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Abstract

The purpose of this work is to characterize several potential sources of organic matter (OM) in the Marquesas Islands, French
Polynesia, and to understand how these sources contribute to OM pools. Stable isotope (8'*C and 8'°N) and fatty acid (FA)
compositions of OM potential sources (algal turf, benthic macroalgae, detrital terrestrial plants (DTP), phytoplankton)
and OM pools (sediment (SOM) and particulate organic matter (POM)) were studied in coastal areas in Nuku Hiva Island.
Isotope compositions of marine POM (8'°C=— 22.5+0.8 %o; 8'°’N=12.1+1.1 %o) and SOM (8°C=— 19.1+0.9 %o;
815N =14.4+0.5 %o) highlighted that OM sources at the base of the local food web had unusually high §'5N values. Potential
FA markers of diatoms and/or cyanobacteria (20:5w3 and 16:107) were found in these two OM pools. In addition, coastal
SOM also displayed FA markers of bacteria, macroalgae and terrestrial plants. For marine POM, potential macroalgae FA
markers were recorded (18:2w6 and 16:2w4). The stable isotope mixing model highlighted the major contribution of phyto-
plankton to the coastal SOM (62%), followed by benthic macroalgae (32%), whereas marine POM was mainly composed of
a mixture of algal turf and phytoplankton in similar averaged proportions (38%) but presenting wide variations. Our results
as a whole strongly suggest that pelagic-benthic coupled processes drive the characteristics and properties of OM sources.

Introduction

The ever-increasing pace of anthropogenic and climatic
stressors has motivated a widespread interest in under-
standing the contribution of species to ecosystem function-
ing. This stems from the concern that a loss of species may
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correspond to a net loss of ecosystem productivity. However,
understanding the mechanisms that maintain ecosystem pro-
ductivity also require a definition of the major sources of
energy and nutrients that fuel the entire ecosystem (Bier-
wagen et al. 2018).

In coastal ecosystems, the high diversity of sources
available to primary consumers complicates the charac-
terization of the food web and the understanding of energy
flows (Mann 1988). Carbon sources may be of continental
or marine origin. Moreover, they can come from coastal,
pelagic or deep waters, and from living organisms or detrital
matter (Gazeau et al. 2004; Bode et al. 2006). Food webs in
coastal areas are often supported by phytoplankton (Bode
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et al. 2006). However, in several ecosystems, benthic pro-
duction or the inputs from the terrestrial realm can also be
major contributors to the organic matter (hereafter OM)
pools (Riera and Richard 1996; Briand et al. 2015). Changes
in the major source of nutrient may influence the primary
production of coastal system with potential implications for
the functioning of the ecosystem (Liénart et al. 2018). The
pool of nutrient can be altered by several drivers of natu-
ral and anthropogenic origin. For example, nutrients can be
altered by variation in the anthropogenic inputs or changes
of the water mixing regime (D’Angelo and Wiedenmann
2014). Global climate change may also have an important
effect by modifying the exchanges of organic matter at the
interface between ocean and land (Liénart et al. 2018). For
example, the input of the Particulate Organic Matter (hereaf-
ter POM) carried by rivers may dramatically change if water
flow or seasonality are affected. Therefore, defining the vul-
nerability of coastal ecosystems requires an understanding of
the basal organic matter that fuel the ecosystem.

Among coastal ecosystems, coral reefs are complex semi-
open ecosystems. This complexity arises from the high spe-
cies diversity and the large biomass typical of these systems
(Choat et al. 2004). High diversity corresponds to myriads
of potential trophic interaction (Hubert et al. 2011), which
in turn makes it complex to describe the topology and func-
tioning of coral reef food webs (Frisch et al. 2014). Ben-
thic primary producers may be important carbon sources
for coral reef food webs, although numerous species also
rely on oceanic production (plankton) (Wyatt et al. 2013;
Le Bourg et al. 2017). The type of resource that mainly con-
tribute to the productivity of coral reefs partly depends on
environmental (e.g. sea surface temperature, nutrient con-
centrations) and hydrodynamic conditions. These benthic
and pelagic potential food sources are moreover available
as mixtures of OM pools, their proportions depending on
their abundance and their export capacity (degradation,
consumption and rejection by feces, etc.). Indeed, POM is
a mixture made of both living (e.g. bacteria, phytoplank-
ton) and non-living matter (e.g. detritus, fecal pellets, clays)
(Volkman and Tanoue 2002; Briand et al. 2015). This POM
contributes significantly to coral ecosystem nutrient budgets
and plays an important role in the transfer of organic matter
between the land and the ocean (Sorokin and Sorokin 2010;
Wyatt et al. 2010). Sedimentary organic matter (SOM) is
another OM pool potentially composed of the same sources
as POM, with the addition of macroalgae fragments, mei-
ofauna and/or microphytobenthos (Wyatt et al. 2013; Briand
et al. 2015). These differences of composition between SOM
and POM, as well as a different bacterial activity, may lead
to different signature of carbon and nitrogen stable isotopes.

The Marquesas Islands are a unique case among tropical
coral ecosystems. The archipelago almost devoid of coral
reefs. Coral communities may be locally abundant, but they
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are in the form of scattered colonies with low diversity (Ben-
zoni and Pichon 2016). The surface waters around the Mar-
quesas have high concentrations of nutrients; those of nitrate
(NO;™) and phosphate (PO,") are higher than 1 pM and
0.3 pM, respectively (Martinez et al. 2016). These concen-
trations are one hundred times higher than those measured
in the South Pacific subtropical gyre (Martinez et al. 2016).
This nutrient richness promotes the development of a signifi-
cant phytoplankton biomass around the Marquesan coasts,
with an average of 0.2 pg 1~ ! of Chl-a over the year (Mar-
tinez et al. 2016). The richness of the Marquesan marine
waters seems to be linked to a particular local enrichment
mechanism, likely due to current disturbance related to the
island topography (the so called “island effect”; Raapoto
et al. 2018). These characteristics may imply a particular
model of coastal trophic functioning, probably supported
mainly by pelagic primary production.

