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ABSTRACT: Bivalve cultures support a host of epibionts, mainly suspension feeders, which can
compete for food resources with the cultivated bivalves. However, the magnitude of interspecific
competition for food in bivalve aquaculture settings remains inconclusive, especially in tropical
areas. We investigated the interactions for food between the farmed pearl oyster Pinctada margar-
itifera and its epibionts, using stable isotope analysis and feeding experiments. Inter- and intra-
specific variations of §'3C and 8'°N stable isotope ratios (SIRs) were determined for oysters in the
presence or absence of epibionts. The diet of the most abundant epibionts, Herdmania momus and
Didemnum sp., was specified using isotope measurements and flow cytometry during feeding
experiments, to determine the main phytoplankton groups consumed by these ascidians in natural
conditions. The absence of intraspecific variation in SIRs among oysters with or without epibionts
suggested that the diet of P. margaritifera was not affected by the presence of epibionts, indicating
a reduced diet overlap and no food limitation. The §'*C signature of ascidians (-21 %) was lower
than that of oysters (-18%o.), indicating a difference in organic matter sources ingested by these
filter feeders despite receiving the same food mixture. While the main carbon source of oysters
came from large particulate organic matter (POM) >20 pm, our results showed that the diet of
ascidians mainly came from smaller particles (POM <20 pm) and reflects the composition of ambi-
ent water (mainly picophytoplankton <2 pm), which confirmed their lack of food selectivity. In the
studied conditions, food competition between oysters and epibionts, specifically ascidians, was not
a limiting factor, in spite of a diet overlap for nanophytoplankton.
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INTRODUCTION

An inherent issue with the development of bivalve
aquaculture is biofouling (Cranford et al. 2003, Rius
et al. 2011, Lacoste & Gaertner-Mazouni 2015). Both
submerged rearing structures and bivalve shells
offer settlement substrates for many epibiont species
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(Guenther & DeNys 2006, Woods et al. 2012). Biofoul-
ing is generally considered a plague for aquaculture
(Willemsen 2005, Adams et al. 2011), especially
because filter feeder epibionts (e.g. ascidians,
bivalves) may compete for food with reared bivalves
(Claereboudt et al. 1994, Lopez et al. 2000, Pit &
Southgate 2003). Although such competition can
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cause severe damage to commercial production (cf.
review by Fitridge et al. 2012), few authors have
compared the use of available food resources by
epibionts and bivalves to assess the extent to which
they compete for food or might share resources.
Some authors have reported competition between
mussels and ascidians (Petersen 2007, Daigle & Her-
binger 2009, Sievers et al. 2013), while others have
highlighted possible food resource partitioning
(Riera et al. 2002, Kang et al. 2009). Lesser et al.
(1992) and Petersen (2007) emphasized that competi-
tion between filter feeders is low when food is
diverse and abundant. Other authors have suggested
complementary and positive trophic interactions
between filter feeders (Mook 1981, Arakawa 1990,
Mazouni et al. 2001).

In French Polynesia, pearl oyster rearing structures
are immersed throughout the vyear, providing
artificial structure that facilitates the establishment of
numerous epibionts. The main epibionts are bi-
valves, ascidians, bryozoans, and sponges (Lacoste
2014), all belonging to the guild of suspension feed-
ers. In the oligotrophic lagoons of French Polynesia,
the phytoplankton is dominated by pico-sized parti-
cles (Charpy & Blanchot 1998, Dupuy et al. 2009),
which are considered to be not directly available to
pearl oysters (Loret et al. 2000, Fournier et al. 2012).
In these systems, the food resource is thus limited,
and biofouling development could represent a seri-
ous constraint for pearl oyster production. In this
context, it is essential to clarify the trophic relation-
ships between the different filter feeders in farmed
areas (i.e. pearl oysters and epibionts).

The aim of this study was to investigate the
trophic relationships between the farmed pearl
oyster Pinctada margaritifera and its epibionts,
especially 2 widespread ascidians in French Poly-
nesia, Herdmania momus (solitary ascidian) and
Didemnum sp. (colonial ascidian), by coupling sta-
ble isotope analysis and feeding experiments. Sta-
ble isotope analysis has been increasingly used
over the last decade to identify the diet of organ-
isms (Fry 2006) and provides new insights into the
trophic relationships between reared bivalves and
their potential competitors (Dubois et al. 2007,
Kang et al. 2009, Lefebvre et al. 2009). The carbon
and nitrogen isotopic composition of consumer tis-
sues depends on (1) the ratios of '’C to '*C
(expressed as 8'°C) and N to “N (expressed as
815N) of each food source, (2) the relative propor-
tion of each food source assimilated, and (3) the
isotopic fractionation between the food and the
consumer's tissue (i.e. consumers are isotopically

