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Introduction

Abstract — In the Chausey archipelago, growth of the burrowing bivalve Venus verrucosa (Mollusca: Veneridae) has
been shown to be highly variable between closely located sites (<1 km). To explain this small-scale spatial variability,
we tested the trophic hypothesis using both fatty acid markers, and carbon and nitrogen stable isotopes (6'*C and
6"N). Environmental parameters, including substrate, were also analysed to discriminate their effects on potential
trophic differences. Results of isotopic fractionation and lipid profiles of water column and digestive gland samples
both showed a large contribution of phytoplankton to the diet of V. verrucosa. More surprisingly, the same results
suggest that Phaeophyceae and Rhodophyceae macroalgae could contribute to the nutrition of V. verrucosa as dissolved
exudates. Whereas site differences were not observed between the food sources of V. verrucosa, we showed that growth
performance index was correlated to wave height. Thus, we hypothesized that the high local growth variability could
be controlled by the hydrosedimentary dynamics. In addition, although no significant growth differences were found
between intertidal and subtidal populations, better condition index and more total lipids were found in the digestive
gland of intertidal V. verrucosa, suggesting potential compensatory growth mechanisms.

Keywords: Shell growth / Benthic filter feeder / Food sources / Stable isotope / Lipid / Macrotidal flat / Atlantic Ocean

between these two dates and, since 1993, annual production

The burrowing venerid bivalve Venus verrucosa Linnaeus
1785, also known as warty venus, colonizes coarse sediments
of the the low intertidal zone and shallow waters to a depth
of about 30 m in the eastern Atlantic, from Norway to South
Africa, and in the Mediterranean Sea (Poppe and Goto 1993;
Arneri et al. 1998). This species is of great commercial in-
terest and particularly appreciated by European consumers
(El-Menif et al. 2008). In Mauritania, as well as the Adriatic
and Aegean Sea region, annual production can reach 500 t,
although no reliable statistics are available (CNROP 1993;
Arneri et al. 1998). In Europe, the yield is particularly large
in France (Arneri et al. 1998; Tirado et al. 2003), where 95%
of total harvesting is done in the NormanoBreton Gulf (Pitel
et al. 2001). In 1962 and 1975, more than 3500 t were landed
per year at Granville (Normandy), which was one of the largest
French shellfish ports at this time. The stock collapsed twice
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has decreased to less than 400 t (Pitel et al. 2001).

In the Chausey archipelago (English Channel, Normandy,
France), V. verrucosa is considered as an emblematic species
of recreational and commercial fisheries (Godet 2008) and
has a high heritage value locally. The gathering of such bi-
valves on foot constitutes one of the main activities for thou-
sands of tourists that come every year to the tidal flats, and
the number of fishers per day can reach 1500 during spring
tides (Godet 2008). To maintain the current stock and continue
to benefit from it, a sustainable management plan is needed.
The first steps to efficiently protect this species are to make
a stock assessment (Gosling 2003) and to obtain knowledge
on its basic biology in relation to environmental constraints.
Apart from some studies on toxicity (Romeo and Gnassia-
Barelli 1998; Gunsen et al. 2008; Pasquale et al. 2012), interac-
tions with pathogens or parasites (Trigui EI-Menif et al. 2005;
Morton et al. 2011) and physical properties of the shell
(Glover and Taylor 2010), data relating to the physiology
of V. verrucosa are very sparse. Previous studies deal with
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growth (Arneri et al. 1998; El-Menif et al. 2008), reproduc-
tion (Djabali and Yahiaoui 1978; Barbin et al. 2003; Tirado
et al. 2003; Siniscalchi et al. 2004) and food assimilation
(Amouroux 1984).

In 2010, this lack of information stimulated the launch
of a research program to study the population dynamics of
V. verrucosa in some selected sites of the Chausey archipelago.
Preliminary results revealed that the growth parameters of
these populations differed at a very local spatial scale (less
than 1 km), which can only be partially explained by vari-
ations in the sediment granulometry (Gaillard 2010). Shell-
fish gathering is more intense in some areas of the islands
than in others (Le Berre and Brigand 2011). Because V. verru-
cosa is a relatively slow-growing species (Peharda et al. 2010),
the combined effects of low growth and high fishing pres-
sure could increase the vulnerability of its populations. To
avoid overexploitation, there is a need to understand the en-
vironmental causes of the growth variability, such as tem-
perature, salinity, aerial exposure, hydrodynamics and stock
density (Gosling 2003). All these factors closely impact the
food supply, which is considered the most important fac-
tor for growth sustainability of bivalves (Thompson 1984;
de Montaudouin 1996; Gosling 2003).

As secondary consumers are enriched in '*C and >N rel-
ative to their food supply or preys, stable isotopes of car-
bon (6'*C) and nitrogen (6" N) are useful tools to determine
the assimilation of food on the long-term scale (Peterson and
Fry 1987; Post 2002), as the turnover time of invertebrate
tissues can take a few months (Lorrain et al. 2002; Nerot
et al. 2012). Diet has also been extensively investigated with
specific lipid markers of primary producers that can be tracked
in the fatty acids (FAs) of consumers as they remain mostly
unchanged through trophic pathways (Dalsgaard et al. 2003;
Kelly and Scheibling 2012). In bivalves, FAs of digestive gland
can be used to obtain insight into more recent food ingestion
(Ezgeta-Balic et al. 2012) as this is the main organ of digestion
and plays a significant role in storage of metabolic reserves
(Gosling 2003).