Trophic markers such as stable isotopes (SI), fatty acids
(FA) are useful tools to determine the flows of carbon in
coastal ecosystems. In addition, C:N ratio provides informa-
tion about the quality of the OM. Carbon (C) and nitrogen
(N) isotope compositions are commonly used to describe
the organic matter and to determine the flows of energy in
coastal food webs (Peterson 1999; Letourneur et al. 2013;
Wyatt et al. 2013; Briand et al. 2016). For example, the 8'°C
values may distinguish benthic and pelagic carbon sources
(Peterson 1999). Nitrogen isotope compositions are often
used to estimate the consumers’ trophic positions (Post
2002); however, in some cases the detection of BN-enriched
components may also provide information on the possible
occurrence of upwelling (Liu and Kaplan 1989). Isotope
mixing models enable estimation of the relative contribu-
tion of isotopically different OM sources in a mixture (e.g.
consumer tissue, OM pools; Parnell et al. 2010). Fatty acid
analysis can also be a reliable method to trace food sources
in food webs. FAs are carbon-rich compounds that are ubig-
uitous in all organisms, but some FAs are biosynthesized de
novo only by specific organisms at the base of the food chain
(e.g. bacteria, diatoms, macroalgae, vascular plants; Kous-
soroplis et al. 2010), and are poorly metabolized by the con-
sumers, making these FAs good trophic markers. As a result,
FAs may help to characterize and to trace the organic matter
within food webs (Koussoroplis et al. 2010). Organic mat-
ter sources with high nutritional quality have an important
functional role. For example, compounds such as essential
fatty acids (EFAs) are known to be essential for the achieve-
ment of many physiological processes (Arts et al. 2001;
Koussoroplis et al. 2010). The ratio of polyunsaturated to
saturated fatty acids (PUFAs/SFAs) may also be an indica-
tor of the quality of potential food sources (Dalsgaard et al.
2003; Meziane et al. 2006) and provides information on the
relative quantity of fresh natural OM such as phytoplankton
compared to detritus (Biandolino et al. 2008). A low ratio
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indicates a poor quality of the resource (Moynihan et al.
2016). The quantity of EFAs such as 20:4w6, 20:5w3 and
22:6w3 (i.e. arachidonic, eicosapentaenoic and docosahexae-
noic acids, respectively) may also be used to assess the nutri-
tional quality of the lipid fraction. Finally, the C:N ratio also
provides information about the quality of the organic matter
and is thus an essential metric to understand the use of dif-
ferent OM sources by primary consumers. For marine OM,
ratios ~ 5—7 indicate high nutritional quality (i.e. fresh mate-
rial), due to the presence of a significant amount of amino
acids (Danovaro et al. 2001). Higher C:N ratios reflect the
degradation of compounds rich in nitrogen, so ratios higher
than 12 characterize refractory organic matter (Hedges et al.
1986). Primary consumers can preferentially select sources
with a higher nitrogen content, providing better nutritional
quality (Jacquin et al. 2006; Schaal et al. 2009) and likely
assimilate these food sources in a much easier way.

This multi-trophic markers approach therefore enables
discrimination between the different food sources fueling a
food web. Using this approach, we have tested the hypothesis
that, in this region characterized by high nutrient concentra-
tions and plankton biomass, organic matter of pelagic ori-
gin provides significant support for the coastal ecosystems.
Thus, the first aim of this study is to characterize the main
organic matter sources at the base of a Marquesan coastal
ecosystem by investigating the carbon and nitrogen stable
isotope compositions, the C:N ratio and FA compositions
in macroalgae, algal turf, detrital terrestrial plant (DTP)
material, phytoplankton, sediment and particulate OM. Our
second aim is to quantify the relative contributions of the

different primary producers to the particulate and sedimen-
tary organic matter pools.

Material and methods
Studied site

The study was carried out in August 2016 (cold, dry sea-
son) and in March 2017 (warm, wet season) in the southeast
part of Nuku Hiva, Marquesas Archipelago (7°50'-10°35'S,
138°25'-140°50'0), French Polynesia (Fig. 1).

Rainfall, although unstable, is usually more regular and
abundant from January to August (Laurent 2016). The
intensification of the trade winds during the austral winter
accentuates the surface currents. This phenomenon, com-
bined with the slight decrease in surface water temperatures,
results in a seasonal increase in vertical mixing and thus
nutrient enrichment of the surface water layers (Raapoto
et al. 2018). During the sampling, the mean water tempera-
tures were 27.6 C in August and 29.2 °C in March.

The marine seafloor is dominated by rocky habitats, char-
acterized mainly by steep scree slopes of volcanic rock, but
also by soft-bottom habitats, algae groves, coral habitats and
caves. The benthic community is composed mainly of algal
turf, macroalgae (mostly calcified and encrusting), scattered
coral colonies and sponges. This assemblage of organisms
reflects an environment with strong hydrodynamic condi-
tions (Payri et al. 2016).
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Fig. 1 Location of studied sites at Nuku Hiva Island, Marquesas Archipelago, French Polynesia. Points indicate the sites in Comptroller Bay; R
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Sampling

Organic matter sources were sampled at five stations in shal-
low waters (from 0.5 to 20 m): three coastal sites (C1, C2
and C3), a river mouth site (R) and an ‘oceanic’ site (P).
Only POM and phytoplankton were collected at station P
due to high depth, ~ 150-200 m) (Fig. 1). The river has a
low flow, from~0.5 to~3.0 m* s~ !, depending on rainfall,
and low nutrient concentrations (0.5-1.0 umol I=! NO;™ and
0.4-1.0 umol 17! NH,* for instance; Fey et al. unpublished
data). Sampling was performed by targeting the OM sources
that potentially constitute the food web basis, including the
OM pools (i.e. POM and SOM). More specifically, eleven
different macrophytes (algal turf and macroalgae, n=73)
and DTP material (i.e. tree leaves) transported by the river
(n=16) were collected by hand and placed in hermetic bags.
Algal turfs and macroalgae were collected on the pebbles
found at each site. They were scraped carefully from the
substratum and sorted by taxonomical groups: turf, Rhodo-
phyta, Ochrophyta and Chlorophyta. Algal turfs are a com-
plex assemblage dominated by filamentous algal species and
may represent a major OM source on coral reefs (Vermeij
2010; Letourneur et al. 2013; Briand et al. 2015). Among the
macroalgae, four taxa were sampled for Rhodophyta, two for
Ochrophyta and two others for Chlorophyta (see “Results”).
Macroalgae were cleared of their epiphytes to avoid potential
confusion in the results.

