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Multi-trophic markers

iluminate the understanding

of the functioning of a remote, low
coral cover Marquesan coral reef
food web

Pauline Fey®?, Valeriano Parravicini®2, Daniela Badnaru®?3, Jan Dierking®*, René Galzin?,
Benoit Lebreton®>, Tarik Meziane®¢, Nicholas V. C. Polunin©®7, Mayalen Zubia®? &
Yves Letourneur®"

We studied the food web structure and functioning of a coral reef ecosystem in the Marquesas
Islands, French Polynesia, characterized by low coral cover, high sea surface temperature and meso-
to eutrophic waters. The Marquesas constitute a relevant ecosystem to understand the functioning
of low diversity reefs that are also subject to global change. A multi-tracer assessment of organic
matter pathways was run to delineate ecosystem functioning, using analysis of fatty acids, bulk

and compound specific stable isotope analysis and stable isotopes mixing models. Macroalgae and
phytoplankton were the two major food sources fueling this food web with, however, some marked
seasonal variations. Specifically, zooplankton relied on phytoplankton-derived organic matter and
herbivorous fishes on macroalgae-derived organic matter to a much higher extent in summer than in
winter (~75% vs. ~15%, and ~ 70 to 75% vs. ~ 5 to 15%, respectively) . Despite remarkably high §°N
values for all trophic compartments, likely due to local dynamics in the nitrogen stock, trophic levels
of consumers were similar to those of other coral reef ecosystems. These findings shed light on the
functioning of low coral cover systems, which are expected to expand worldwide under global change.

Increasing anthropogenic and climatic stressors on Earth ecosystems have motivated a widespread interest in
understanding the contribution of species to ecosystem functioning and energy flows between ecological com-
partments such as trophic guilds. Among marine environments, coral reefs are by far the most diverse ecosystems,
hosting thousands of species forming vast, complex and very poorly resolved interaction networks that influence
the structure, the functioning and the resilience of the ecosystems'. However, understanding the processes that
drive ecosystem functioning and productivity requires determination of the major sources of organic matter
fueling these systems?, and the stocks of nutrients®, and quantification of the numerous consumer compartments
that rely on sources of organic matter®>. Elucidating the major energetic pathways that fuel ecosystems across
the complexity of the interaction network is crucial not only to assess food web functioning and the resilience
of coral reefs but also to anticipate unexpected cascading effects and undesirable ecological surprises related to
global changes®®.
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Several studies have improved our understanding about flows of energy within coral reefs**-* but the pro-
cesses involved, the species that support them and the ways these species interact are scarcely resolved. For
instance, the high diversity of sources of organic matter available to primary consumers complicates the charac-
terization of energy flows>* . Carbon sources may have several origins, continental or marine, and can come
from coastal, pelagic or deep waters, and also from living organisms or detrital matter'> !¢, Oceanic phyto- and
zoo-plankton may also be imported into reefs by currents, and then consumed by phyto- and zoo-planktivorous
fish'” 18, While benthic sources represent an important carbon source to reef species® 1> °, numerous species
rely principally or exclusively on planktonic sources® and even non-planktivorous species may rely on oceanic
production!?. However, in several ecosystems, benthic production and/or terrestrial inputs can also be major
contributors to the energy flow in food webs®* 2!,

The Marquesas Islands, one of the most isolated archipelagos on Earth, may provide important insights
into the functioning of coral reefs characterized by low diversity and low coral cover. Decreasing coral cover
and diversity are expected in many reef systems in the world facing increasing anthropogenic pressures®-2.
Marquesas Islands coral reefs could not track sea level rise during the last post-glacial period?, and paleo-reefs
can now be found at~60-130 m depth, while modern shallow reefs are essentially rocky reefs with low coral
cover. Other distinctive features of the Marquesas include the absence of Acropora spp. corals, which are com-
mon across other Polynesian coral reefs*®. On one of the main islands of the Marquesas, Nuku Hiva, mean coral
cover is only ~5%?. Other environmental conditions that make the Marquesas a highly pertinent system for
the study of the functioning of their food web are their warm waters and high nutrient levels. The sea surface
temperature is usually relatively high all year round (average 28-30°C*2*), and sometimes higher during ENSO
events, and thus substantially warmer than on several other reef systems like those located at higher latitudes
and experiencing wider seasonal differences. Surface waters have high loads of nitrate (NO;~) and phosphate
(PO,"), with concentrations higher than 1 uM and 0.3 uM, respectively, which exceed ~ 100-fold those measured
in the South Pacific subtropical gyre®. This nutrient richness promotes the development of a high phytoplankton
biomass around the Marquesan coasts over the year®.