The combination of these techniques (stable isotopes
and FA composition) will allow us to determine the diet
of V. verrucosa on an integrated interval of time (Ronconi
et al. 2010), and help us to test the following hypothe-
ses: (1) the quality and quantity of the food available for
V. verrucosa are different between sites, (2) these differences
are responsible for the local growth variability and (3) vari-
ability in environmental conditions (other than food availabil-
ity) has a minor impact on growth differences.

2 Materials and methods
Study site

The Chausey archipelago, located in the Normano-Breton
Gulf (Normandy, France), is exposed to an extreme tidal
regime, with tidal ranges up to 14 m during spring tides. This
fragmented environment includes about 1500 ha of soft sedi-
ment tidal flat (Toupoint et al. 2008).

Shellfish gathering on foot mainly concerns the tidal flats,
where V. verrucosa is also more exposed to highly variable

pressures of waves, emersion and temperature. We selected
two contrasting areas (Fig. 1) where growth performance was
either high (area 1) or low (area 2) (Gaillard 2010). An addi-
tional site was also selected in an area protected from fishing
(area 3) in order to judge the potential impact of such activi-
ties. To consider environmental variation, samples were taken
at two levels in each area, one in the intertidal zone (i) and one
in the subtidal zone (s).

Environmental conditions

Temperature was monitored using probes (Onset Hobo
Water Temp Pro V2 Data logger U22-001) buried 3 cm un-
der the water-sediment interface, which recorded one mea-
surement every 4 min for 3 months (July to September 2011)
in each site. Sediment samples, previously collected using
a shipeck grab in each subtidal site (n = 3), were rinsed
with freshwater, dried, separated using the AFNOR standard
(17 sieves), weighed and then analyzed using Gradistat 4.1
(Blott and Pye 2001).Wave recorders (RBR TWR-2050) were
installed 0.25 m above the seabed during October 2011, when
storms were frequent, to compare wave influence in the three
subtidal sites. Pressure data were corrected to compensate for
the frequency-dependent attenuation of pressure variations,
and significant wave height Hy,,p was computed by spectral
analysis using the standard method (Tucker and Pitt 2001).

Venus verrucosa sampling

In each area and level (intertidal and subtidal), twenty bi-
valves (mean height = 47.4 + 4 mm; n = 120) were collected
either by hand fishing on foot (intertidal) or by using a profes-
sional dredge with 2.5-cm space between its rods. A few hours
later, back at the laboratory, five specimens were selected ac-
cording to their reproductive stage (no gametes visible with the
naked eye). Digestive glands of the chosen individuals were
separated from the organism for FA analyses and the rest of
their tissues were crushed and used for isotopic analyses. All
samples were frozen at —20 °C.

Potential food sampling

Three potential food sources of V. verrucosa were con-
sidered in this study, and characterized using two biochemi-
cal markers: stable isotopes and FAs. Firstly, we considered
that intertidal and subtidal levels came into contact with sim-
ilar bottom waters, so we collected 2-L samples (n = 5) in
the three areas during flood tide just after bivalve sampling.
In the laboratory, this water was filtered on Whatman GF/C
filters (@ = 47 mm). Secondly, the first 5 mm of the surfi-
cial sediments were collected using a cut off syringe with an
inner diameter of 1.6 cm (n = 5). Finally, the most abun-
dant macroalgae were collected (Phaeophyceae: Ascophyl-
lum nodosum, Fucus serratus, Fucus vesiculosus, Laminaria
digitata, Pelvetia canaliculata, Sargassum muticum; Chloro-
phyceae: Enteromorpha sp., Ulva sp.; Rhodophyceae: Chon-
drus sp., Vertebrata lanosa (= Polysiphonia lanosa, epiphyte,
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Fig. 1. Locations of the six study sites in the Chausey archipelago, open triangles and circles represent intertidal and subtidal levels, respectively;

modified from Godet (2008).

most commonly associated with the Fucales algae Ascophyl-
lum nodosum); as well as seagrass: Zostera marina. Three
specimens were collected for each species, then, salt and
epibionts were removed with Milli-Q water. All samples were
lyophilized and kept at —20 °C before analysis.

The quantities of food associated with the water col-
umn and sediments were estimated in each site by measur-
ing chlorophyll a and total particulate organic matter (TPOM).
Chlorophyll a was extracted from one GF/C filter, using ace-
tone 90% for 16 h, and the resulting solution was analyzed
by spectrophotometer (Spectronic Genesys 2, Milton Roy)
according to the equations of Jeffrey et al. (1997). TPOM
was obtained by loss-on-ignition of dry mass (Higgins and
Thiel 1988): previously dried samples (60 °C for 24 h) were
weighed, then burned at 550 °C for 4 h and weighed again.

Stable isotopes

The isotopic ratio (R) values of dried samples of
V. verrucosa tissues and food sources ('*C/'2C or PN/“N)
were determined by the methods developed at the UC Davis

Stable Isotope Facility (Department of Plant Sciences, Univer-
sity of California at Davis, Davis, California), using a PDZ
Europa ANCA-GSL elemental analyzer interfaced with a PDZ
Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd.,
Cheshire, UK), and are reported in standard delta notation
(6"3C or 6"°N), in parts per thousand (%o):

6"C or "N = [(Rsample/Rstandara) — 11X 1000.