enriched compared to their prey). Thus, 8'°N and
313C give information on the trophic level of a con-
sumer and the origin of its food sources, respec-
tively. From these properties, we investigated the
interspecific similarities of §°C and §!°N of pearl
oysters and ascidians that could be seen as an
indicator of competition between these organisms
(Decottignies et al. 2007, Dubois et al. 2007,
Miranda & Perissinotto 2012). Interspecific compe-
tition for food may induce variability in the diet of
organisms in the presence of competitors (Haken
& Batzli 1996). We thus measured §*C and 8'°N of
pearl oysters in the presence or absence of a
whole community of epibionts, considering that
differences could be interpreted as evidence of
trophic competition (Kang et al. 2009, Yakovis et
al. 2012). In addition, flow cytometry was used to
identify the food items retained by ascidians under
natural conditions, and to clarify their feeding
strategy (clearance rate, retention efficiency). The
combination of isotope analysis and cytometry has
been successfully used to assess particle feeding of
sponges (Topcu et al. 2010), but to our knowledge,
this is the first time that coupled flow cytometry
and stable isotopes have been used to investigate
the trophic relationships between reared bivalves
and epibionts.

MATERIALS AND METHODS
Sampling strategy

The main monitoring experiment was carried out
on Mangareva Island during 20 mo to determine the
trophic relationships between pearl oysters and their
filter feeder epibionts during biofouling develop-
ment. An additional sampling was carried out in the
Ahe Atoll, where pearl farming is well developed
and biofouling may represent considerable biomass
(Lacoste et al. 2014a).

The high island of Mangareva is located in the
Gambier Archipelago, 1700 km southeast of Tahiti
(Fig. 1). In this archipelago, 14 islands are spread
over 500 km? of a lagoon largely open to the ocean.
Pearl farming in this area is highly developed, with
79 pearl farms distributed over 1260 ha in 2013
(Talvard 2015). The study site is located in the
western part of the island, in Gatavake Bay (Fig. 1).
In November 2011, 2 yr old pearl oysters were
immersed in an area of 30 m depth, on longlines
between 7 and 10 m depth in ‘kangaroo nets'
(Fig. 1). Pearl oysters were partitioned into 2 exper-
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imental groups, each distributed in 4 'kangaroo
nets’ (12 oysters net™!). The first group (‘clean pearl
oysters') was cleaned every 3 mo as is the current
practice in pearl farms, while the second group
(‘pearl oysters with epibionts') was never cleaned,
allowing the development of a biofouling commu-
nity for the entire period of the experiment. Three
samplings were carried out during austral winter in
May 2012 and austral summer in November 2012
and October 2013. Each time, 1 net of each treat-
ment was sampled for biofouling characterization
and stable isotope analysis of pearl oysters and
ascidians. In July 2013, after 20 mo of biofouling
development, the experimental groups were acci-
dentally cleaned by the farmer. One net of each
treatment was therefore sent to the laboratory for
isotope analysis of organisms (pearl oysters and
ascidians). Except on this date, potential food
sources of pearl oysters and epibionts were sampled
in the field, and feeding experiments were carried
out to investigate the diet of 2 ascidians species,
viz. Didemnum sp. and Herdmania momus, which
were the most abundant species on the nets.
During each survey in Mangareva, we measured
the length and weight of pearl oysters in the 2
groups to monitor the impact of biofouling on the
growth rate of pearl oysters (see Lacoste et al.
2014b for detailed results).

In addition to the monitoring in Mangareva, sam-
pling was carried out in May 2013 in Ahe. Pearl oys-
ters, ascidians, and food sources were collected for
isotope analysis. The semi-enclosed atoll of Ahe is
located more than 8° latitude north of Mangareva.
An active channel allows exchange with oceanic
waters in its western part, and 11 % of the lagoon is
exploited for pearl farming. The experimental pearl
farm was located in the northern part of the atoll
(Fig. 1), where pearl oysters are reared on ropes and
cleaned every 3 to 6 mo by the farmer.

Biofouling characterization

In Mangareva, biofouling was quantified after 6
and 12 mo of colonization from November 2011. One
net of each treatment was randomly selected for bio-
fouling analysis. Nets were partitioned into 3 sub-
samples on which all epibionts were collected for
identification and biomass estimation (wet weight).
Biomass was then calculated for an entire net.

Pearl oysters collected in Ahe came from a group
that had not been cleaned during 4 mo. Using the
same method as in Mangareva, epibionts were iden-
tified and the weight expressed for a rope of 12 pearl
oysters (corresponding to 1 net in Mangareva).

Stable isotope analysis

For stable isotope analysis, 5 to 10 pearl oysters of
each group (clean pearl oysters and pearl oysters
with epibionts) were randomly collected on nets dur-
ing each survey at each site. Three pools of ascidians
were also collected, including 5 to 10 H. momus and
several colonies of Didemnum sp., according to their
abundance. Muscle tissues of pearl oysters and
whole organisms of ascidians were analyzed for
isotopic ratios. Tissues were thoroughly rinsed with
filtered seawater (0.2 pm) to prevent any contamina-
tion by shell carbonates before being freeze-dried.