The POM of the subsurface water (<1 m, n=49) were
also sampled: 1-4 1 of water were vacuum-filtered through
a pre-combusted (500 °C, 6 h) and pre-weighed glass fiber
filter (0.7 um porosity GF/F, Whatman®). Surface POM
isotope compositions are often used as a proxy of those of
phytoplankton in oceanic ecosystems. However, in an area
subjected to river inputs, surface water POM may be influ-
enced by OM of terrestrial or detrital origin, and there may
be a significant difference between POM and phytoplank-
ton isotope compositions (Harmelin-Vivien et al. 2008).
We thus analyzed POM (i.e. phytoplankton, plus various
kind of organic particles) and phytoplankton sensu stricto.
In this paper, the term ‘phytoplankton’ refers to the catego-
ries of nano- (2-20 um), and micro-plankton (20-63, and
63-200 pm) fractions that were separated through sieving,
thus having a larger size range than in most comparable
studies (usually 63—-180 pm) and taking into account the
abundance of nano-plankton in Marquesan waters (Dolan
et al. 2007). During POM collection, micro-zooplank-
ton (100-300 um) may be captured (Wyatt et al. 2013).
Although its contribution to the POM composition is usu-
ally relatively low (Sorokin and Sorokin 2010), an effort
was made to remove all detected organisms in addition to
filtering water with a 200 pm-mesh sieve.

Sediment organic matter (SOM) was sampled at the
bottom substrate (<5 cm, n=47). Large particles such
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as stones, shells, etc. were removed from these samples.
All samples were kept in ice chests during sampling and
(except for POM) immediately stored at — 20 “C until further
analyses.

Biochemical analyses
Stables isotopes

All samples except filters were freeze-dried and ground
to fine powder with an agate mortar and pestle. The POM
and phytoplankton collected on filters were scraped off
with a scalpel. Inorganic carbonates (shells, spikes, etc.)
have higher §'°C values than organic carbon. As a result, a
contamination of samples by carbonates can bias the value
of the isotope composition of a food source or a consumer
(Pinnegar and Polunin 1999). Therefore, samples potentially
containing carbonates (i.e. POM, SOM, encrusting algae and
phytoplankton) were acidified prior to measurement of §'C
values. Filters were acidified using HCI fumes for 4 h under
vacuum. The other samples were acidified in glass vials by
stepwise addition of 0.5 mol 1! or 2 mol 1~ ! HCI (for algae
and SOM, respectively), until cessation of bubbling. These
samples were then dried at 60 °C using a dry block heater,
homogenized with ultrapure water, freeze-dried and ground
again. Measurements of 8'°N values were carried out on raw
samples. Approximately 1 mg of powder was weighed into
a tin cup (8 X5 mm) for vegetal/animal samples, ~ 15 mg
for SOM and ~ 3 mg for POM, using a precision balance
(ADAM PW124® d=0.0001 g). Carbon and nitrogen
isotope compositions and C:N ratios of all samples were
determined using an elemental analyzer (Flash EA 2000,
Thermo Scientific®, Milan, Italy) coupled with a continuous-
flow isotope ratio mass spectrometer (Delta V Plus, Thermo
Scientific®, Bremen, Germany) via a Conflo IV interface.
Analyses were carried out at the LIENSs stable isotope facil-
ity of the University of La Rochelle, France. Isotope compo-
sitions are expressed in the d notation as deviations from the
standard reference materials (N, in air for '°N and Vienna
Pee Dee Belemnite for §'°C, according to the formula:

- 1)] x 1000

where X is '3C or 1> N, R is the ratio corresponding to
BC:12C or 15 N:' N (proportion of heavy to light isotope).
Calibration was done using reference materials (USGS-24,
-61, -62, IAEA-CHS, -600 for carbon; USGS-61, -62, IAEA-
N2, -NO-3, — 600 for nitrogen). The analytical precision
of the measurements was <0.15%o for carbon and nitrogen
based on analyses of USGS-61 and USGS-62 used as labo-
ratory internal standards. Overall, this represents 239 stable

sample

St

standard
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isotope measures (96 samples of OM pools and 143 primary
producers).

Fatty acids

Fatty acid analyses were conducted for both seasons on sub-
samples of SOM, river and marine POM, terrestrial detritus,
three Rhodophyta species (Ceratodictyon scoparium, Ptero-
cladiella caerulescens and Peyssonnelia spp.), algal turf and
phytoplankton. Four samples were analyzed for each OM
source, except phytoplankton for which the available mate-
rial was not sufficient (n=2).

Lipids were extracted following Meziane et al. (2007),
and using 30 mg of freeze dried material for tree leaves,
algae and phytoplankton, 1 g for SOM and 5 to 20 mg for
POM. An internal standard, tricosanoic acid (23:0), was
added in each sample before extraction to calculate the final
concentrations of fatty acid methyl esters (FAME) follow-
ing their separation by gas chromatography analysis (Varian
3800-GC), using a flame ionization detector. Identification
of each FAME was done by comparing retention times with
those of a commercial standard (Supelc0®) and confirmed
using a mass spectrometer coupled to a gas chromatograph
(Varian 450-GC; Varian 220-MS). Fatty acid concentrations
are expressed as percentages (%) of total FA or absolute
concentrations (mg g~ ).

The FA were classified according to their degree and type
of unsaturation i.e. saturated fatty acids (SFAs; e.g. 14:0,
16:0 and 18:0), monounsaturated fatty acids (MUFAs; e.g.
16:107 and 18:1w9), polyunsaturated fatty acids (PUFAs;
e.g. 20:4m6, 20:5w3 and 22:6w3; having a terminal end
omega-3 (m3) or omega-6 (06) indicates essential fatty
acids: EFAs) and branched fatty acids (BrFAs; e.g. iso-15:0
and anteiso-15:0).

Quality indicators

C:N ratios were calculated for all OM sources sampled. For
fatty acids, the ratios of polyunsaturated to saturated fatty
acids (PUFAs/SFAs) were also calculated (Biandolino et al.
2008; Moynihan et al. 2016).

Statistical analyses and models
Statistical analysis

Differences in mean 8'3C values, 8'°N values, C:N ratios
and fatty acid functional groups (e.g., MUFAs, PUFAs)
according to the potential OM sources (e.g. POM, phy-
toplankton, etc.) were tested using two-way analyses of
variance (ANOVA; F) after assumption of normality.
Data homogeneity was tested using the Levene test. A
Kruskal-Wallis test (KW) was performed when the variances

were heterogeneous. Significant results were tested with a
post-hoc Tukey test for ANOVA or a Mann—Whitney pair-
wise permutation test for the Kruskal-Wallis test. A Student
test (f) or Wilcoxon test (W) was used when comparison
between two means was necessary. All tests were considered
significant when p-value < 0.05.