Two different standards were used for the analysis, selected to
be compositionally similar to the samples being analyzed and
calibrated against NIST Standard Reference Materials (JAEA-
N1, IAEA-N2, IAEA-N3, USGS-40, and USGS-41).The stan-
dard deviations of the ratios are equal to 0.2%¢ for §'3C
and 0.3%q for 6'°N. Sediment samples were first decarbonated
with a solution of 10% HCI and dried at 60 °C for 24 h.

Fatty acid analyses

Around 100 mg in freeze-dried weight (FDW) of diges-
tive glands and 500 mg in FDW of macroalgae, seagrass and
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suspended particulate organic matter from the water column
or sediment were used for FA analysis. These samples were
processed using a slightly modified Bligh and Dyer (1959)
method. Extraction, saponification of FAs and transforma-
tion to methylesters were done as described in Meziane and
Tsuchiya (2002). Gas chromatography (GC; Varian CP-3800
with a flame ionization detector) was used to separate and
quantify the FAs using helium as a carrier gas in a Supelco
OMEGAWAX 320 column (30 m X 0.32 mm internal di-
ameter, 0.25 um film thickness). After the injection of 1 ul
of sample at 60 °C, the temperature was raised to 150 °C
at 40 °C min~!, then to 240 °C (held 14 min) at 3 °C min™'
(Mortillaro et al. 2011). Two methods were used to identify
peaks of FAs: (1) comparison of their retention time with a
commercial standard (Supelcolnc) and (2) and identification
with a Gas Chromatography-Mass Spectrometer (GC-MS;
ThermoFinnigan TRACE DSQ).

Biometry and sclerochronology

The shell of all the V. verrucosa were cleaned, dried,
weighed and measured for length (anterior to posterior mar-
gin), width and height (axis of the maximum growth) using a
vernier caliper.

Condition index (CI) was calculated for all specimens
(n = 120) using the total freeze-dried weight (lyophilized
for 48 h) on the shell weight.

All shells were prepared and sliced using the same method
and material as Royer et al. (2013), except for the following
differences: hells were ground to a thickness of about 800 um
and polished with only 3 um Al,Os;. A mosaic of fifteen
images taken with a Hamamatsu C4742-95 digital cam-
era connected to a binocular Leica MZ16 FM was assem-
bled using Axiovision software (AxioVC40 V4.8.2.0). For
each individual, the straight distances were measured from
the umbo to each growth line, i.e., height “h1” at 1 year
(“h” age-1), 5 years, and 9 years, throughout the life of
the specimens, using the software Image J 1.45 s. The von
Bertalanffy growth function, Ly = Leo[1 — el7K0=1] where
L is asymptotic shell length (“h”, mm), K the growth co-
efficient (year‘l) and 7y (year) the theoretical age at zero
length, was chosen to predict length as a function of age,
as it is commonly used to describe bivalve growth (Dang
et al. 2010), this is suitable for V. verrucosa individual
shell increments. The growth performance index (¢’), cal-
culated using the previous parameters: ¢’ = 2 log(Le) +
log(K) after Pauly and Munro (1984), was obtained using
a program written by Thomas Brey http://www.thomasbrey.
de/science/virtualhandbook/spreadsheets/index.html using the
growth model fit to size-at-age.

Statistical analyses

Univariate variables (Chl a, TPOM, growth parameters,
6'3C and 6" N of clam tissues, quantity of lipids and condition
index) were compared using one-way ANOVA as a function
of the three areas, or two-way ANOVA as a function of the
three areas, the two bathymetric levels and their interactions.

25

23

21

19

17

Temperature (°C)

15

- o~ = < w © ~ © -
Fig. 2. Seawater temperature time series during spring tide (tidal
range above 12 m), data were collected in area 3 (September 28th
to October 5th 2011), dashed and solid lines correspond to intertidal
and subtidal levels, respectively.

The assumption of homoscedasticity was verified visually by
the spread of residuals, as suggested by Quinn and Keough
(2002), normality was tested by a Shapiro-Wilk test and data
were transformed (logarithm, square root or exponential) when
necessary. A posteriori comparisons were made using Tukey’s
test. When transformation could not normalize data or elim-
inate heteroscedasticity, a Kruskal-Wallis test was performed
and a posteriori comparisons made using a Wilcoxon pairwise
test. These statistical analyses were done using JMP® 2007 7.0
and R©-2.13.0.

A distance-based permutational multivariate analysis of
variance was used to compare multivariate variables (sediment
granulometry and FA profiles). Assumptions of homoscedas-
ticity were verified with a PERMDISP test, and data were
transformed when necessary (arcsine transformation) (Sokal
and Rohlf 1995), and then a PERMANOVA (9999 permuta-
tions) was performed. A posteriori comparisons were done us-
ing a PERMANOVA pairwise test. To analyze the similarity
between the profiles, non-metric multi-dimensional scaling (n-
MDS) and SIMPER analysis were performed, using either a
Bray-Curtis similarity matrix (FA profiles) or Euclidean dis-
tance (sediment granulometry). These statistical analyses were
done under PRIMER 6 6.1.12 and PERMANOVA+ 1.0.2.