In French Polynesian lagoons, the main source of
food available for pearl oysters and ascidians is par-
ticulate organic matter (POM), which is mainly com-
posed of phytoplankton. Water was sampled in the
west lagoon of Mangareva and near the pearl farm in
northeastern Ahe (Fig. 1), at the same depth where
pearl oysters are reared (10 to 15 m). POM was frac-
tionated into 2 size classes: POM >20 pm and POM
<20 pm. POM >20 pm was collected using a plankton
net. After removing POM >80 pm with a sieve, the
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collected matter was filtered on pre-combusted GF/F
filters (4 h at 500°C). For POM <20 pm, 20 1 of sea-
water were sampled using a Niskin bottle, pre-filtered
with a 20 pm sieve, and filtered on pre-combusted
GF/F. Thus, the particle size ranged from >20 to
<80 pm for POM >20 pm and from >0.7 to <20 pm for
POM <20 pm. Each fraction of POM was sampled in
triplicate and filters were freeze-dried. In May 2012,
the fraction of POM >20 pm was excluded from the
analysis because of contamination of the samples.

C and N stable isotope analyses were conducted on
1 to 5 mg of each sample. Samples were placed in
tin capsules and acidified with 100 pl sulfuric acid
(0.25 N) to remove any potential residual inorganic
carbon, and dried at 60°C, following the method of
Raimbault et al. (2008). The isotopic composition of
carbon (8'3C) and nitrogen (§'°N) was then measured
with a stable isotope ratio (SIR) mass spectrometer
(INTEGRA CN, Sercon). Carbon and nitrogen SIRs
were expressed in conventional § unit notation in
relation to international standards (Vienna-PeeDee
Belemnite for carbon; atmospheric N, for nitrogen),
with the formula:

X (%0) = [(Rsample/Rstandard) - 1)] X 103 (1)

where X = 3C or N, and R is the corresponding
13C:12C or 1°N:MN ratio. Analytical precision based on
the standard deviation of replicates of internal stan-
dards was 0.3%. for nitrogen and 0.2%. for carbon.
The C:N atomic ratio of samples was calculated using
carbon and nitrogen content (%C and %N) obtained
with isotopic values. According to the filtered vol-
ume, the material collected on filters was used to esti-
mate the quantity of particulate organic carbon
(POC) and nitrogen (PON) in the water column.

Effects of time, treatment (presence vs. absence of
epibionts), and group (pearl oyster vs. epibiont) on
SIRs were tested using 2-way ANOVAs. Since an
unbalanced design resulted from the presence/
absence of ascidians depending on the period of
sampling, type II/IIl ANOVAs were performed (Herr
1986). All data were graphically assessed for normal-
ity and homogeneity of residuals. In the case of sig-
nificant differences (p < 0.05), a posteriori compari-
son of means was performed using a post hoc Tukey's
test (Tukey's HSD).

Feeding experiments
The food source exploitation by ascidians was stud-

ied in Mangareva. Ascidians were collected by hand
on pearl oyster nets during the 3 surveys. The experi-

mental set-up consisted of 3 to 6 microcosms (see
Table 5) filled with 1 to 2 1 of ambient seawater (de-
pending on the quantity and size of organisms), to be
representative of natural conditions. For each experi-
ment, 1 microcosm with no organisms was used as a
control to monitor the natural variations in phyto-
plankton (Coughlan 1969). Microcosms were open to
prevent oxygen depletion and create natural air flow.
Phytoplankton concentration was monitored in each
microcosm by sampling 5 ml every 15 min until half of
the initial plankton concentration was reached. Sam-
ples were fixed with formalin (final concentration of
1%) and stored at 4°C before being analyzed (maxi-
mum 1 h after sampling). The phytoplankton commu-
nity was analyzed by flow cytometry, allowing dis-
crimination of several populations simultaneously.
The cytometer was a CyFlow®SL (Partec) equipped
with a 488 nm argon laser. Calibration was done
using 3 pm fluorescent beads; this size was thus cho-
sen to discriminate picophytoplankton (<3 pm) from
nanophytoplankton (>3 pm; see Fig. 4). The signal
was triggered on red fluorescence (chlorophyll a)
to discriminate detritus. Phytoplankton groups were
identified on the basis of their optical properties (light
scattered by the cells and fluorescent signature), and
their abundance was calculated using the absolute
volumetric system and the FloMax® software.
Clearance rate (CR) is defined as the volume of
water cleared of suspended particles per unit time
(1h~!). We calculated CR according to Coughlan (1969)
for the feeding experiment in incubation systems:

log(C,)—log(C,)
log(Cy)-log(C")
where Vis the volume of the microcosm, Cy, and C;
are the initial and final phytoplankton concentra-
tions, respectively, and C," and C;’ are the initial and
final phytoplankton concentration in controls. CR
was then normalized to tissue mass and time by
dividing CR for each ascidian by the weight (dry
weight, DW, in g) and time interval (h) (final CR in
1 h™' g~! DW). Retention efficiency (RE) of ascidians
for the different planktonic groups was calculated by
subtracting the initial (Cy) and final concentration (C))

of phytoplankton in a microcosm:
RE (%) = 100x 20 =Ct 3)

