were outside of this range, with lower 8'"°C values (-19.3, -24.7 and -26.1%o) and
very high 8"°N values (17.2 and 18.0%o) for two of them (Fig. 3). G3+ stomach contents
showed a very large range of signatures (5'°C: -22.6 to -15.3%o; 8'°N: 9.3 to 13.5%o). No
differences were observed between G3+ and G1 age groups (Wilcoxon-tests, °C: p = 0.063,
8'°N: p = 0.568). Differences between G3+ muscle tissue and stomach contents were on

average 0.4%o for 8'°C and 2.7%o for 8'°N (Table 3).



O J o U bW

OO DTG UTUITUTUTUTUTOTUTE BB DD B DS DNWWWWWWWWWWNNNNNNONNNONNNNR R RRR R R PR
O™ WNFROWOJdNT D WNRPOW®O-TIAAUDRWNR,OW®OWJINTIBRWNRFROWO®W-TJNUB®WNROWOW-10U D WN R O WO

4. DISCUSSION

4.1 Which groups of mullet colonize salt marsh creeks?

Only two species of mullet, Liza ramada and Liza aurata, colonize the salt marsh. No
specimens of Chelon labrosus were caught during our sampling, such as in a previous study
in the same site (Parlier et al., 2006). C. labrosus has however been observed in similar
embayments along European Atlantic coasts (Labourg et al., 1985).

GO0 individuals, not identified to the species level during this study, were probably
specimens of both species (Parlier et al., 2006). The large increase in GO densities that
occurred between March and April reflects the coastal recruitment of these species (Lam Hoi,
1969; Hickling, 1970; Labourg et al., 1985). The GO age group was the most frequent age
group of the mullet population. However, due to very low individual biomass, the GO group
only represented a very small proportion of the total biomass, which was largely dominated
by G3+. High densities of the G1 age group in both L. ramada and L. aurata were also
observed, but very few G2 mullets were observed. This population structure is similar to that
observed by Parlier et al. (2006) in the same bay and of Laffaille et al. (2000, 2002) in the
Mont Saint-Michel Bay in spring.

This pattern of population structure may have several explanations. First, mullets are
known to be highly euryhaline at the GO and G1 stages of development (Lam Hoi, 1969;
Lasserre and Gallis, 1975; Shusmin, 1990). Thus, these individuals were able to withstand
salinity variations that occurred in the salt marsh, particularly in spring. Second, GO and G1
migration into creeks is probably related to the typical high tidal currents in Aiguillon Bay
(SHOM, 2001). These currents may have facilitated the migration of these age groups in
particular (Dame and Allen, 1996). This hypothesis is strengthened by the observation that the
catches of GO and G1 mullets in the creek were the greatest during the highest tidal current
periods, at mid ebb tide.

The absence of L. aurata adults (G3+) is probably linked to the relatively low salinities
sometimes observed in salt marsh creeks. Adults from this species are known to tolerate only
very short periods of low salinity (Lam Hoi, 1969; Keith and Allardi, 2001; Gautier and
Hussenot, 2005; Cardona, 2006). On the contrary, L. ramada adults are highly euryhaline,
well-known for their migrations into freshwater habitats (Keith and Allardi, 2001), and are
thus able to stay in salt marsh creeks during these low salinity periods. The colonization of L.
ramada adults in these creeks can be considered opportunistic and probably related to their

high dietary demand. Mullets show an increase of feeding activity in spring (Hickling, 1970;
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Odum, 1970; Bruslé¢, 1981) that may be needed to improve overall condition after winter
spawning.

Among the four age groups of mullets present in coastal areas, only some of them
regularly colonized the salt marsh creeks of Aiguillon Bay in spring: GO, L. ramada and L.
aurata G1 and L. ramada G3+. These observations support the view that this bay is an
important habitat for juvenile fish, as are other European salt marshes (Mathieson et al., 2000;

Cattrijsse and Hampel, 2006).

4.2 Stable isotope ratios of food sources

8'°C values of food sources collected in this work are generally in the range of those of
previous studies carried out in the Aiguillon bay (Richard, unpublished results; Riera et al.,
1999). Three groups are clearly distinguished: 1. food sources originating from neritic waters,
i.e. suspended particulate organic matter (SPOM) and phytoplankton (with 8'°C values
ranging from -23 to -20%o), 2. '*C-enriched salt marsh sources, i.e. microphytobenthos and C4
halophyte plants, such as Spartina maritima (with 8'°C from -17 to -12%o), and 3. *C-
depleted salt marsh sources, i.e. C3 halophyte plants, such as Plantago maritima (with 3"°C
lower than -24%o). Sediment surface organic matter (SSOM) 8'°C value (-20.6%o : Riera et al.,
1999) indicates a mixing of depleted (C3) and enriched (C4) salt marsh plant detritus and of
microphytobenthos.