3 Results
Environmental parameters

Between all areas from the same bathymetric level,
the mean temperature over the summer differed by less
than 0.1 °C, which should have a minor biological impact on
bivalves. Temperature varied between 14.5 and 24.9 °C in in-
tertidal and between 16.2 °C and 19.8 °C in subtidal areas.
During a typical spring tide, individuals living on the tidal
flats were logically exposed to a wider range of temperature,
as much as 9 °C twice a day (Fig. 2), and to temperatures ex-
ceeding 20 °C during 8 + 1% of the time. Such thermal shocks
were not observed for subtidal clams.

The wave heights were significantly different between the
three areas, they were highest and variable in area 2, smaller
and variable in area 1, and smallest and more constant in area 3
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Table 1. Grain size fractions in each area, at each bathymetric level (mean percent + standard deviation).

.. Area 2 Area 1 Area 3
Grain size Tntertidal Subtidal Tntertidal Subtidal Tntertidal Subtidal
Gravel 40.1+£7.7 17.0 £ 15.3 382+5.6 23.8 £8.9 5.1+39 129+24
Very coarse sand 259+£9.9 21.2+17.3 19.6 £ 0.6 21.8£9.7 13.7+2.1 14.6 £4.7
Coarse sand 143 £ 8.0 14.8 £5.9 14.1+0.9 18.2 £3.8 19.2+£5.1 17.5+7.0
Medium sand 7.1+£32 30.4 +24.9 18.3+3.2 18.0+5.4 274+52 30.7 £4.5
Fine sand 7.2+84 13.4+£9.0 82+2.1 12.6 £ 10.5 30.7 £ 6.0 22.7+14.3
Very fine sand 3.1+27 24+09 1.1 +0.6 4.6 +£5.8 32+09 1.3+1.0
Silt 22+27 0.7+04 04+0.2 1.0+ 0.7 0.8+0.3 04+03
0.8 - Fo4 = 19.1, p < 0.0001) and bathymetric level (two-way
ANOVA, F(j 24y = 13.7, p = 0,005; Tukey’s HSD, p = 0.006).
9 Chl a concentrations were highest in area 2 (215+101 mg m~2)
0.6 - compared to area 1 (116 + 54 mg m~2; Tukey’s HSD, p =
0.005) and to area 3 (64 + 43 mg mZ; Tukey’s HSD, p <
E 0.0001). Between the two bathymetric levels, there was more
'_c; 079 chlorophyll @ in intertidal (167 + 100 mg m~2) than in subtidal
T t surficial sediments (96+73 mg m~2) and no area X bathymetric
02 - b level interaction was found (two-way ANOVA, F24) = 0.2,
l . p = 0.852).
0.0 T T ;
2 1 3 Growth

Fig. 3. Average significant wave heights calculated by the spectral
methods (H,,) + standard deviation in area 1 to 3 (x-axis); letters
indicate significantly different groups (Wilcoxon pairwise test).

(Kruskal-Wallis test: /\/2 = 2928.96, p < 0.0001; Wilcoxon-
pairwise test, p < 0.0001) (Fig. 3). Intertidal sediments were
more gravelly than subtidal ones, which is a sign of stronger
hydrodynamics, except for in area 3 (Table 1). There was a gra-
dient of decreasing particle size from area 2 to area 1 (Table 1),
area 3 differing from the other areas (two-way PERMANOVA,
pseudo-F2,12) = 4.560, p = 0.007), with no interaction be-
tween area and bathymetric levels (two-way PERMANOVA,
pseudo-F(2,12) = 2.380, p = 0.052).

Food availability

TPOM and chlorophyll @ were compared between areas,
based on samples from the water column, and between areas
and bathymetric levels for the sediment samples. The quan-
tity of TPOM in the water column did not differ between areas
(mean = 1.3 £ 0.3 mg L, one-way ANOVA, Fp 14y = 1.9,
p = 0.192), but there was significantly more chlorophyll a in
area 2 (3.7 + 0.3 ug L") than in area 1 (2.7 + 0.3 ug L™';
one-way ANOVA, Fp 14y = 7.4, p = 0.008; Tukey’s HSD,
p = 0.006). Area 3 values were between those of area 2 and
area 1, with a mean of 3.3 + 0.2 ug L~!. For the surficial
sediment TPOM, we found a significant interaction between
area and bathymetric level but with no clear pattern (two-way
ANOVA, Fpa4y = 155, p < 0.0001). TPOM values varied
from 172+ 82 mg m~2 in area 1 (subtidal) to 474 + 143 mg m~2
in area 2 (intertidal). Chl a values in the surficial sediments dif-
fered significantly according to both area (two-way ANOVA,

An interaction between the “area” and “bathymetric” fac-
tors affected the height of V. verrucosa at 1 year (h 1, age
one year, first winter rings on shells) and 5 years (h 5), al-
though no clear trend could be identified at these ages (Ta-
ble 2). The same interaction was found for the K coefficient in
the von Bertalanffy growth function, but a posteriori compar-
isons were not significant. For the 9-year heights (h 9), data
were pooled per area to obtain sufficient replicates (n = 55) to
perform statistical analyses. In area 3 (no fishing, finer sand),
the growth of V. verrucosa was significantly higher in terms
of mean maximum size, i.e., shell height (L, ), and annual
growth rate (¢”) (Table 2).