G

CR=Vx (2)

The quantity of carbon filtered by ascidians for
each phytoplankton group was calculated by multi-
plying CR by the carbon concentration of each group
in the environment (Topcu et al. 2010). Calculations
were based on the carbon content of each group
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given by Dupuy et al. (2009): 1.2 x 1077 pg C cell™! for
cyanobacteria, 8.4 x 1077 ug C cell™! for picophyto-
plankton, and 4.7 x 107° pg C cell™! for nanophyto-
plankton. The percentage of each group filtered by
ascidians was then calculated.

RESULTS
Biofouling development

In Mangareva, the biofouling community was
largely dominated by ascidians and showed strong
temporal variations (Fig. 2). Colonization began with
the settlement of the colonial ascidian Didemnum sp.
on nets and pearl oyster shells (Fig. 2). After 6 mo, the
nets were almost entirely covered by Didemnum sp.,
which declined afterwards. From 12 mo, Didemnum
sp. disappeared and was replaced by the solitary
ascidian Herdmania momus. The mean (+SD) weight
of epibionts on nets after 6 mo of colonization
(November 2011 to May 2012) was 804 + 300 g, cor-
responding to an accumulation rate of 134 + 50 g
mo~!. After 1 yr (November 2012), the weight of
epibionts reached 980 + 19 g, indicating a slowdown
of the colonization between the sixth and twelfth

6 12

month of monitoring (accumulation rate of 56 + 1 g
mo‘l). In Ahe, bivalves (Pinctada maculata, Isogno-
mon sp., Saccostrea sp.) were the main epibiont spe-
cies recorded. The solitary ascidian H. momus was
present, but only a few colonial Didemnum sp. were
observed. After 4 mo of colonization, the mean
weight of epibionts on 12 pearl oysters (correspond-
ing to 1 net in Mangareva) was 410 + 15 g.

SIRs

C:N ratios of POM varied between 5 and 7 for the 2
size classes at both sites (Table 1). The fraction
<20 pm always represented at least 97 % of the total
POM (PON + POC) for the 2 sites. In Mangareva,
POC and PON were 2 times higher in October 2013
than in November 2012 for the fraction <20 pm and 3
times higher for the fraction >20 pm. In Ahe, the
POM concentration was more than twice higher than
in Mangareva for the fraction >20 pm. At both sites,
POM >20 pm was ®C-enriched compared with the
smallest fraction (Fig. 3).

Mean SIRs of pearl oysters varied between 3.5 and
5.5 %o for nitrogen and between —-18.3 and —17.8 %o for
carbon (Fig. 3, Table 2). 8!°N of ascidians varied

18

May 2012 Nov. 2012

July 2013 Oct. 2013

Fig. 2. Patterns of change over time of the epibiont colonization on pearl oyster Pinctada margaritifera nets in Mangareva.

Numbers indicate the duration (in months) of the colonization by epibionts at each sampling date. Note: Colonization was

interrupted in July 2013 after the nets were accidentaly cleaned by the farmer (see ‘Materials & methods'). D: Didemnum sp.
H: Herdmania momus

Table 1. Food sources for pearl oysters Pinctada margaritifera and ascidians in ambient water. Concentrations of particulate
organic carbon (POC) and nitrogen (PON) and carbon:nitrogen ratio (C:N) for the 2 size classes of POM at the 2 sites and for
the different sampling dates (n = 3, mean + SD) are given. — data excluded because of contamination of the samples

Site ——  POM <20 pm POM >20 pm

PON (ug 1Y) POC (ug 1Y PON (ug 1} POC (ug 1 C:N
Mangareva
May 2012 7.85 +0.02 36.15 + 6.66 6.12 £ 1.03 - - -
Nov 2012 571 + 2.62 32.42 +10.81 6.97 + 1.14 0.02 + 0.01 0.11 +0.01 5.86 £ 1.12
Oct 2013 10.69 + 3.46 62.08 + 17.45 6.58 + 0.66 0.06 + 0.03 0.35+0.15 6.24 £ 0.56
Ahe
May 2013 7.98 + 1.5 47.63 + 13.98 6.87 +0.78 0.25+0.15 1.12 £ 0.71 5.26 + 0.37
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Table 2. Mean (+ SD) stable isotope ratios (3'*C and §'°N) of particulate organic matter (POM) and organisms in Mangareva and Ahe. POM: n = 3; pearl oysters