Some of these primary producers are not ingested as fresh matter, but as partially
degraded matter that may have different isotopic values. Plant detritus sampled in stomach
contents had lower 8'°C values than fresh plant material characterized in previous studies,
likely because degraded material is mainly composed of less labile compounds, particularly
lignin which is known to have lower 8'°C than fresh material (Benner et al., 1987). High 8'°N
values observed in plant detritus were probably related to bacterial film on detritus surfaces,
which increases '°N concentration due to trophic isotopic fractionation (Dijkstra et al., 2008).
A similar trend has been observed between fresh and detrital material of S. maritima (Riera et
al., 1999).

Nematodes and annelids sampled from stomach contents during this study and nematodes
from Riera et al. (1999) had §'°C values in the range of those of microphytobenthos and C4
plant detritus, suggesting that these consumers exploit these salt marsh resources. However,
nematodes and annelids from stomach contents showed relatively high 5'°N values compared
with values from Riera et al. (1999), with a difference of 4.2%o for nematodes. This

discrepancy suggests that ingested nematodes may not be representative of the in situ
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population. A selection of prey occurs in fact when mullets forage in the superficial sediment

layer because they use gill-rakers and taste buds to select the most appetizing food items

(Brusl¢, 1981).

4.3 Differential role of the salt marsh as a feeding ground for mullet groups

The absence of increase of DTW/TW ratios for GO between flood tide and ebb tide
showed that GO individuals probably feed continuously (Albertini-Berhaut, 1974), within and
outside the salt marsh creeks. The very few traces of sediment noticed in stomach contents
confirmed that these mullets had not yet shifted to a limno-benthophagous diet, excluding
SSOM as a food resource. §'°C values of muscle tissue, which were intermediate to those of
SPOM and phytoplankton, indicated that GO individuals exploit food resources from neritic
waters. The orange coloration of stomach content suggested that their diet was based on
crustaceans, probably zooplankton, which was confirmed by the observation of five stomach
content samples that showed zooplankton fragments (swim appendages, etc.) and small
copepods. 8'"°N values of these mullets corresponded to a mean trophic isotopic fractionation
of 2.3%o for each of the two trophic levels from phytoplankton to mullets, via zooplankton,
which is in the range of isotopic fractionations generally reported for sources and consumers
at the base of the food web (Vander Zanden and Rasmussen, 2001). This confirms the trophic
level of the GO age group and that the diet of this age group is based on zooplankton
(Albertini-Berhaut, 1973, 1974; Ceccherelli et al., 1981; Ferrari and Chieregato, 1981). So GO
individuals do not depend on salt marsh food resources just after their migration from
spawning areas to the salt marsh. These migrations are probably not active due to the weak
swimming capacities of GO compared to the strong tidal currents (SHOM, 2001).
Nevertheless, the large ranges of 3'°C and 8'°N suggest that a diet shift occurs in GO diet,
from planktonic feeding to a limno-benthophagous diet, as previously demonstrated by
Albertini-Berhaut (1973, 1974) and Ceccherelli et al. (1981). More generally, this trophic
shift is also well-known in numerous species of mullets (Bruslé, 1981; Koussoropolis et al.,
2010).

The very few G2 individuals observed in salt marsh creeks and the absence of differences
for IR between flow and ebb tides demonstrated that these areas are not preferential feeding
grounds for these fish, as also shown by Laffaille et al. (2000). The larger range of "°C
values in muscle tissue confirms that these mullets have a large range of trophic behaviors
and/or habitats, probably from terrestrial to oceanic areas. However, the few samples

collected do not allow a clear understanding of G2 diet.
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On the contrary, salt marsh resources are heavily used by G1 and G3 individuals. For G1
individuals, the strong increase in their IR when they were present in the salt marsh creeks
indicates that they were feeding there. The quantity of food ingested before mullets migrate to
the creeks is extremely low, demonstrating that salt marsh creeks are preferential feeding
grounds for these mullets when they colonize these areas.