In coral reef systems worldwide, the questions of ecosystem functioning, food web structure and function
and organic matter sources fueling production are gaining attention® 133!, Here we characterize the major
energetic pathways that fuel the unusual, low coral cover ecosystem of the Marquesas and assess the extent to
which this pelagic production penetrates the coral reef food web. We analysed the trophic relationships among
the food web components (sources of organic matter, primary consumers and higher trophic level consumers
up to mesopredators) using multiple and complementary trophic markers. We combined information from
carbon (8"°C) and nitrogen (8'°N) bulk stable isotope compositions, amino acid compound-specific isotopes
compositions (8°N) (AA CSIA) and fatty acids data. These three trophic have evidently yet to be combined to
analyse any coral reef ecosystems, although they are capable of providing highly complementary information.
Fatty acids are used to assess how the various sources of organic matter are integrated by primary consumers
(herbivores) and then by secondary consumers, AA-CSIA provide information on both the assimilated baseline
and the length of food chains, while bulk stable isotope analyses allow to describe the global structure of the
food web. The combination of these methods allowed us to address five major questions: (i) What are the main
sources of organic matter that fuel the food web of the Marquesas coral reefs, and (ii) how is this organic matter
integrated by primary consumers? What is (iii) the trophic structure of this system, and (iv) the ‘baseline’ allow-
ing us to assess the length of the food chain? (v) Is the uptake of the major sources of organic matter consistent
across seasons? We then interpreted the observed patterns in the light of previous observations on other reef
systems to draw inferences about possible coral reef functioning in future warming and possibly more eutrophic
tropical oceans.

Material and methods

Study site and sampling. Field work was carried out in August 2016 (austral winter) and in March 2017
(austral summer) in southeastern Nuku Hiva (8°54’S, 140°02’W; Marquesas Islands, French Polynesia). The abi-
otic (rainfall, winds, temperature, hydrodynamics, etc.) and biotic (benthic and pelagic communities) conditions
around the islands are well known™> 232,

We sampled the major sources of organic matter (OM), primary consumers (invertebrates and fish) and sev-
eral higher trophic-level consumers (invertebrates and fish), up to mesopredators. The sampling of OM sources,
already described in detail?, comprise the particulate OM-hereafter POM mainly consisting of pico-nano phy-
toplankton-(n =49), sedimentary OM-hereafter SOM-(n =47), micro-phytoplankton-hereafter phytoplankton-
(n=49), 11 different locally abundant algae (algal turf and macroalgae, n=73) and detrital terrestrial material-
hereafter DTP-derived from tree leaves transported by rivers (n=16).

The sampled consumers were 14 invertebrate species (sponges, ascidians, echinoderms, gastropods, bivalves
and crustaceans-214 individuals in total), zooplankton (n=49), and 29 fish species (n=523). Invertebrates were
collected by handpicking during scuba diving, in order to obtain 5-10 individuals per species and per season. For
zooplankton, a 125 um mesh-size WP2 net was used for a vertical tow in the water column (from ~40-50 m depth
to the surface). Fish were collected by spearfishing or using an anesthetic (i.e. eugenol diluted at 10% in alcohol),
in both seasons. All samples were identified to the lowest possible taxonomic level and were kept in ice chests
during sampling and (except for POM, phyto- and zoo-plankton) immediately stored at — 20 °C until analysis.