3; nd: no data, ab: absent (on net)

5 to 10; ascidians Herdmania momus and Didemnum sp.: n

Pinctada margaritifera: n

Ahe

Mangareva
Nov 2012

May 2013

Oct 2013

§13C (%)

Jul 2013

313C (%o)

May 2012 ——

313C (%o)

813C (%) SN (%o)

SN (%o) SN (%o) SN (%o)

§13C (%)

SN (%o)

9.5+£0.9

8.1+
10.9+0.5

2+0.7 -20.1+0.1

-20.1+0.6
-22.1+0.8

-17.8+0.3

nd

nd
46+0.2
4.2 +0.2

44 +0.1

nd
nd

-18.3+0.3

3.7x04
3.8x1.2

-19.7+0.3
4.4

nd
29+1.8
3.4+0.2
3.6 +0.2
39+1.1
3.2+04

nd
-21.1x£0.6
-18.3+0.2

POM >20 pm

0.9

-21.5+0.2

1+0.8

4.7
5.01+0.3

-21.6 £0.6

POM <20 pm

-18.1 +0.7

+0.3

+0.3

-18.1+£0.5
-179+0.5

Pearl oysters with epibionts

Cleaned pearl oysters

H. momus

nd
10.5+0.1

nd
-20.1 £ 0.7

-18.1+0.3
-21.5+0.7

-17.9+0.3
-21.5+06

4.5+0.3
3.9x0.7
43+0.1

-18.4+0.3

0.6

6 =

-21.3+0.3

-20.5+0.2

ab ab ab ab

ab

ab

-21.4+0.6

-21.1+16

Didemnum sp.

@ Clean pearl oysters W H. momus A POM>20pm
@ Pearl oysters with epibionts @ Didemnum sp. A POM < 20 um

May 2012 November 2012

® | Ba.®

July 2013 October 2013

A
- @ +*@

-2 2 18 -16 -2 -2 -18 -6
513c

Fig. 3. Mean (+SD) 8!°N and 8'*C of pearl oysters, ascidians, and their poten-

tial food sources in Mangareva. Particulate organic matter (POM): n = 3; pearl

oysters Pinctada margaritifera: n = 5; ascidians Herdmania momus and

Didemnum sp.: n = 3. The circles surround groups with the same stable isotope
ratios (8'°N and 8'°C, p > 0.05)

Table 3. ANOVA testing the effect of treatment of pearl oysters Pinctada

margaritifera (presence/absence of epibionts), time (date), and their inter-

action on nitrogen and carbon isotope ratios in Mangareva. Significant
(p < 0.05) values are highlighted in bold

Variation source  df 313C (%o) SN (%o)

MS F p MS F p
Date 3 0.36 2.86 <0.05 6.60 81.36 <0.001
Treatment 1 0.22 1.74 0.167 0.06 0.83 0.484
Date x Treatment 3 0.29 2.27 0.111 545 545 <0.01
Residuals 68 0.13 0.08

Table 4. ANOVA testing the effect of group (pearl oysters Pinctada
margaritifera vs. epibionts), time (date), and their interaction, on nitrogen and
carbon isotope ratios in Mangareva. Significant (p < 0.05) values are

highlighted in bold
Variation source 313C (%o) SN (%)
df  MS F p MS F p
Date 3 2.89 1343 <0.001 1427 23.82 <0.001
Group 1 177.81 826.93 <0.001 4,44 2227 <0.001
Date x Group 3 1.05 4.87 <0.05 525 8.76 <0.001
Residuals 97 0.21 19.36
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between 3.2 and 4.5%o, and their mean 8'C for the
whole period was —21%.. (Fig. 3, Table 2). During the
experiment in Mangareva, interspecific variations in
SIRs always remained higher than intraspecific
variations, with no significant effect of treatment
(presence/absence of epibionts) on §3C and §°N
(Table 3). The interaction Date x Treatment had a
significant effect on §'°N, corresponding to a signifi-
cant increase in values for both groups (Tukey HSD,
p <0.001) between each month, except between July
and November (October 2013 > July 2013 = Novem-
ber 2012 > May 2012; Tukey HSD November to July,
p = 0.33 for clean pearl oysters and p = 0.86 for pearl
oysters with epibionts). The interaction of Group and
Date had a significant effect on 8ZC and 8N
(Table 4). Pearl oysters had higher 8'3C compared
with ascidians for the 4 dates (Tukey HSD, p < 0.001),
and higher §!°N in October 2013 (Tukey HSD, p <
0.001). As observed in Mangareva, ascidians from
Ahe were isotopically depleted in carbon compared
to pearl oysters, while their §!°N values did not sig-
nificantly differ (Table 2). §!°N values of POM, ascid-
ians, and pearl oysters were higher in Ahe than in
Mangareva.