A principal component analysis (PCA) was performed to
explore the links between the different fatty acid percentages
and the samples of OM pools. This PCA was performed
using the 25 individual FAs measured displaying an aver-
age proportion greater than 1% within at least one group of
samples. The statistics and graphical representations were
performed using R version 3.4.4 (R Core Team 2018).

Bayesian mixing model

The isotope composition of an organic matter pool can be
considered as the result of the mixture of the isotope com-
position of the different sources (Phillips 2001; Phillips and
Gregg 2003). The contributions of the different sources to
the pools of OM (i.e. POM, SOM) were determined using
the Bayesian mixing model SIAR (Parnell et al. 2010) using
the isotope compositions of the two elements (C and N).
Models were run for 200,000 iterations, the burn-in was
set up at 50,000 iterations and a one-fifteenth thinning was
applied. This model provides ranges of solutions of the dif-
ferent proportions of sources to explain the isotope compo-
sition of a mixture, here the POM or the SOM. The trophic
fractionation factor (TFF) can significantly influence the
model’s output (Bond and Diamond 2011). However, in this
study, the TFF was set at 0 because no consumption process
is involved in OM pools, as only the mixture of the different
OM sources was considered (Briand et al. 2015).

Results
Stable isotope analyses
Seasonal and spatial variations of 6'3C and 6"°N values

The detrital terrestrial plant material samples had similar
carbon and nitrogen isotope compositions between warm
and cold seasons (Figure S1, p=0.320). 8'°N values of algal
turf were similar between sites and seasons (p =0.067), but
their §!°C values displayed spatio-temporal variations (i.e.
site C3 in warm season; p <0.05; Figure S1). No signifi-
cant differences were observed between sites for the §!°C
of macroalgae (p>0.05) while §!°N differed between sites
(C1 vs. C2; p<0.01) and between seasons (C2; p <0.001)
(Figure S1). Isotope composition of phytoplankton was more
variable: we detected seasonal difference for 8'°N in both
coastal and oceanic samples (higher §'°N values of ~2.5-3.0
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Fig.2 8°C vs 8N mean values of OM sources, both seasons
pooled. Grey circles represent primary producers and triangles rep-
resent river OM pools. Black squares represent marine POM and
coastal SOM. Error bars indicate standard deviations. Codes are
detailed in Table 1

%o during the warm season, Figure S1). During the cold/dry
season, phytoplankton had similar 8'C and §'°N between
coastal sites (C1-3) (p>0.05, and all samples from coastal
sites were significantly more enriched in '*C and !°> N than
oceanic phytoplankton (p <0.001). During the warm/wet
season, oceanic phytoplankton had a lower 8'°N value than
coastal phytoplankton from site C1 and a higher 8'3C value
than coastal phytoplankton from sites C2-C3 (p <0.001).

Even if some seasonal and spatial patterns were observed,
primary producers had a rather clustered isotopic composi-
tion that was clearly distinguishable from that of phytoplank-
ton (Fig. 2; Figure S1). Thus, to facilitate the subsequent
analysis, primary producer samples from the two seasons
were pooled. In this case, coastal and oceanic phytoplankton
had similar isotope compositions (8'3C and 8'5N; p > 0.05),
these were therefore pooled under the common name ‘Phy-
toplankton’ (Phyto; Fig. 2, Table 1).

Pools of organic matter (POM and SOM) exhibited strong
differences in carbon and nitrogen isotope compositions
between marine and river mouth sites (p <0.01), for both
seasons (Figure S1). For SOM, river and coastal samples
both had similar isotope compositions from one season to
another (p > 0.05). Among POM, river POM displayed sea-
sonal differences both in §!*C and §'°N values (p <0.001
and <0.01, respectively). Oceanic POM had slightly differ-
ent !N values between the two seasons (»<0.001), but no

Tagle1 Iso}(s)pe compositions Code n 813C (%0) 815N (%0) C/N
(6°C and &°N values) and C/N
ratios of organic matter (OM) OM pools
e Db ou
are pooled. POM: particulate River R-POM 11 —-27.2+0.9 4.4+0.5 13.0+3.8
organic matter, SOM: Marine M-POM 38 -225+0.8 12.1+1.1 7.1+13
sedimentary organic matter SOM
River R-SOM 17 —-243+12 6.2+0.8 52+49
Coastal C-SOM 30 -19.1+09 14.4+0.5 +
Primary producers
Detrital terrestrial plants DTP 16 —-295+1.7 1.9+23 15.5+33.6
Phytoplankton Phyto 49 -20.5+0.6 150+1.8 5.6+1.6
Macroalgae Algae 41 -164+2.0 11.6+0.9 9.9+4.6
Chlorophyta 6 - 13.8+2.1 11.9+0.7 11.2+22
Ulva sp. Ulva 2 —-16.0+0.3 12.8+0.3 10.4+0.3
Cladophoropsis sundanensis Clsu 4 - 12715 11.5+0.2 11.6+2.7
Ochrophyta 7 —-159+19 12.0+0.9 10.9+5.0
Lobophora obscura Loob 4 -169+14 12.7+0.2 10.1+1.9
Lobophora spp. Losp 3 —14.6+1.8 11.0+0.4 11.9+8.2
Rhodophyta 28 -171+14 11.4+09 9.3+438
Pterocladiella caerulescens Ptca 11 -172+1.0 11.3+1.2 7.3+£5.0
Ceratodictyon variabile Ceva 4 —-17.9+0.5 11.7+0.2 11.8+0.8
Ceratodictyon scoparium Cesc 8 - 17.1+0.9 11.1+£0.7 8.4+5.0
Peyssonnelia spp. Pesp 5 —-162+2.7 11.9+0.8 13.3+3.3
Algal turf Turf 32 —-239+1.7 12.9+0.6 18.1+16.0
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difference was observed for 8'°C values (p=0.990). Coastal
POM samples had similar isotope composition between sites
and seasons (p >0.05) (Figure S1). Thus, coastal and oceanic
POM samples were pooled into ‘marine POM’ (M-POM) in
the rest of the study.