As for G1, the strong increase of L. ramada G3+ IRs between flood and ebb tides showed
that these mullets migrate to salt marsh creeks for feeding purposes during high tides, as in
Mont Saint-Michel Bay (Laffaille et al., 1998; Laffaille et al., 2002). However, contrary to
G1, mean IR values at flood tide showed that numerous G3 individuals enter the creek with a
partially full stomach. Retention time of food in the digestive tract of mullets ranges from 2 to
6 h (Bruslé, 1981), leading to the conclusion that adult mullets feed on the adjacent mudflat
before they migrate into salt marsh creeks. The same behavior has been observed in Mont
Saint-Michel salt marsh creeks (Laffaille et al., 2002). In this bay, mean observed IR values
(close to 3% in March and to 7% in April) are clearly higher than those observed in spring in
Aiguillon Bay (only 1.4%), indicating that mullets feed less intensively on Aiguillon Bay
mudflats before migrating to the salt marsh.

Muscle and stomach content 8'°C of G1 and G3+ individuals demonstrated the salt marsh
origin of food resources (meiofauna, halophyte plant detritus, microphytobenthos...). The
large quantities of sediment in stomach content confirmed the limno-benthophagous diet of
Gl (L. ramada and L. aurata) and of G3+ (L. ramada), as in many other ecosystems
(Hickling, 1970; Albertini-Berhaut, 1974; Brusl¢, 1981; Ferrari and Chieragato, 1981;
Almeida et al., 1993; Shapiro, 1998; Laffaille et al, 2002) and such as many other species
(Bruslé, 1981; Koussoropolis et al., 2010). The numerous foraging traces on the sediment at
ebb tides corroborated these observations (Laffaille et al,. 2002). The large range of G1 and
G3+ stomach content 8'°C showed that they contained a mixture of '*C-enriched salt marsh
sources and of *C-depleted salt marsh plants, such as Aster tripolium, Halimione
portulacoides or Plantago maritima which grow on this area (Verger, 2005) and generally
have low 8'°C values (Riera et al., 1999). Nevertheless the range of G1 and G3+ muscle,
narrower and more enriched than these of stomach content, demonstrated that C3 halophyte
plant material, even if it is ingested, is thus hardly assimilated by mullets. G3+ showed
sometimes some variations of individual behavior. In spring, two mullets showed very low
8'°C values (-24.7 and -26.1%o). These 8"°C values, similar to typical terrestrial sources,
indicated that these mullets probably spent the winter in river waters and have not carried out

their catadromous migration for breeding. One other individual showed 8'°C values typical of
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oceanic food resources, indicating that this individual was sampled probably just after its
migration to coastal areas after the spawning season.

Thus G1 and G3+ clearly colonize intertidal salt marsh creeks for the purpose of feeding,
as previously demonstrated for mullets in other salt marshes or even in rivers (Lam Hoi, 1969;
Sauriau, 1990; Keith and Allardi, 2001; Laffaille et al., 2002; Almeida, 2003; Koussoropolis
et al., 2010) and as for numerous other nektonic species (Deegan et al., 1990; Laffaille et al.,
2001; Lefeuvre et al., 1999). Salt marshes are in fact well known for their role as feeding
areas (Kneib, 1997). However, the macrotidal range of the Aiguillon and Mont Saint Michel
Bays salt marshes gives them strong particularities because fishes migrate daily to these
feeding areas (Lefeuvre et al., 1999). Colonizing salt marsh creeks is riskier for mullets
(stranding, bird predation for G1) and represents higher energy loss than feeding on bare
mudflats (Wolff et al., 1981; Gibson, 2003), where they are not likely to be food-limited.
These risks and energetic costs of migrations may be counteracted by a maximization of G1

and G3+ food intake in salt marsh creeks (Gibson, 2003).

4.4 Mullet trophic level

High 5"°N values of muscles indicated a high trophic level, at least secondary, for G1 and
G3+ individuals. As for the GO age group, there was a good relationship between 8'°N values
of muscle tissue and stomach contents, with a mean trophic fractionation ranging from 2.7.
This value matches Vander Zanden and Rasmussen’s (2001) observations for high-level
consumers. Stomach content signatures, close to those of primary consumers (nematodes,
annelids), highlight that diet of G1 and G3+ individuals were partially based on these prey,
which were observed in large quantities in stomach contents along with benthic diatoms and
detrital matter. The high muscle 8'°N values indicate that among the large diversity of food
sources they ingest, from primary producers to animals, mullets incorporate more N from the
most “N-enriched food sources (e. g. meiofauna, small macrofauna). This can be due to a
better assimilation of animal prey than of primary producers (e. g. C3 and C4 salt marsh
plants) which have lower nutritional quality, and thus lower digestibility (Cebrian, 1999). It
can also be due to the higher protein content of muscle tissue, which N isotope signature
reflects thus more the isotope composition of animal preys than of plants, much less proteic.
Primary producers have a high content of carbohydrates, mainly and readily used for animal
metabolism, the fish muscle 8'°C may therefore not completely reflect their actual