First, we restricted our analysis to species representative of well-known trophic groups across the trophic-level
gradient in order (i) to determine how the organic matter is assimilated by primary consumers, and (ii) to assess
the length of the food chain. We selected nine primary consumers to study the integration of OM sources. Among
these species, three were filter-feeders (the oyster Pinctada margaritifera, an unidentified ascidian, the sponge
Spheciospongia sp.), one was a phytoplankton browser (zooplankton either 300-500 pm or 1000-2000 pm in size),
and five were herbivore-detritivores (the gastropods Mauritia spp., the surgeonfishes Acanthurus nigricans and
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Ctenochaetus marginatus, and the parrotfishes Scarus koputea and S. rubroviolaceus). We also selected eight sec-
ondary-tertiary consumers expected to be at the top of the benthic food webs. These species were one gastropod,
Conus conco, and seven fish: the snappers Lutjanus bohar, L. gibbus, and L. kasmira, the moray-eel Enchelycore
pardalis, the scorpionfish Scorpaenopis possi, and the groupers Cephalopholis argus and Epinephelus fasciatus.

Then, we extended our analysis to all the species for which samples were available, i.e. the 14 invertebrate
and 29 fish species collected. We defined the trophic position of all individuals in order to assess their position
in the food web relative to the baseline, i.e. linked to OM sources.

Thus, the first analysis, focused on well-known trophic groups, allowed us to determine how the OM is
incorporated and what the length of the food chain is. Then, the inclusion of all species allowed depiction of the
food-web structure.

Bulk stable isotope analyses. These analyses were run to get a general picture of the food web structure,
the role of the OM sources and of various primary and secondary-tertiary consumers within the food web. The
carbon and nitrogen stable isotopes (respectively 81*°C and 8'°N) were used in combination; 8"°C give informa-
tion on the origin(s) of the organic matter source(s) used by consumers® and 8'°N is a proxy of trophic level*,
thus allowing a depiction of the food webs in bivariate isotopic space®.

A piece of the thallus was sampled for algae, soft muscle for all mollusks, and dorsal white muscle for
fish®*, ~2-5 g in each case. For ascidians and sponges, ~5-10 g pieces, excluding external theca for ascidians,
were taken from each individual. For zooplankton, several entire individuals were grouped to obtain the 5 mg
dry mass required for analysis.

Carbon and nitrogen bulk stable isotope compositions (§"*C and 8'°N) were determined in all samples. Sedi-
ment was dried and reduced to a fine powder using a mortar and pestle. POM was collected on precombusted
GF/F filters (porosity 0.7 um), and dried. Plant (algae, DTP) and animal (zooplankton, invertebrates and fish)
samples were freeze-dried and ground to fine powder. Approximately 1 mg of powder was precisely weighed
and encapsulated for plant/animal samples, and 15-20 mg for SOM and 15-30 mg for POM and phytoplankton
(matter extracted by scrapping the filter). For POM and SOM, two subsamples were analyzed: one was acidified
to eliminate inorganic carbonates from the sample and used for §*C analysis®’, while the other was not acidified
and used for §"°N analysis®’. The other samples were analyzed without prior treatment. Samples were analyzed
through continuous-flow isotope-ratio mass spectrometry with a Flash 2000 elemental analyzer equipped with
the Smart EA option (Thermo Scientific, Milan, Italy), coupled with a Delta V Advantage isotope ratio mass
spectrometer with a Conflo IV interface (Thermo Scientific, Bremen, Germany) at the Littoral, Environment and
Societies Joint Research Unit stable isotope facility (LIENSs) at the University of La Rochelle (France). Isotope
compositions were expressed in the § notation as parts per mil (%o) as deviations from an international standard
(i.e. Vienna Pee Dee Belemnite for carbon and atmospheric N, for nitrogen) following the formula:

8X = [(Rsample/Rstandard) — 1] x 1000

where X is °C or PN, R is the corresponding ratio (**C/!C or "N/*N). 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 0.1%o for carbon and <0.15%o for nitrogen based on analyses
of USGS-61 and USGS-62 used as laboratory internal standards.

Compound-specific amino acid stable isotope analyses. These analyses were run to (i) help define
the ‘baseline’ of the food web through the use of sources amino acids, and (ii) to assess food chain length through
both trophic amino acids and bulk stable isotopes. Sr-AA § '°N values capture the real baseline isotopic composi-
tion much better than those of bulk §'°N because the latter value pool several amino acids, whereas Sr-AA 8§"°N
values do not fluctuate over different trophic levels, thus capturing the baseline isotope composition of the food
web without biases®.