Characteristics of organic matter sources based on their
isotope compositions

Terrestrial sources (river POM, river SOM and DTP) were
both depleted in *C and '> N; on average 8'°C values var-
ied from — 29.5 to — 24.3 %o and 8'°N values from 1.9 to
6.2 %o (Table 1; Fig. 2). Isotope compositions of marine
OM sources (OM pools and primary producers) were more
enriched in *C and '’ N, and ranged from — 23.9to — 12.7
%o for 8'°C values, and 10.9 to 15.0 %o for §'°N values
(Table 1). Coastal SOM presented higher §'3C and §'°N
values (— 19.1+0.9 %o and 14.4 0.5 %o, respectively) than
M-POM (— 22.5+0.8 %o and 12.1 £ 1.1 %o, respectively;
p<0.001; Table 1). Among marine primary producers, algal
turf was the most 13C-depleted (= 23.9+1.7 %o), and mac-
roalgae were the most '*C-enriched (- 16.4 +2.0 %o), espe-
cially Cladophoropsis sudanensis (Table 1; Fig. 2). For 8'°N
values, phytoplankton had the highest values (15.0 + 1.8 %o)
and macroalgae the lowest (11.6+0.9 %o). By taking into
account both primary producers and OM pools, some
similarities of isotope compositions could be highlighted.
Phytoplankton and coastal SOM had similar 8'°N values
(»p=0.270), as well as macroalgae and M-POM (p =0.07).
Regarding the 8'3C values, all food sources had different
carbon isotope compositions (p < 0.001), except algal turf
and R-SOM (p=0.25; Fig. 2).

Among OM pools, C:N ratios were lower overall for SOM
compared to POM, but only significantly different between
coastal SOM and marine POM, with 5.3+2.9 and 7.1+ 1.3,
respectively (p <0.001; Table 1). For primary producers, DTP
and algal turf exhibited the highest and most variable val-
ues, with 15.5+33.6 and 18.1 +16.0, respectively. Generally,
macroalgae exhibited C:N values that oscillated around 10
(Table 1) and that were similar between species (p > 0.05).
Finally, phytoplankton had the lowest mean ratio among the
primary producers, with 5.6 +1.6 (p <0.001). This C:N ratio
was similar to that obtained for the coastal SOM (p =0.056).

Fatty acids

In this study, thirty-three fatty acids were detected at concen-
trations > 1% of the total FA identified (57 FAs) in at least
one of the OM sources considered (Table 2). Saturated fatty
acid (SFAs) contributions were dominant in all samples,
ranging from~43% to~65% (Table 2). The monounsatu-
rated fatty acid (MUFAs) percentages were highly variable
and relatively close from one sample to another (p =0.180),

extremum being ~ 15% and ~24% for algal turf and coastal
SOM, respectively. Overall, branched fatty acids (BrFAs)
represented the lowest contribution to the total FAs (less
than 5%), except for river and coastal SOM with~10% in
both cases (Table 2). Conversely, phytoplankton showed the
lowest average value for this fatty acid category, with~1.3%.
Nevertheless, primary producers had significantly lower
BrFA percentages than OM pools (p <0.001; Table 2).
PUFAs had a wide range of percentages, the highest mean
contribution being for phytoplankton (~39%) and the low-
est for the river SOM (~9%). However, no clear trend was
observed between primary producers and OM pools, only
detrital terrestrial plant material displayed a significantly
higher PUFA contribution than R-SOM, C-SOM and
M-POM (p <0.05; Table 2).

Among SFAs, the 16:0 fatty acid contributed the most to
the overall percentage, ranging from~19% (DTP) to~53%
(Macroalgae; Table 2). The predominant monounsatu-
rated fatty acid (MUFAs) was the 16:1w7 in phytoplank-
ton, coastal SOM and river POM (Table 2). Fatty acid
18:1w9 exhibited a higher contribution in all other samples
(Table 2). The PUFAs 18:3®3 and 18:2w6 contributed the
most to the total FAs in the DTP samples (Table 2). Amongst
essential fatty acids (EFAs), 20:4w6 exhibited higher per-
centages in macroalgae species than in algal turf or phyto-
plankton (Table 2). In OM pools, relatives contributions of
this EFA were maximum in coastal SOM (~3.2%) whereas
contributions 20:5w3 and 22:6w3 were much higher in phy-
toplankton, (> 13% of total FAs; Table 2).Algal turf and
macroalgae bear the highest relative contribution of 20:5®3
following phytoplankton (~4.4% for (Table 2).

Phytoplankton samples were more concentrated in FA
than the other samples, with>40 mg g~ !. The lowest con-
centrations were measured in sediment samples both for
river and coastal SOM (Table 2). The PCA ran on FA con-
centrations of the four primary producer categories (i.e.
macroalgae, algal turf, phytoplankton and terrestrial detri-
tus) well reflected these FA distributions within producers
(Fig. 3a).

Regarding the nutritional quality indices, phytoplankton
displayed the best PUFAs/SFAs ratio and percentage of
EFAs (20:503, 22:6w3 and 20:4®6), with 0.90 +0.15 and
30.95 £3.57%, respectively (Table 2). The other categories
of samples did not clearly stand out compared to the oth-
ers, only DTP and river SOM had PUFAs/SFAs ratios that
were significantly different, with 0.68 +0.27 and 0.16 +0.10,
respectively (p <0.05). The remaining groups had ratios
close to 0.30.

The first two principal components of the PCA run on
marine OM pools (i.e. M-POM and C-SOM) accounted for
46.4% of the total variation in the data set (Fig. 3b). 18:3w3,
18:1w7, 14:0, is0-15:0, anteiso-15:0 and 20:4w6 fatty acids
were the variables contributing the most to the first axis,
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Table 2 Fatty acid (FA) composition percentages and total concentrations (% of total identified fatty acids and total concentrations in mg g~ °,

mean + SD) of OM sources (primary producers and pools)