Stable isotopes

No significant differences were found between §'°N in the
different tissue samples, indicating similarity in the trophic
levels (two-way ANOVA, p > 0.05 for area, bathymetric
level and their interactions). Corresponding §'*C ratios var-
ied between —21.1%0 and —20.0%0, and we observed a signifi-
cant interaction between area and bathymetric level (two-way
ANOVA, F(2,12) = 6.580, p = 0.012). This suggests that dif-
ferent sources of carbon were used for food but, as no clear
pattern could be observed and values were very similar, we
considered all clam samples as belonging to the same group
(Fig. 4).

Seagrass, Chlorophyceae (Ulva sp., Enteromorpha sp.)
and sediment were excluded as potential food sources for
V. verrucosa. Sediment had highly variable values (Fig. 4), but
these were still out of the range of the theoretical isotopic frac-
tionation (TIF, McCutchan et al. 2003) of the V. verrucosa in
this study: 0.4%. for 6'3C and 2.3%o for §"°N. Based on the
TIF values, V. verrucosa is likely to feed on a water column
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Table 2. Growth parameters (mean + standard deviation) of Venus verrucosa from the diftferent sites. h: shell height (in mm), e.g., “h 1” (age
one year: first winter rings of shells), different superscript letters indicate significant differences at p < 0.05 according to two-way ANOVA,
as a function of the three areas (1,2, 3), the two bathymetric levels (i: intertidal and s: subtidal) and their interactions followed by a posteriori

comparisons made with Tukey’s test.

Post-hoc tests

Variable ANOVA )4 Area 2 Area 1 Area 3
Area 0.545 . ab . b . a
h 1 (mm) (i) 6+ 2 (i)6+2 )71
age one year Bathy. 0.072 (s) 7 + 3% (s)8 + 32 (3)6 + 3%
Area x Bathy. 0.017
h'5 (mm) ]ﬁﬁ; 8;5;3 (i 30 2 3% (3223 ()30 3
age five years Area x Bathy. 0.043 (s)29+4 ()29 +3 (s)30 £ 4%
h9 (mm) Area 0.024 39 + 30 40 + 3% 413
age nine years
Area 0.728
K (year™!) Bathy. 0.180 NS Kiean = 0.35 £ 0.25
Area X Bathy. 0.036
Area 0.001 44 £ 7° 45 + 6° 47 £ 12
L., (mm) Bathy. <0.001
Area X Bathy. 0.084 (i) 44 + 4 ()47 + 0
Area <0.001
to (year) Bathy. 0.501 -1.7+1.6° -1.9+0.0° 4.0+ 1.0°
Area x Bathy. 0.542
Area <0.001
¢’ (mm year™!) Bathy. 0.202 2.8+0.1° 2.8+0.2° 29+0.1*
Area x Bathy. 0.372
1 X Venus verrucosa LIpIdS
— Ulva sp.
'_T{'—' = Enteromorpha sp.

O Ascophyllum nodosum
® Sargassum muticum

® [ aminaria digitata

O Fucus serratus

B Fucus vesiculosus

l B Pelvetiacanaliculata

515N
(4]

@ Chondrus sp.
< Vertebrata lanosa

A WC- 1
A WC- 2
A WC- 3

' ! ! ! | 4 Sediment
-25 -20 -15 -10 -5 0

513C

Fig. 4. Mean (%o + standard deviation) 6'3C and 6'°N of V. verrucosa
and its potential food sources. WC: water column sampled in areas 1,
2 and 3 (3: protected area). V. verrucosa food sources according to
theoretical isotopic fractionation are shown by the grey zone.
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source. These were highly variable in our study, probably due
to the tidal cycle and to some local effects (Fig. 4). Phaeo-
phyceae appear to mix with the water column signal, in partic-
ular for Pelvetia canaliculata. Rhodophyceae (Chondrus sp.
and Vertebrata lanosa) and could also be in the range of the
theoretical food source, being lower in '*C and '>N. Although
the isotopic signal associated with water column samples was
highly variable, related C/N ratios fluctuated within the classic
range for macroalgae (4 < C/N < 10, Meyers 1997), suggest-
ing that they contribute to the water column.

Total FA concentration (sum of all fatty acids) was sig-
nificantly higher in the digestive glands of V. verrucosa in in-
tertidal sites (two-way ANOVA, Foo4 = 4.4, p =0.047,
Table 3), with no significant differences between areas
(p = 0.450) or for the interaction (p = 0.910).

The same pattern was found for the condition index (CI),
with no significant differences between areas (p = 0.374) or
for the interaction (p = 0.941), but better CI in V. verrucosa
from the intertidal level (two-way ANOVA, F2 114y = 13.9,
p = 0.0003, Fig. 5).