assimilation.
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Our study gives information on assimilated food sources and thus on more profitable salt
marsh resources for mullets. It well complete works previously made on stomach contents
(Almeida et al., 1993; Laffaille et al., 2002), which determined the food sources ingested by
mullets, and on which animal preys have been regularly observed in stomach contents (Ezzat,
1963; Lasserre et al., 1976; Laftaille et al., 1998), without necessarily determining their role
in mullet resources. Although detritus and benthic diatoms constitute a large proportion of
stomach contents, stable isotopes demonstrate that animal prey represent a very high
contribution of resources incorporated into fish tissues when they migrate in the salt marshes.

High 8'°N values have already been observed in mullets from a bare mudflat (Richard,
unpublished results), but are slightly lower (13.2 £ 0.7%o on average) than those observed in
this study. Bacterivorous nematodes, that are '*N-enriched relative to herbivorous species
(Rzeznik-Orignac et al., 2008), are likely to be present in higher proportions than herbivorous
ones when detrital organic matter and thus bacteria are very abundant, as in salt marshes
(Moens et al., 1999). This difference is also probably due to a larger part of meiofauna in the
diet of mullets feeding in creeks. Nematode abundance can be several times higher in salt
marshes covered with halophytic plants ( Heip et al., 1985; Giere, 1993) than in bare mudflats
(Rzeznik-Orignac et al., 2003). The higher availability of more protein-rich food sources,
such as meiofauna in the salt marsh creeks may explain why mullets migrate in the salt marsh
creeks, when they can find enough food resources on the bare mudflat they pass through. For
G3+ individuals, this feeding behavior may be induced by the strong increase in their

nutritional requirements since they have a poor overall condition after the spawning period.

5. CONCLUSION

Five groups of mullets migrate to salt marsh creeks for feeding purposes: L. ramada and
L. aurata GO after their trophic shift, L. ramada and L. aurata G1 and L. ramada adults. All
fishes from these five groups are well known for their euryhaline behavior (Keith and Allardi,
2001; Gautier and Hussenot, 2005; Cardona, 2006). These migrations for purpose of feeding,
already well known in adults, are also realized by young-of-the-year, after their trophic shift,
and by G1 but not by G2. During these periods of salt marsh colonization, mullets have a
limno-benthophagous diet behavior and a diet mostly based on animal prey, particularly
meiofauna, positioning mullets at a high trophic level. This assertion contrasts with the
general knowledge on mullets, which are generally considered as primary consumers (Brusl¢,

1981; Almeida et al., 1993; Shapiro, 1998; Laffaille et al., 2002).
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FIGURE CAPTIONS
Fig. 1. Location of the Aiguillon Bay and sampling site.

Fig. 2. Size-frequency distributions and age groups of the two studied mullet species, Liza

aurata (fork length >50 mm) and Liza ramada (fork length >50 mm) in spring 2005.

Fig. 3. 8"°C and 8"°N of mullet muscle tissue, potential food sources and prey. For mullet
muscle tissues, each point represents one individual. Potential food sources and prey: Ann:
annelids, Mpb: microphytobenthos, Nem: nematodes, Phy: phytoplankton, Pma: Plantago
maritima, Sma: fresh Spartina maritima, Sma det: detritic S. maritima, SPOM: suspended
particulate organic matter, SSOM: surface sediment organic matter, Pla det: plant detritus.
Food source data taken from Richard (1998, unpublished results) are italicized, from Richard
(2004, unpublished results) underlined, from Riera et al. (1999) are in normal face type, and

those from the present study are in bold face type. Plotted GO points are circled.
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Fig. 4. 8"°C and 8"°N of mullet stomach contents at ebb tide, potential food sources and prey.
For mullets, each point represents one individual. Potential food sources and prey: Ann:
annelids, Mpb: microphytobenthos, Nem: nematodes, Phy: phytoplankton, Pma: Plantago
maritima, Sma: fresh Spartina maritima. Sma det: detritic S. maritima, SPOM: suspended
particulate organic matter, SSOM: sediment surface organic matter, Pla det: plant detritus.
Food source data taken from Richard (1998, unpublished results) are italicized, from Richard
(2004, unpublished results) underlined, from Riera et al. (1999) are in normal face type, and

those from the present study are in bold face type.
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TABLES

Table 1. Fork lengths (FL, mean + standard deviation), catch per unit effort by number
(CPUE,, mean =+ standard deviation) and by biomass (CPUE,,, mean + standard deviation) of
mullets sampled at ebb tide in spring 2005. Age groups: GO: young-of-the-year, G1: 1 year-
old mullets, G2: 2 year-old mullets, G3+: 3 year-old and older mullets.