1

Fatty acids (%) Primary producers OM pools
DTP Algal turf Macroalgae ~ Phytoplankton SOM POM
River Coastal River Marine
n=9 =9 n=15 n=2 n==6 n=18 n=4 n=12
Saturated
12:0 0.47+0.34 0.31+0.29 0.41+0.23 0.19+0.04 1.13+0.93 0.58+0.57 1.27+0.54  1.78+1.05
14:0 1.82+1.16 3.56+1.18 531+1.89 10.54+0.81 3.69+3.16 3.37+0.69 6.81+£0.65 13.94+2.57
15:0 0.41+0.28 1.10+0.92 0.82+0.24 1.05+0.17 1.24+0.91 1.29+0.42 1.77+£0.58  1.61+0.41
16:0 19.51+6.70  4426+10.81 52.95+9.72 23.14+2.70 29.95+4.81 2795+6.18 2851321 30.01+5.05
17:0 1.00+0.56 1.13+0.38 0.65+0.30 1.19+0.08 3.33+2.17 3.70£2.79 4754496 2.10+1.26
18:0 7.50+4.37 5.46+1.49 4.52+1.99 6.32+0.03 17.59+7.47 9.74+6.24 12.62+3.24 10.37+3.09
20:0 243+2.42 0.32+0.10 0.25+0.13 0.37+0.006 1.07+0.29 0.73+0.39 0.83+0.14 0.86+0.28
21:0 1.41+3.66 0.02+0.03 0.02+0.04 0.04+0.06 0 0.06+0.16 0.07+0.14  0.10+0.11
22:0 4.31+4.05 0.39+0.22 0.26+0.11 0.41+0.07 1.82+1.34 1.40+2.67 1.11+0.27  0.85+0.28
24:0 10.65+20.48  0.62+0.15 0.30+0.26 0.25+0.07 1.85+0.57 1.22+0.52 1.28+0.17 0.86+0.40
X SFAs 45.29+8.78  63.14+10.14 65.81+11.42 43.80+3.51 64.71+14.92 50.64+11.98 59.67+9.07 62.26+10.21
Monounsaturated
16:1@9 1.39+1.77 1.82+0.83 1.01+0.65 0.18+0.05 0.40+0.13 1.81+1.06 0.84+043 1.17+0.73
16:1w7 1.03+0.87 3.49+1.80 345+2.23 7.62+0.66 2.56+1.73 7.82+5.39 555+436  5.19+2.59
16:1w5 0.47+0.64 0.35+0.19 0.69+0.62 0.21+0.008 1.29+0.85 0.85+0.42 0.44+0.22 0.38+0.29
18:1w9 5.46+3.19 4.39+2.06 5.36+2.54 3.62+0.52 5.16+3.30 5.57+3.18 4.12+2.75 545+2.79
18:1w7 3.52+3.86 2.73+1.30 2.71+1.30 2.61+0.23 2.55+1.29 5.13+3.03 1.92+0.61 2.43+1.48
22:1w11 2.23+6.57 0.02+0.03 0.03+0.05 0.02+0.03 0 0.03+0.06 0.003+0.007 0.02+0.05
22:1w9 397+11.15 0.07+0.09 0.18+0.12 0.26+0.05 0.54+0.63 2.46+7.48 0.99+197 0.48+0.76
~ MUFAs 21.13+15.03 14.59+493 1456+589 15.41+0.03 16.19+7.86 24.44+10.82 15.07+991 17.15+7.36
Polyunsaturated
16:2w6 1.51+2.26 0.34+0.28 0.25+0.35 0.16+0.02 0.90+1.26 1.88+2.44 2.50+3.64 1.77+2.09
16:2mw4 0.09+0.11 0.35+0.21 0.31+0.29 0.76+0.16 0.58+0.91 0.73+0.68 1.54+1.29 1.52+1.23
18:2w6 9.24+4.90 1.70+1.04 1.42+0.64 1.54+£0.26 1.37+£0.87 1.22+0.40 1.84+143  2.05+1.07
18:3w3 13.77+12.72  0.50+0.26 0.55+0.48 0.52+0.15 1.88+1.29 1.15+0.28 0.65+0.36 0.72+0.29
20:4w6 0.28+0.33 4.89+2.59 6.35+4.93 2.69+0.03 0.45+0.46 3.23+2.11 0.65+047 0.69+0.56
20:5w3 0.75+2.00 4.42+2.45 432+3.04 13.23+2.58 0.46+0.80 233+2.15 1.37+0.53  1.77+0.95
22:2m9 0.12+0.29 0.06+0.11 0.04+0.13 0.01+0.01 1.72+£3.90 0.07+0.18 0.20+040 O
22:406 0.38+0.54 7.36+2090 0.20+0.17 0.23+0.07 0.06+0.12 0.24+0.18 5.14+5.14  0.67+1.63
22:506 0.19+0.30 1.96 +1.57 1.35+0.79 1.15+0.21 1.26+1.30 1.30+£2.90 1.88+1.32 2.73+2.06
22:5m3 0 0.26+0.24 0.12+0.19 1.17+0.006 0 0.32+0.51 0.03+0.06 0.07+0.07
22:6m3 0.38+0.56 0.69+0.37 049+0.37 15.03+0.96 0 0.55+0.47 048+0.20 1.78+1.25
2 PUFAs 3025+11.49 1921+570 17.51+6.86 39.25+3.23 9.10+4.74 1551528 2095+2.75 15.80%+4.78
Branched
15:0anteiso 0.42+0.56 0.23+0.09 0.17+0.12 0.14+0.03 1.28+0.51 1.21+0.65 0.89+0.44 0.61+0.11
15:0iso 097+1.23 0.82+0.30 0.59+0.22 0.34+0.06 3.18+1.10 3.74+1.17 1.16+0.47  0.92+0.60
16:0iso 0.57+0.84 0.53+0.28 0.28+0.16 0.16+0.006 3.57+4.30 1.70+1.03 0.62+0.59 0.57+0.42
17:0anteiso 0.24+0.35 0.18+0.07 0.45+0.72 0.07+0.03 1.16+0.30 0.74+0.46 0.26+0.18  0.81+2.06
17:0iso 0.51+0,48 0.76 +0.21 0.43+0.17 0.38+0.02 1.66+0.49 1.32+0.32 0.69+0.11 0.87+0.19
¥ BrFAs 3.27+3.51 3.05+0.57 2.12+1.15 1.30+0.02 10.01+3.27 9.41+2.69 4.03+1.53 4.71+2.44
SFA(mgg ') 2.85+2.99 0.54+0.24 1.30+0.95 41.00+14.76 0.007+0.003  0.019+0.020 1.12+0.68 3.25+3.08

Only FAs displaying an average proportion greater than 1% within at least one group of samples are presented