Compound-specific §'°N values of amino acids (AA-CSIA) were derived from eight selected species having
high bulk §'°N values (see above). This included the gastropod and the seven secondary-tertiary consumer fish
species (total 44 samples for both seasons). Samples were prepared by acid hydrolysis followed by derivatization
to produce trifluoroacetic amino acid esters (TFAA) using standard methods. The 8N values of the TFAA
derivatives of amino acids were analyzed using a isotope ratio mass spectrometer (Delta V Plus, Thermo Sci-
entific, Bremen, Germany) interfaced with a gas chromatograph (Trace GC 1300, Thermo Scientific, Bremen,
Germany) through a GC IsoLink combustion furnace, and liquid nitrogen cold trap at the University of Davis
(California, USA). Measured isotopic values were corrected relative to known 8'°N values of norleucine, the
internal reference material. All samples were analyzed in triplicate. §'°N values of the glycine and phenylalanine
were then measured for source amino acids (6"°Ng, 4 ,) in order to assess the baseline 8'°N values (i.e. the §'°N
of the primary producers at the base of the food web®*). So, knowing characteristics of main organic matter
sources by one hand (i.e. the ‘baseline’), and knowing species at the top of the food web on the other hand (i.e.
the eight selected species), we expected to be able to assess the food chain length.

Trophic positions.  We estimated the trophic position (hereafter TP) of several individuals using a combina-
tion of AA-CSIA and bulk SIA. In particular, we used the 8'°N values from bulk SIA of target individuals and
from AA-CSIA to characterize the baseline. Then, TP was calculated as follows*’:

8! 5Nx —b Npaseline
TP, =
TEF

+ TPpaseline (1)
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where x is the species of interest and TEF is the trophic enrichment factor between trophic levels. In our case, we
set the TEF at 3.4 %o as commonly done in the marine coastal environment*. Because the source amino acids
(glycine, phenylalanine) represent the §'°N value of the baseline, a TPy, of 1 was used.

Fatty acid analyses. These analyses were run to assess the integration of OM sources by primary producers
and possibly the use of these herbivores by secondary-tertiary consumers.

Fatty acid (FA) were analysed in the OM sources (SOM, river and marine POM, DTP, algae and
phytoplankton?) and in nine primary consumers: zooplankton (n =23), four invertebrate species (n=54) and
four fish species (n=>56). Lipids were extracted*!, using 5-20 mg of material for POM, 20-30 mg for DTP, algae,
phyto- and zooplankton, sponges and ascidians, 30-40 mg for mollusks and fish and 1 g for SOM. Tricosanoic
acid (23:0), was added to each sample as an internal standard to measure the FA concentrations. Fatty acid
methyl esters (FAMEs) were quantified by gas chromatography (Varian 3800-GC), using a flame ionization
detector. FAs were identified by comparing retention times with those of a commercial standard (Supelco) and
confirmed using a mass spectrometer coupled to a gas chromatograph (Varian 450-GC; Varian 220-MS). Fatty
acid concentrations are expressed as % of total FAs, or as absolute concentrations in mg.g™.

Functional groups of fatty acids, classified by degree of unsaturation, were used as indicators of different
types of organic matter*> **: the saturated fatty acids (SFAs; e.g. 14:0, 16:0 and 18:0), monounsaturated fatty
acids (MUFAs; e.g. 16:1w7 and 18:1w9), polyunsaturated fatty acids (PUFAs; e.g. 20:4w6, 20:5w3 and 22:6w3)
and branched fatty acids (BrFAs; e.g. iso-15:0 and anteiso-15:0). Among SFAs, the long-chain SFAs (C24-C28)
are widely used as an indicator of detrital terrestrial plant (DTP) material*. Bacteria and cyanobacteria are also
rich in SFAs*. C16 and C18 MUFAs are found in algae*, bacteria*” and zooplankton*®. PUFAs with an omega-3
(w3) or omega-6 (w6) terminal end are named essential fatty acids (EFAs) because animals are considered typi-
cally to acquire them solely from diet**. PUFAs are abundant in fresh plankton material (major components
of phytoplankton), but these FAs are rapidly degraded in the water column and the sediment*- . Iso- and
anteiso-FAs (BrFAs) are solely synthesized by bacteria and therefore are deemed to be a good indicator of these
microorganisms*”°1.