FA profiles of digestive glands were different between
the two bathymetric levels (two-way PERMANOVA, pseudo-
Fa24 = 3.8, p = 0.013, Table 3), but not between ar-
eas (p = 0.509), and the interaction was not significant
(p = 0.876). The SIMPER analysis showed that their com-
position was more than 88% similar. FA compositions of el-
ements identified as a potential food source, either by the
isotopic results or by similarity with digestive gland FAs of
V. verrucosa are shown in Table 3 (water column, sediment,
Phaeophycea and Rhodophyceae macroalgae). In the Phaeo-
phyceae, only the Fucales group, which includes A. nodosum,
F. serratus, F. vesiculosus and P. canaliculata, is shown in Ta-
ble 3, as their lipidic profiles were 90% similar. Main FAs
of the Phaeophyceae (data not shown) were the same as the
Fucales group (Table 3) with small variations in their relative
proportions, less than 6%, except for Sargassum muticum pro-
files, for which C16:0 was higher (24.5 + 1.7%) and C18:1w9
was lower (7.6 + 0.4%) than that proportion. A significant dif-
ference was found between the lipid profiles associated with
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Table 3. Fatty acid composition (mean percent + standard deviation) of the digestive gland of Venus verrucosa in the intertidal and subtidal
sites, water column, sediment, and seaweeds (Phaeo- and Rhodophyceae), bold type and letters indicate significantly different groups (Tukey’s

HSD, p > 0.05); total fatty acids given in mg g~! dry mass.

Fatty acids Digestive gland Water column Sediment Phaeophyceae Rhodophyceae
Intertidal® Subtidal® 2¢ 1® 3¢ Intertidal® Subtidal® Fucales Vertebrata lanosa Chondrus sp.
Saturated
C12:0 0 0 1.1 +£0.2 0.9+0.1 1.1 +0.5 0.6 + 04" 24+04° 0 0 20+0.6
Cl14:0 88 +1.4* 68 +1.0" 20.1 + 1.4%° 19.0 +0.8* 21.0 + 1.1° 37+0.6" 6.8 +0.6 105+ 1.0 27+0.1 18.7+23
C15:0 0.5+0.1 0.5+0.1 0.8 +0.1%° 0.7 £0.1* 09 +0.1° 14+09 14+0.9 04+0.1 04+0.0 0.6+0.1
C16:0 23.1+4.7 21.5+25 170+ 1.7 17.0+0.9 170+ 0.7 255+33 272+33 144 £2.1 24.7 0.6 552+338
C18:0 42+09 4.1+1.0 36+1.0 32+0.6 4.1+0.7 40+1.2* 11.1+1.2° 1.0+0.5 1.2+0.0 1.8+0.5
C20:0 0 0 14+01° 12+0.1* 1.0 +£0.1° 03+03 05+0.3 03+0.1 02+0.0 0
2SFA 365+7.1° 329+45"  440:46" 420:26° 451x31°  355:67°  493+6.7° 26.6+£3.8 29.1£0.8 78373
Branched
C15:0 (iso) 0 0 04+0.1° 04+0.1° 0.7 £0.2" 0.8+0.2° 11+02° 0.0 +0.0 0.3+0.0 0
C15:0 (anteiso) 0 0 04+0.1* 03+0.1* 0.6+0.2" 0.7 +£0.3* 1.1+03" 0.0+0.1 03+0.0 0
2Branched 0 0 0.8 +0.2* 0.7 +0.1* 1.3+05" 1.5+0.7* 22+0.5° 0.0+0.1 0.6 +0.0 0
Monounsaturated
Cl4:1 1.9+04 22+0.5 0 0 0 0.1+02 02+0.2 0.1+0.1 0 0
Cl16:1w9 0.1+0.0° 02+0.1° 14+02° 1.0+0.1° 13012 09 +04 12+04 09+0.5 14+03 1.0+0.3
Cl6:1w7 100+1.3 93+1.1 150+0.8 16.1 0.6 149+ 14 260 +57* 145+57" 14+0.5 93+1.0 1.0+£0.2
C18:1w9 14+03 1.4+02 24+04 22+02 20+0.3 24+03 27+03 225+34 41+0.1 7.8+0.6
Cl8:1w7 57+09 5.1+0.7 20+02 2.0+0.3 24+04 39+09 32+0.7 03+02 10.5 +0.6 1.8+0.2
C20:1w7 1.4+03 1.4+04 0 0 0 02+02 0.1+0.2 0 0 0
2MFA 20.5 +3.2* 19.5+3.0" 209+1.6 213+12 206 +2.1 335+75% 21.9 +7.5> 252+46 253+20 11.5+13
Polyunsaturated
Cl16:2w4 09+0.1 09+0.2 20+0.1* 1.7+0.1° 1.8 +0.2% 14+0.3* 09+0.3" 0.1+0.1 22+05 0
Cl6:3w4 0.5+0.1 05+0.2 1.0+0.2 08+0.2 08+0.2 1.7+04 1.6+04 0.0+0.1 0.5+0.0 0
Cl6:4wl 09 +0.1* 11+03° 2.8+0.7 1.9+05 2.6+0.7 04+02 04+02 0.0+0.0 0 0
C18:2w6 0.7+0.1 0.7+0.1 1.4 +0.1 1.3+0.1 1.2+0.1 1.5+ 0.6* 1.0 £ 0.6" 109 +0.9 33x0.1 09+0.2
Cl18:3w3 0.7 £0.1* 08+0.1° 15+01° 1.8+0.1° 1.1+01¢ 14+1.1 07+1.1 44+08 25+0.6 0
Cl18:4w3 32+07 35+0.7 58+0.2° 6.0 £0.1* 46+02° 1.1+0.3 1.2+03 40+08 12+04 0
C20:2w7 0.6+0.1 0.6+0.2 0.6 +0.0* 0.5 + 0.0° 05+0.1° 02+03 0.1+0.3 1.1+0.7 02+0.1 0
C20:4w6 18+04* 15+03" 12+0.1 1.4 +0.1 1.2+0.2 28+14 25+14 147+12 63+1.1 5.6+1.7
C20:5w3 163 +3.6 18.6 £3.4 10.1 £ 0.6 11.4+0.7 105+ 1.1 70+3.1 6.7+3.1 7.1+09 224+09 27+05
C22:209 14 +0.3* 19+0.6" 0 0 0 0.1+0.3 00+0.3 0 0 0
C22:4w6 0.9 +0.2" 12+02° 0 0 0 0 0 0 0 0
C22:5w3 1.1+0.2% 15+04° 0 0 0 04+02 04+02 0 02+0.0 0
C22:6w3 4.6+12° 58+1.1° 49 +04* 63+12° 52+1.3" 1.1+02 09+0.2 1.2+0.2 08+0.5 0
2PUFA 33.9+7.3" 387+75° 32.0 +2.7°0 33.7+31* 300 420 192+ 8.6 164 + 8.6 442 +6.0 39.6 £4.2 92+24
Total fatty acids 41.6 +9.4* 342+7.1° 303+54 38.1+52 277 +11.7 0.1 +0.04* 0.08 + 0.03" 1.8+1.1 0.8+0.1 03+0.0