Ascidian diet

During our experiments, 3 groups of phytoplankton
were identified in the ambient water of Mangareva
lagoon using flow cytometry (Fig. 4). Cyanobacteria
were characterized by their orange fluorescence
(phycoerythrine) and their small size.
Picoeukaryotes were bigger than

1000 :
Nanophytoplankton

100

10

Red fluorescence (FL3)

-

0.1

1 10 100 1000
Forward light scatter (FSC)

Fig. 4. Cytogram of ambient seawater showing the discrimi-

nation of cyanobacteria, picoeukaryotes, and nanophyto-

plankton. Standard beads (3 pm) were used to identify the
particle size

munity structure (i.e. concentration of the different
groups) in the environment (Table 5). For H. momus,
RE and CR were identical for the 3 groups of phyto-
plankton, while CR of Didemnum sp. was lower
for nanophytoplankton than for picophytoplankton
(Tukey HSD). CR of the 2 ascidian species varied
between 0.04 and 0.16 1 h™! g~! dry weight for the
3 food sources.

cyanobacteria and without orange
fluorescence. Cyanobacteria and
picoeukaryotes belong to the pico-
phytoplankton, while the third group,
which was composed of larger cells
(>3 pm), correspond to nanophyto-
plankton.

CR and RE

In May and November 2012, ascidi-
ans retained the 3 groups of phyto-
plankton with an efficiency of 70 %
(Table 5). In October 2013, RE of H.
momus for the 3 phytoplanktonic
groups was lower (<55%, Table 5).
RE and CR of ascidians did not vary
according to the phytoplankton com-

Table 5. Phytoplankton concentration in ambient water and ascidian filtration

in Mangareva. Clearance rate (CR) and retention efficiency (RE) for the

different sampling dates are given as mean + SD. Cyano: cyanobacteria (size

<3 pm); Pico: picophytoplankton (size <3 pm), Nano: nanophytoplankton
(3-20 pm). —: not applicable; species not present on the net

Herdmania momus
CR(1htg™ RE (%)

Ambient water Didemnum sp.
(107 cells I'Y) CR 1h™tg™') RE (%)

May 2012 (n = 6)
Cyano 3.92
Pico 1.35
Nano 0.20
Nov 2012 (n = 3)
Cyano 6.77
Pico 0.40
Nano 0.12
Oct 2013 (n = 6)

Cyano 6.84
Pico 0.83
Nano 0.28

0.08 £0.02 76.70 + 14.82 - -
0.06 +£0.02 69.14 + 18.37 - -
0.04 +0.02 70.15 + 15.67 - -

0.12 +0.02 87.06 + 14.33 0.16 +0.07 78.42 + 15.00
0.11+0.02 85.16 £ 16.19 0.16 +0.07 82.58 + 12.20
0.07+0.01 84.18+5.23 0.14 +0.06 79.79 + 15.80

0.04 +£0.01 48.11 + 15.47
0.05+0.02 54.01 +14.43
0.05+0.02 48.98 +11.88
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Fig. 5. Proportion of the 3 groups of phytoplankton in
ambient seawater, expressed as a percentage of carbon
biomass, for the 3 dates of the experiment
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Fig. 6. Proportion of carbon retained by (a) Didemnum sp.
and (b) Herdmania momus according to the different groups
of phytoplankton for each sampling date

Origin of carbon retained

On the 3 sampling dates, the picophytoplankton
(cyanobacteria + picoeukaryotes) represented 60 %
of the total carbon biomass of phytoplankton identi-
fied in the ambient water (Fig. 5). The contribution
of cyanobacteria to the carbon biomass doubled
between May and November 2012, and represented
50 % of the total carbon biomass in November 2012
(Fig. 5). The contribution of each phytoplankton
group to the carbon retained by the ascidians
(Fig. 6) varied in the same way as the proportion of
these groups in the ambient water (Fig. 5). Pico-
phytoplankton always represented at least 70% of
the carbon retained by Didemnum sp., while
nanophytoplankton could represent up to 50% of
the diet of H. momus when nanophytoplankton
concentration increased in the ambient water
(October 2013).

DISCUSSION

Most epibiont species are filter feeders and may
compete for food with reared bivalves if their diets
overlap. Such competition may reduce the perform-
ance of bivalves and greatly reduce the commercial
yield, yet few, and generally only inconclusive re-
ports (Claereboudt et al. 1994, Pit & Southgate 2003),
have described this competition. This study aimed
to provide first measurement of the interactions for
food between reared pearl oysters and their main
epibionts. We first characterized the isotopic signa-
ture of pearl oysters, ascidians, and their potential
food source (POM) and then conducted a feeding
experiment under natural conditions to document the
use of available trophic resources by ascidians.