Assessment of OM integration by primary consumers. Assessment of food source uses by primary
consumers was achieved through two complementary methods. The first approach is based on the close relation-
ship between the isotope compositions of a consumer and its food sources®. The contributions of the different
sources to the diets of primary consumers (i.e. macroalgae, algal turf, phytoplankton, POM and/or SOM) were
determined using a Bayesian mixing model and the SIAR package®. OM sources with similar isotope composi-
tion were pooled to avoid incorrect determination of their relative contribution. Models were run for 200,000
iterations, the burn-in was set at 50,000 iterations and a one-fifteenth thinning was applied. This model provides
arange of solutions regarding the proportions of the different sources (i.e. macroalgae, algal turf, phytoplankton,
POM and/or SOM). To reduce potential bias associated with the definition of a single trophic enrichment factor
(i-e. 3.4%o0), we also used TEF (AC and AN) values adapted to the feeding strategies and trophic positions
of the studied taxa (Suppl. Figure S1). The determination of A*C and AN values was based on the isotope
compositions of the primary consumers (see results) in combination with previous findings® on OM sources.
The herbivore-detritivores showed TEFs values of 1.60 + 1.87%o for A'C and 4.28 + 1.05%o for AN, while filter-
feeders and zooplankton had 1.24 +1.16%o for A'C and 2.71 +0.85%o for A®N.

The second approach was based on the exploration of the links between FAs and primary consumers through
a principal component analysis (PCA), using the 25 individual FAs that had an average proportion greater than
1% within at least one group of samples. The statistics and graphical representations were performed using R
version 3.4.4%, using ggplot2, gridExtra, ggrepel, vegan, FactoMiner and car packages. Identification of FAs
bio-indicating particular OM sources allowed us to assess the importance of the integration of various potential
OM sources by primary consumers.

Ethical statement. This research received no specific grant from any commercial or not-profit sectors.
No coral habitat was degraded during this research. Sample collection was permitted by the French Polyne-
sian government (authorization number: 681/MCE/ENV), which also approved the experimental protocols. All
methods were carried out in accordance with relevant guidelines and regulations. All methods were performed
in compliance with the ARRIVE guidelines and regulations for ethical treatment of animals®.

Results

OM sources in the Marquesan coastal ecosystem. As the data on the different potential sources of
organic matter were already widely presented and discussed in a previous article*?, only a brief outline is given
hereafter. The mean §'°C values ranged from — 23.9+1.7%o for algal turf to — 16.4+2.0%o for macroalgae (°,
Suppl. Table 1). The mean 8N values ranged from 11.6 +0.9%o for macroalgae to 15.0+ 1.8%o for phytoplankton
(%, Suppl. Table S1).