DTP detrital terrestrial plants, POM particulate organic matter, SOM sedimentary organic matter, SFAs saturated FAs, MUFAs monounsaturated
FAs, PUFAs polyunsaturated FAs, BrFAs branched FAs. For SOM, the term ‘coastal’ rather than ‘marine’ is used because no SOM sample was
collected at the oceanic site (see text)
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Fig.3 a Projection of variables (fatty acid trophic marker percent-
ages) and individuals (primary producers) on the first two compo-
nents resulting from the principal component analysis (PCA). Only
FAs displaying an average proportion greater than 1% within at least
one group of primary producer samples and with cos?>0. 4 are pre-
sented. b Projection of variables (fatty acid trophic marker percent-
ages) and individuals grouped by category (C-SOM and marine

while 24:0, 16:2w4, 18:0, 17:0, 16:107 and 20:5®03 con-
tributed more to the second axis. The PCA results high-
lighted three main groups of samples. Firstly, marine POM
samples are linked to elevated percentages of 12:0, 14:0,
18:2w6, 22:6w3 and 16:2w4 fatty acids (Fig. 3b). Then two
other groups among coastal SOM samples stand out. One
group of individuals is clearly linked to 24:0, 17:0 and 18:0
fatty acids, while the others are related to 18:3w3, 18:107,
20:406, 16:107 and 20:5w3 fatty acids (Fig. 3b). The PCA
highlighted the strong correlations between some FAs, such
as 18:1w7 and 20:4w6, 16:1w7 and 20:5w3, 24:0 and 17:0,
is0-16:0 and iso-17:0 (Fig. 3b).

Mixing model

Phytoplankton was clearly the most important source con-
tributing to the mean composition of the coastal SOM,
with~62% (Fig. 4a). Macroalgae represented the second
major source of carbon in the C-SOM, with~32%. Mean
contributions from other potential OM sources were almost
negligible, with ~4% for algal turf and below 1% for sources
of terrestrial origin (R-POM, R-SOM and DTP).

Algal turf and phytoplankton were both the main con-
tributors to the marine POM, with~38% on average in
both cases (Fig. 4b). However, the violin plots bimodal
distributions of these primary producers illustrates a ‘joint

0
Dim1 (25.9%)

POM) on the first two components resulting from the principal
component analysis (PCA). Only FA displaying an average propor-
tion greater than 1% within at least one group of samples and with
cos?>0.2 are presented. Numbers in brackets indicate the percentage
of the total variance explained by each axis. Eigenvalues histogram of
the different components result from the PCA

uncertainty’ regarding their relative mean contribution
to the M-POM, which can vary from~5-10 to~65-70%.
River POM, river SOM, DTP and benthic macroalgae had
lower proportions, with mean contributions ranging from ~5
to~7%.

Discussion
Isotope compositions

The carbon isotope compositions of the sources of OM is
generally within the ranges commonly observed in the lit-
erature (Briand et al. 2015). However, some sources revealed
a remarkable deviation from expected values. While ben-
thic primary producers are usually more enriched in *C
than pelagic-primary producers (Peterson 1999), in our
study algal turf has lower 8'>C values than phytoplankton
(—23.9+1.7 %o and — 20.5 +0.6 %o, respectively). Algal
turf is generally among the most 1*C-depleted macrophytes,
but generally has higher 8'C values than marine POM or
phytoplankton (Letourneur et al. 2013; Briand et al. 2015,
2016). Despite a wide variability of 8'*C values, the main
groups of primary producers are clearly distinct from each
other (Fig. 2). Nitrogen isotope compositions clearly distin-
guish land-based sources (3'°N values of 1.8+2.3 % and
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Fig.4 Relative importance of different OM sources in the composi-
tion of a coastal sedimentary organic matter (C-SOM) and b marine
particulate organic matter (M-POM). DTP Detrital terrestrial plants
material, Phyto Phytoplankton, R-POM river particulate organic mat-

6.2 +0.8%o, for DTP and river SOM, respectively) from
marine sources (8'°N values of 11.6+0.9 %o and 15.0+1.8
%o for macroalgae and phytoplankton, respectively), as the
latter are more enriched in !> N. Our study highlights that
primary producers had much higher 8'°N values than those
commonly observed in other coral ecosystems, even in the
Pacific. Taking benthic primary producers as a reference, the
8! N values recorded in the Marquesas Islands displayed
differences of about 10 %o and 8 %o compared to New Cal-
edonia and Moorea, respectively (Letourneur et al. 2013;
Briand et al. 2015). These high 8'> N values are probably
related to an enrichment in '3 N of the nitrogen nutrient pool
(i.e. nitrites, nitrates and/or ammonium). Knowing that phy-
toplankton is abundant throughout the year in the Marquesas
Islands (Martinez et al. 2016), nitrogen utilization by phy-
toplankton would probably lead to an increase in the 8'° N
values in the residual nutrient pool (Savoye et al. 2003).
Consequently, the nitrogen isotope compositions of primary
producers incorporating these remaining nutrients would
also rise. This assumption could be consistent if the nitrogen
stock was not large enough to support the primary produc-
ers’ needs. However, the waters surrounding the Marquesas
have relatively high nutrient concentrations (Martinez et al.
2016), which does not presuppose a lack of nutrients.

Fatty acids
The results obtained for marine OM pools (POM and

SOM) are relatively similar to those found in other Pacific
ocean studies (Liénart et al. 2016). These OM pools are

@ Springer
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ter. Violin plots represent the posterior distribution shape of the data
(density estimation) in grey; Boxplots represent median, interquartile
ranges (white box), credibility intervals (thin line) and outliers (black
dots)