4 Discussion

water column samples from the three areas (one-way PER-
MANOVA, pseudo-F(y,12) = 4.1284, p = 0.0003, Table 3),
but their similarities exceeded 92%. The main FAs of the wa-
ter column were C14:0, C16:0, C16:1w7, C18:4w3, C20:5w3
and C22:6w3 (Table 3).

The sources the most similar to digestive gland FA compo-
sitions were water column samples (>67%), Vertebrata lanosa
(>68%) and Phaeophyceae (>46%), respectively. The sedi-
ment samples, as shown by isotopic markers, can be excluded
as a direct potential source (Fig. 6). Contributions of important
FAs associated with Phaeo- and Rhodophyceae macroalgae
(C18:1w9 and C20:4w6) were negligible (<2%) in the diges-
tive glands (Table 3). The FA profiles from the digestive glands
of Venus verrucosa resembled those of the Phaeophyceae as
shown by n-MDS analysis (Fig. 6).

Our results clearly show that local-scale growth differences
in V. verrucosa are not explained by differential trophic re-
sources in the Chausey archipelago. In this study, long term
(stable isotopes) or more recent food (FA profiles of the diges-
tive glands) assimilations did not differ between sites. Food
availability is a major factor influencing growth rates of bi-
valves (Richardson et al. 1980; Nerot et al. 2012). In the
Mediterranean Sea, Arneri (1998) found better growth rates
where the quantity of nutrients was higher in sites with similar
temperatures, suggesting that food availability plays an impor-
tant role in the growth of venerids. Moreover, no changes were
found in the amount of TPOM between all sites, but the low-
est growth rates observed in our work were associated with
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the areas that had the richest chlorophyll a concentrations. All
these indicators of food availability suggest that we cannot dis-
criminate the growth rate differences of V. verrucosa observed
in Chausey archipelago according to this factor.

Amongst other environmental factors that influence bi-
valve growth, salinity and density could be crucial, but the
Chausey archipelago is located 17 km off Granville (on
the coast of Normandy) and isolated from freshwater in-
puts (Royer et al. 2013), and the mean density of V. verru-
cosa seems very low (0.27 + 0.05 ind. m~2; Gaillard 2010),
compared to the mean density in the “Rade de Brest” where

a wider size range (from 5 mm to 60 mm) was considered
(4 to 14 ind. m~?, Pitel-Roudaut et al. 2006). Moreover, tem-
peratures and emersion times were similar between areas with
the same bathymetric level.

Height of waves was a highly variable parameter be-
tween the studied areas and it is well known that waves
generate strong hydrodynamic benthic boundary layer stress
(Vogel 1984; Dame 1996). Indeed, the slow-growing site was
characterized by higher wave amplitudes, and its sediment
contained larger sand grains. Whereas moderate levels of tur-
bulence (e.g., area 3 in this study) can favour passive filter-
feeding by decreasing the pumping activity of bivalves and
also avoid food depletion, high turbulence levels often in-
hibit feeding processes due to a differential pressure between
the exhalant and inhalant aperture of the siphon (Wildish and
Saulnier 1993) and can induce shell closure (Wildish and
Kristmanson 2005). For a filter-feeder, shell closure makes
feeding impossible, which would reduce the potential energy
input for V. verrucosa and might lead to a diminution in growth
rate. Also, a strong hydrodynamic influence on sediment sta-
bility can dislodge the bivalves from their physical position
(Rufino et al. 2010). These movements also induce the bivalves
to rebury themselves, which can be costly in terms of energy
(Urban 1994). In the Chausey archipelago, we suggest that the
hydrosedimentary stress, which generates sediment instability,
could have a major influence on V. verrucosa growth.