Intra- and interspecific variations in SIRs

Intraspecific variability in diets of organisms can
occur as a response to interspecific competition for
food (Haken & Batzli 1996). Using stable isotopes,
Yakovis et al. (2012) showed that the diet of the
mussel Modiolus modiolus is not modified by the
presence of ascidians, and concluded that no com-
petition for food occurs between these organisms.
Here, we showed that pearl oysters, either in the
presence or absence of epibionts, exhibited the
same isotopic composition during 20 mo of biofoul-
ing development. This suggests that the develop-
ment of biofouling did not affect the diet of the pearl
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oysters, although the weight of epibionts could rep-
resent 30 to 40% of the pearl oysters’ weight on a
net. This finding is confirmed by measurements of
pearl oyster growth rates, which were similar in the
presence or absence of epibionts (Lacoste et al.
2014b).

Organisms with similar diets generally show
similar carbon and nitrogen SIRs (Fry et al. 1987,
Riera et al. 2002). Because the same mixture is
brought by water movement to suspension feeders
living near each other, observed differences in iso-
topic composition reveal differences in the way
that suspension feeders deal with food quality and
quantity (Dubois & Colombo 2014). According to
the recorded values of nitrogen SIRs in our study,
we confirmed that pearl oysters and ascidians
were positioned at the same trophic level. How-
ever, the constant difference of their §'3C values
revealed that they feed on different food sources
and/or in different proportions. On all sampling
dates, pearl oysters were 3C-enriched compared
to ascidians. Several studies have shown similar
results, with 83C of bivalves higher than that of
ascidians (Dubois et al. 2007, Kang et al. 2009,
Yakovis et al. 2012). Kang et al. (2009) attributed
these differences to a preferential utilization of
pico- and nanophytoplankton by ascidians, while
bivalves (Pacific oysters Crassostrea gigas) used a
greater proportion of microphytoplankton, particu-
larly diatoms with larger sizes and higher §'*C val-
ues. The differences of SIR between pearl oysters
and ascidians could thus be explained by a differ-
ential use of phytoplanktonic food sources, accord-
ing to particle size. These differences are likely
related to differences in sorting abilities between
bivalves and ascidians, with bivalves being well
known for their ability to sort and select food par-
ticles, in contrast to ascidians (Ward & Shumway
2004, Riisgard & Larsen 2010). Even if there is a
diet overlap for some food items, the similar
growth rate measured for pearl oysters in the pres-
ence or absence of epibionts (Lacoste et al. 2014b)
indicated that biofouling does not prevent pearl
oysters from accessing sufficient food resources to
support their growth.

Carbon origin and §3C value

During feeding experiments using flow cytometry
and microscopic observations, Fournier et al. (2012)
showed that nanophytoplankton represents 90 % of
the carbon ingested by pearl oysters, whereas pico-

phytoplankton is barely retained. Using different
techniques (laboratory, gut contents, HPLC), Pouv-
reau et al. (1999) and Loret et al. (2000) also showed
that pearl oysters more efficiently retain particles
between 5 and 60 pm than particles smaller than
2 pm. Conversely, the feeding experiments realized
during our study showed that the main source of
carbon for ascidians originated from small particles
(picophytoplankton <3 pm) and occasionally from
nanophytoplankton (Herdmania momus). Our re-
sults also showed that the small POM (<20 pm) was
depleted in 3C compared with POM >20 pm, which
is in agreement with the observation that small
planktonic particles are consistently depleted in *C
compared to large particles (Rau et al. 1990, Rolff
2000). The origin of carbon assimilated by a living
organism could be reflected by its carbon SIR
(Peterson & Fry 1987). The higher 8'C values of
pearl oysters would thus indicate a higher assimila-
tion of carbon from larger particles compared with
ascidians, whose lower §'3C should be more strongly
influenced by picoplanktonic particles which repre-
sent the larger fraction of plankton in the ambient
water. Future studies should try to measure the SIR
of additional fractions of POM (e.g. particle size of
2-20 pm) that would allow defining more precisely
the relationships between filter feeders and prey
particles.

The first feeding experiments realized in this
study provided some insights concerning the food
source exploitation by the ascidians H. momus and
Didemnum sp. fed with a natural mix of phyto-
plankton. The contribution of each plankton group
to the carbon retained by ascidians reflected the
proportion represented by each group in the envi-
ronment (in terms of carbon biomass), and the RE
and CR of ascidians did not differ significantly
among the 3 groups of phytoplankton, except CR
of Didemnum sp., which differed between cyano-
bacteria and nanoeukaryotes. This confirms the
general observation that most ascidians do not
select food particles (Stuart & Klumpp 1984, Ribes
et al. 1998). However, the difference in CR of
Didemnum sp., which indicated a higher CR for
cyanobacteria than for nanoeukaryotes, is a sur-
prising finding and is difficult to interpret. This
result is even more surprising since no specific
organ has been described for ascidians that allows
for the sorting of particles (Riisgdrd & Larsen
2010). However, the same result was obtained on 2
different dates. Given the poorly known ecology of
Didemnum sp., this result will require further
investigations and additional experiments.
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Spatio-temporal variations in food sources