characterized by a strong contribution of the SFAs (~62
and 50% TFAs), and a small contribution of the MUFAs
(~ 17 and 24% TFAs) and branched fatty acids (~4 and
9% TFAs). PUFAs, however, have a higher contribution
than in the literature, with ~ 16% for both POM and SOM
(e.g. POM: ~9%-Liénart et al. 2016; SOM: ~7%-Liénart
et al. 2018). Essential fatty acids represent ~4—6% of TFAs
comprising PUFAs (Table 2). PCA (Fig. 3) separates OM
pools into three groups, reflecting compositional differ-
ences between marine POM and two groups for coastal
SOM. These results highlight contributions of various
PUFASs such as 22:6w3 (often found in dinoflagellate),
16:2w4 (a marker for diatoms or algae), 18:2w6 (suggest-
ing OM derived from macroalgae or vascular plants) and
some SFAs (12:0, 14:0 and 16:0) to marine POM (Budge
and Parrish 1998; Arts et al. 2001). Thus, these FA markers
indicate that the marine POM would consist of a mixture of
different primary producers, both benthic and pelagic and
potentially of terrestrial origin as well. For coastal SOM,
one group exhibits contributions mainly from MUFAs and
PUFAs. In the same way as for the POM, FAs markers found
for this OM are likely to come from marine and terrestrial
sources. 20:503 and 16:1w7 are indeed known to be mark-
ers of diatoms (Budge and Parrish 1998; Dalsgaard et al.
2003; Liénart et al. 2016), 20:4m6 of Rhodophyta (Jaschin-
ski et al. 2011) and 18:3w3 of OM derived from macroalgae
or vascular plants (Meziane et al. 2007). The FAs 18:1w7
and anteiso-15:0 may indicate the presence of bacteria in
this group (Dalsgaard et al. 2003). But the orientation of
variables representing the branched fatty acids (iso-17:0,
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is0-16:0 and iso-15:0) in the PCA suggests the presence of
bacteria within the two coastal SOM groups (Fig. 3). Marine
heterotrophic bacteria are known to colonize settling particu-
late matter following plankton blooms, and can be abundant
in sediments (Dalsgaard et al. 2003). However, the second
group of coastal SOM samples had contributions of rela-
tively more degraded organic material, as suggested by the
high contributions of SFAs (24:0, 17:0 and 18:0; Wakeham
et al. 1997). This result suggest a qualitative degradation of
these samples with the help of a bacterial blooming related
most likely to a storage problem of samples. A similar trend
was observed in another study, with diatom markers 16:1w7
and 20:5w3 found in highest proportions in sediments rather
than marine POM, and conversely for the dinoflagellates
marker (22:6w3; Richoux and Froneman 2008). The analysis
of our primary producers gives results in agreement with
designated FA markers in the literature, with major observa-
tions of fatty acids such as 20:4m6 in benthic algae, 18:206
and 18:3w3 in detrital terrestrial plants, 16:107, 20:5w3 and
22:6w3 in phytoplankton.

Indicators of OM quality

In this study, the sources with the highest quality were sedi-
mentary OM (river and coastal), phytoplankton and marine
POM. Their C:N ratios between 5 and 7 (Table 1) suggest
the presence of a significant amount of amino acids (Dano-
varo et al. 2001). However, regarding quality indices obtained
with FA analysis, phytoplankton is significantly of much
higher quality (Table 2). The highest percentage of essential
fatty acids was indeed measured in the latter (30.95 +5.57%),
moreover its PUFAs/SFAs ratio indicates fresher OM than the
other sources. Among OM pools, coastal SOM and POM have
a similar quality based on their C/N ratios and FA quality indi-
ces, which is likely related to the fact that fresh phytoplankton
represents a very important contribution to SOM composi-
tion (i.e. see mixing model data). This clearly indicates the
important trapping of phytoplankton into the sediment and the
importance of the benthic-pelagic coupling in the functioning
of this ecosystem. The C:N ratios higher than 12 measured
in algal turf and freshwater macrodetritus (DTP) indicates a
lower nutritional quality of these sources, with a higher content
of refractory organic matter (Hedges et al 1986). Benthic mac-
roalgae OM also does not appear as a food resource of very
good quality, based on its C:N ratios around 10. Thus, com-
paring all sources, the OM pools had lower C:N ratios than
the benthic primary producers (macroalgae and algal turf),
indicating that OM pools may be relatively more nutritious.
Interestingly, although less important than for phytoplankton,
the EFAs found in algal turf and macroalgae represent a high
proportion of their PUFAs (Table 2). Therefore, despite their
relatively poor quality in terms of nitrogen supply, marine

macroalgae could be interesting food sources for consumers
to supplement their needs in essential fatty acids (Arts et al.
2001). The marine POM and phytoplankton C:N ratios corre-
spond to those obtained in other studies in temperate and tropi-
cal areas (~6.5 for POM, between 6 and 10 for phytoplankton;
Savoye et al. 2003; Cresson et al. 2012).

Composition of OM pools

The Bayesian mixing model highlighted that coastal SOM
is mostly made of phytoplankton, followed by macroalgae.
Phytoplankton is known as a significant contributor to SOM
through the sinking of dead phytoplankton (Cresson et al.
2012). Composition of marine POM is also influenced by
phytoplankton, but with average contributions of smaller
amplitude than for coastal SOM (~38%). Phytoplankton is
not the major contributor in this case, and algal turf fragments
also represent an important contribution to POM (~38%).
However, it is likely erroneous to look only at these average
contributions, due to the bimodal distributions displayed on
the violin plots for algal turf and phytoplankton (Fig. 4). This
bimodal distribution means that, if the algal turf contribution
is at the top of its probability range, then the contribution of
phytoplankton is likely to be at the bottom of its probability
range, and vice versa. In contrast to other studies (Harmelin-
Vivien et al. 2008; Letourneur et al. 2013), our results did
not indicate any clear influence of river organic matter on
marine POM. The greater macroalgae relative contribution
observed for SOM (compared to POM) could be explained
by a coarser fragmentation of macroalgae, these staying less
easily in suspension than algal turf fragments. A lower degra-
dation rate would probably favors the trapping of OM derived
from benthic macroalgae in sediment over a longer period. It
is also plausible that other organisms or compounds, which
are difficult to collect, may influence the composition of OM
pools. In our case, according to the results obtained with the
fatty acids analyses (see above), bacteria probably influence
the OM pools’ compositions. Additional analyses highlighted
high abundances of cyanobacteria, mostly Synechococcus spp.,
during the warm season (results not shown). These organisms
are very small (0.5 to 1.8 pm), therefore it is possible that
they were not captured in a representative manner in the size
class <20 um (taken into account in this study). Haas et al.
(2011) estimated that reefs dominated by algal turf and mac-
roalgae will support 2-3 times as much microbial abundance
in the water column as coral or crustose algae dominated reefs.

Conclusions
Our findings suggest that the most important food sources

available for primary consumers in this system consist of
organic matter principally derived from phytoplankton, with
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complements of macroalgae and algal turf. OM sources of
terrestrial origin had a very minor influence. In addition,
phytoplankton was characterized by the best nutritional qual-
ity, with low C:N ratio and high essential fatty acid contri-
butions to total FAs, which are important for physiologi-
cal processes. These characteristics make this OM source
particularly attractive for primary consumers. This suggests
that the supply of labile organic matter in the system results
from a pelagic-benthic coupling. Our study also highlights
an atypical Marquesan baseline, marine primary producers
having significantly higher 8'°N values than those observed
in other South Pacific areas. However, further research is
needed to examine the processes leading to the enrich-
ment in '> N in primary producers. It would be interesting
to measure 8'°N values in nitrate pools and to follow the
nutrient inputs over a long time period. A better knowledge
of the bacterial processes occurring in Marquesan waters
could also provide useful clarification.
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