Trophic resources

Coupled approaches of isotopic and fatty acid analyses
showed that Chausey V. verrucosa feeds mostly on pelagic
microalgae but also that its diet is enriched in dissolved ex-
udates of Rhodophyceae and Phaeophyceae macroalgae. The
V. verrucosa diet could be inferred from stable isotope results,
as each source showed a distinct signal (Riera et al. 2004).
The content of the water column was identified as the main
food source with the isotopic fractionation factor of 0.4%
for 6'3C and 2.3%0 for 6"°N, which is a mean for aquatic
animals (McCutchan et al. 2003; Belicka et al. 2012). From
isotopic signals, sediments were excluded as a food source
even if their FAs profiles showed similarity with those of di-
gestive gland and water column samples. This could be ex-
plained by the prevalence of similar microalgae markers in
both water and sediment samples, such as diatoms (C16:1w7
and C20:5w3) and dinoflagellates (C18:4w3 and C22:6w3;
Dalsgaard et al. 2003; Kelly and Scheibling 2012). The sim-
ilarity between lipid profiles of V. verrucosa tissue and water
column samples emphasize the conclusion that V. verrucosa is
a strict filter-feeding species.

The benthic food web is supported by many sources of pri-
mary production (macroalgae, vascular plants, phytoplankton,
etc.) and it can be difficult to distinguish their specific contri-
butions when an organism has an omnivorous diet (Dalsgaard
et al. 2003; Kelly and Scheibling 2012). We observed a great
variation of stable isotopes in the suspended particulate or-
ganic matter of the water column. This variability could be
caused by blooms of phytoplankton at a very local scale or by
different particulate organic matter enrichment of §'3C from
the water masses, depending on whether these come from
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inshore or offshore (Miller and Page 2012). One great chal-
lenge in characterizing the suspended particulate organic mat-
ter in the water column is to separate phytoplankton from
macrophyte detritus (Michener and Kaufman 2007). The iso-
topic results suggest that Rhodophyceae and Phaeophyceae
macroalgae, which are common in Chausey (Lami 1972),
would excrete exudates that might be associated with the par-
ticulate organic matter of the water column. Phaeophycea and
Rhodophycea macroalgae can secrete exudates that could play
a significant role as a carbon source in nearshore systems
(Alber and Valiela 1996; Fredriksen 2003; Gollety et al. 2010),
either as aggregates or dissolved organic material, at vari-
ous contribution levels (Cranford and Grant 1990; Alber and
Valiela 1996). As these exudates might not be lipidic, this
could explain why macroalgae traces are found in isotope sig-
nals of the water column and not in V. verrucosa. It is not the
first time that V. verrucosa has been shown to assimilate dis-
solved exudates, especially when these originate from bacte-
ria rather than phytoplankton (Amouroux 1984). Thus, there is
still a need to understand the nature and the ecological roles of
such macroalgal exudates.

Mechanism of compensatory growth

No growth differences could be observed between inter-
tidal and subtidal V. verrucosa in this macrotidal environment
(up to 14 m, tidal range), although intertidal specimens were
subjected to potential thermal (exposure up to 25 °C with
a 10 °C thermal range within 12 h) and emersion stresses.
The limits of thermal tolerance of this species are not well-
defined, but it has been shown that the tidal cycle in temperate
areas slows down the growth rate for many other bivalves, such
as cockles (Richardson et al. 1980; de Montaudouin 1996)
and mussels in temperate areas (Menai Strait, UK), in which
growth is slower below 3 °C and above 20 °C (Almada-Villela
et al. 1982). Those lower growth rates could be related to
other factors in the intertidal environment, such as physiologi-
cal stress caused by high temperature variations, especially in
macrotidal areas (Thompson 1984; Pernet et al. 2007). In the
Mediterranean Sea, Arneri et al. (1998) hypothesized that high
summer temperatures could inflate V. verrucosa metabolism
and decrease growth performance. Emersion could also re-
strict access to food supply and affect condition index (de
Montaudouin 1996). V. verrucosa showed the same growth
performances in intertidal areas as in subtidal ones, but had
higher total lipid concentrations in the digestive glands and
better condition index in intertidal areas. These results could
suggest that V. verrucosa can adapt its filtration rate during
immersion in the intertidal zone to ingest more food than in
the subtidal zone. Similar acclimatization patterns have al-
ready been observed on the cirriped Semibalanus balanoides
and were also suggested in the cockle Cerastoderma edule
(Richardson et al. 1980). This acclimatization pattern could
be defined as a mechanism of compensatory growth, which
is an energy supplementing adaptation resulting in greater
nutritional input per unit immersion time in intertidal com-
pared with subtidal individuals of the same population, as de-
scribed by Gillmor (1982). These physiological trade-offs are
complex (Bayne 2004) and better knowledge of V. verrucosa
metabolism is needed to define this intertidal strategy.

5 Conclusion

Venus verrucosa appears to be a strict filter-feeder in the
Chausey archipelago, feeding mainly on microalgae of the
water column, but with the capacity to use carbon from dis-
solved exudates of Rhodo- or Phaeophycea macroalgae as food
sources. These other carbon sources are probably easily avail-
able in this area, given the large abundance of these macroal-
gae. As V. verrucosa from different areas at the same intertidal
level ingest a similar quantity and quality of food sources in the
long term, we conclude that the hydrodynamic conditions gen-
erated by waves are the major factor controlling growth perfor-
mance in this archipelago. Furthermore, mechanisms of com-
pensatory growth were revealed in the intertidal populations.
All this new knowledge on the physiology of V. verrucosa
should be taken into account in sustainable management pro-
grams for the Chausey populations.
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