C:N ratios of POM for the 2 sites (5.26 to 6.97) indi-
cated that phytoplankton was the main component of
this compartment (Savoye et al. 2003). Carbon bio-
mass of POM in ambient water was mainly attributed
to particles <20 pm, and particularly to picophyto-
plankton (<2 pm). The §3C values of filter feeders
did not show any difference between the 2 sites,
while the 8°N values of POM, pearl oysters, and
ascidians were higher in Ahe than in Mangareva.
This difference could be attributed to the geographi-
cal location of these islands (8° latitude difference)
and to their geomorphological differences, which
induce different residence times of water and proba-
bly of material recycling, especially nitrogen. Differ-
ences of nitrogen SIRs in POM are commonly attrib-
uted to a different use of nitrogen by primary
producers at the base of the food web due to a differ-
ence in the nitrogen origin and/or to a differential
composition of POM (Lourey et al. 2003, Sigman et
al. 2005). The origin of the higher nitrogen SIRs in
Ahe could thus be due to the utilization of nitrogen
from benthic mineralization processes (NO®7) or to
the presence of high amounts of detritus in POM (e.g.
fecal pellets). An important benthic mineralization of
organic material has been recorded in Ahe under
rearing structures, which may provide nitrate to the
pelagic system (Gaertner-Mazouni et al. 2012).
Pagano et al. (2012) also highlighted the importance
of detritus (fecal pellets, organic flocs) and the micro-
bial loop in the trophic network of Ahe, which may
give rise to intensive microbial biofilm resuspension
(Saint-Béat et al. 2014). Because comparable infor-
mation is not available for Mangareva (e.g. physico-
chemical parameters, POM composition), we cannot
go further with these hypotheses.

The temporal constancy of POM SIRs in Man-
gareva indicated the relative stability of the trophic
conditions over the year. This is the general trend
observed for French Polynesian lagoons (Torréton &
Dufour 1996, Delesalle et al. 2001). However, we
should point out the increase in §'°N values in Octo-
ber 2013, which were close to those observed in Ahe.
This increase in 8N occurred concurrent with
increased levels of POC and PON in the water col-
umn, indicating enrichment during this period. In
temperate areas, blooms are characterized by the
progressive nitrogen enrichment of phytoplankton
(thus increasing its 8'°N value) as the nutrient con-
centration decreases in the water column (Savoye et
al. 2003, Raimbault et al. 2008). At the same time, the
POM accumulates heavy nitrogen from zooplankton

fecal pellets. This process could explain the in-
creased 8N observed in Mangareva in October
2013 following an enrichment of the water column.
Unfortunately, insufficient information concerning
the POM composition is available for this period.
However, large quantities of zooplankton (e.g. cope-
pods) were observed during the sampling period in
October 2013 (E. Lacoste pers. obs.), suggesting the
development of these communities.

CONCLUSION

This is the first study to simultaneously use stable
isotopes and flow cytometry, and has provided new
insights on the interactions for food between pearl
oysters and ascidians in 2 lagoons of French Polyne-
sia. The results confirmed the non-selectivity for food
by ascidians, whose carbon source mainly originated
from picophytoplankton, the dominant group in the
oligotrophic waters of French Polynesia. Conversely,
the higher 8!3C signature of pearl oysters compared
with ascidians indicated that carbon sources of pearl
oysters originated from larger particles (nano- and
microphytoplankton). While interspecific competi-
tion may occur between pearl oysters and ascidians
for nanophytoplankton, the diet of Pinctada margari-
tifera was not modified by the presence of epibionts
(ascidians plus other invertebrates).

Further experiments should strengthen the obser-
vations and conclusions from this study. While some
logistical constraints restricted our sample sizes,
future studies should include more nets per treatment
and explore the interactions for food between pearl
oysters and other species of epibionts (e.g. bivalves,
sponges). Moreover, supplementary data on the
biology of epibionts will allow us to evaluate more
precisely the impact of pearl farming on the whole
ecosystem (Lacoste & Gaertner-Mazouni 2015). We
showed here that ascidians had no impact on the food
availability for pearl oysters, but this finding should
be extended to a larger scale. Woods et al. (2012) and
Comeau et al. (2015) showed that ascidians contribute
greatly to the global depletion of phytoplankton at the
farm scale in mussel culture. For the majority of bio-
fouling species, there is a paucity of information on
metabolic processes and activities that could be fac-
tored into carrying capacity models. To achieve sus-
tainable production, reliable estimation of carrying
capacity of farming environments is required, and
further studies should thus characterize the metabolic
activity of epibionts under different fouling scenarios
(e.g. different densities, species, scales).
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