Fork
' Age Spriqg length CPUE, CPUEm
Species group sampling n . . Mean % . Mean %
week mm ind.min g.min
per week per week

Liza sp. (FL <50 mm) GO 1 106 21«1 0.22+£0.39 50.9 0.02+0.02 0.5
2 562 20+2 1.12+1.31 94.5 0.09+0.10 0.7
3 890 20+2 1.49+2.76 96.9 0.10+0.19 1.0
L. aurata (FL>50 mm) Gl 1 34 80£15 0.07 +0.09 17.4 0.42+0.50 14.0
2 10 81+20 0.01+0.01 0.8 0.04 £ 0.04 0.3
3 13 78+13 0.02 +£0.02 1.0 0.06 £ 0.08 0.6
G2 1 1 164 <0.01+0.01 0.7 0.18+£0.36 6.0
2 1 150 <0.01 £<0.01 0.2 0.10+0.22 0.7

3 0 - 0 0 0 0
L. ramada (FL >50 mm) Gl 1 63 77+14 0.13£0.09 29.7 0.57+0.45 18.9
2 21 77+13 0.04 £0.02 34 0.23+0.04 1.8
3 11 81+18 0.02+0.03 1.0 0.11£0.19 1.0

G2 1 1 195 <0.01+<0.01 0.4 0.14+0.27 4.5

2 0 - 0 0 0 0
3 2 173+21 <0.01+0.01 0.3 0.20+0.46 1.9
G3+ 1 2 335+£56 <0.01+0.01 0.9 1.70 +£3.40 56.2
2 15 401+£27 0.01+0.01 1.2 12.61 £10.02 96.6
3 14 391+£40 0.01+0.01 0.9 10.08 £ 10.75 95.5
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Table 2. Comparisons of vacuity indexes (%) and instantaneous feeding rations (IR, % mean
+ standard deviation) of Liza aurata and L. ramada at flood tide and at ebb tide in spring
2005. Age groups: GO: Young-of-the-year, G1: 1 year-old mullets, G2: 2 year-old mullets,

G3+: 3 year-old and older mullets.

Species

Vacuity indexes

Instantaneous feeding rations

IR values<1 %

Age  Flood Ebb
group tide tide

% %

Khi?
test

p

Flood
tide

%

Ebb
tide

%

Wilcoxon

test

p

Flood

tide
%

Ebb
tide

%

Flood
tide

Ebb
tide

O O JOoOFE»WNHOWWwJo U b W

. aurata

.ramada

Gl 34.0 27.8
G2 - -

Gl 32.7 13.0
G2 20.0 0.0
G3+ 0.0 4.6

0.537

0.009
0.673
0.528

0.75 £ 1.81
0.63 +£1.08
0.36 £0.33
1.39+1.06

2.58+2.30
3.41+3.54
3.02+4.73
423+290

<0.001

<0.001
0.760
0.002

81
83
100
45

36
30
67
14

53

52

11

36

69
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Table 3. 8"°C and 8'°N (mean =+ standard deviation) of muscle tissue and stomach content of
mullets in spring 2005 and difference (A) between muscle and stomach content signatures.
Number of analyzed samples is shown in parentheses. Age groups: GO: young-of-the-year,
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G1: 1 year-old mullets, G2: 2 year-old mullets, G3+: 3 year-old and older mullets.

Age . Muscle tissue Stomach contents A
group Species
%0 %0 %0
3-c
GO Liza sp. -20.3+0.9 (49) - -
Gl L. ramada -149+ 1.3 (14) -16.1 £ 1.6 (16) 1.2
L. aurata -14.1+1.0 (9) -17.0 £ 2.6 (15) 2.9
G2 L. ramada -17.6 £4.1(9) -16.2+ 1.4 (3) 1.4
L. aurata -20.1+34(3) -18.0 (1) 2.1
G3+ L. ramada -16.9 + 3.3 (20) -17.3+3.9 (13) 0.4
3N
GO Liza sp 9.8+1.2(27) - -
Gl L. ramada 14.1+1.5(14) 11.4+£1.2(9) 2.7
L. aurata 14.1+1.3(9) 11.4+0.5(6) 2.7
G2 L. ramada 13.9+2.8(9) 10.7£1.5(2) 32
L. aurata 13.7+£2.8 (3) 10.9 (1) 2.8
G3+ L. ramada 13.8+2.2 (20) 11.1+£1.2(11) 2.7
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Figure 3
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Figure 4
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