Primary consumers: trophic marker characteristics and use of OM sources. Mean §'*C values
ranged from — 19.6 +2.7 (Acanthurus nigricans) to — 14.0 + 1.3%o (Ctenochaetus marginatus) in winter, and from
—20.2+0.5 (small zooplankton) to — 13.9 + 1.2%o (C. marginatus) in summer (Table 1). Mean 8'°N values ranged
from 12.6+0.9 (small zooplankton) to 19.1+£1.0%o (C. marginatus) in winter, and from 14.2+0.4 (Pinctada
margaritifera) to 17.4+1.4%o (C. marginatus) in summer. The parrotfish and cypraeid species did not differ
significantly from each other in mean §"°C and 8"°N values (Table 1, Kruskal-Wallis tests, P>0.05) and were
hereafter pooled with Mauritia spp. and Scarinae, respectively.
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‘ Code ‘ n ‘ 83C%o0 8N %o
Invertebrates
2 -17.8+1.2 14.6+0.3
Ascidiidae Ascidian Asc
15 | -18.7+ 0.4 | 15.1%1.1
Clionaid Sheci . s 28 | -18.1+0.5 15.8+0.6
ionaidae eciospongia sp. S
P POoNgia sp PSP 16 |-17.7+0.3 |16.1+0.5
7 -16.7+0.4 15.2+£0.5
Pteriidae Pinctada margaritifera Pima
17 | -17.0£0.3 | 14.5+0.4
c g M M -153%1.1 15.8+0.2
raeidae auritia spp. as
P PP PP -16.4£0.6 |16.6% 0.9
-19.6£0.3 12.6+£0.9
300-500 pm Z00-300
12 | -20.2+0.5 |14.9+1.1
Zooplankton
12 | -19.4+0.5 14.1+0.5
1000-2000 pm Z00-1000
16 | -19.2+0.7 |17.4%+0.5
Fish
11 | -19.6+£2.7 17.0+0.8
Acanthurus nigricans Acni
14 |-17.7+1.9 |16.1£0.9
Acanthuridae
25 |-14.0%13 19.1+£1.0
Ctenochaetus marginatus | Ctma
13 |-139+1.2 |17.4+1.5
4 -17.7£0.2 19.0+0.3
Scarus koputea
Scarinae Scar 9 -14.9+1.2 |164+1.2
S. rubroviolaceus 8 -16.6+1.2 18.8+1.1

Table 1. Bulk §"*C and 8N values (means + standard deviation) of nine selected primary consumers.
Summer with bold italic, winter without bold italic.

We detected 57 FAs, of which 35 had concentrations greater than 1% (see Suppl. Table S2 for details). The
two size groups of zooplankton had similar fatty acid compositions (Kruskal-Wallis test, P>0.05) and were
thus pooled hereafter. The sponge Spheciospongia sp. represented an outlier with extremely high percentages of
several SFAs, MUFAs and mostly PUFAs (Suppl. Table S2), and was therefore removed from further analyses.

Different primary consumers were characterized by different FA profiles (Fig. 1, Suppl. Table S2). For instance,
zooplankton was mostly characterized by some SFAs (14:0 and 15:0), MUFAs (16:1w7) and PUFAs (16:2w4 and
20:5w3) (Fig. 1). Scarinae were mostly characterized by 16:0 and 18:0 (SFA), 18:1w9, 20:4w6, 22:5w6 (PUFAs),
and 22:6w3, whereas Acanthurus nigricans was characterized by 16:0 (SFA) and 18:1w9 (Fig. 1, Suppl. Table S2).

We detected differences in the use of major sources of OM among seasons for zooplankton and herbivore-
detritivores (Fig. 2). Small zooplankton mostly relied on POM in both seasons (~60% on average, credibility
interval (CI) ~ 30-85%), with phytoplankton contributing ~20-30% to isotope composition (CI~0-60%). Large
zooplankton relied mostly on POM during winter (~ 60%, CI ~40-85%) and on phytoplankton during summer
(~75%, CI~50-100%) (Fig. 2). Similar seasonal differences occurred in the filter-feeders, although with a much
lower amplitude. The major sources of OM for ascidians were phytoplankton, algae and POM in relatively equal
proportions (~25-40% depending on seasons); the sponge Spheciospongia sp. did not use a lot of POM, and
Pinctada margaritifera relied mainly on macroalgae, and less on POM and phytoplankton (Fig. 2). SOM and
macroalgae were important OM sources for herbivore-detritivores but with a strong seasonal contrast in some
cases, ranging from ~ 10% (Acanthurus nigricans in summer) to ~ 90% (Ctenochaetus marginatus in winter) and
from ~ 10% (C. marginatus in winter) to ~ 75% (C. marginatus in summer), respectively (Fig. 2). Algal turf was
a marginal OM source for Scarinae and C. marginatus, contributing ~ 10-15% to the isotope composition of
Mauritia spp. and up to ~ 50% (in winter) to that of A. nigricans.

Secondary consumers trophic markers and the general structure of the food web. Based on
bulk isotope compositions of OM sources, nine primary consumers and eight secondary-tertiary consumers, we
were able to delineate the general structure of the major energetic pathways of the Marquesan coastal food web
(Fig. 3). For secondary-tertiary consumers, mean bulk 8°C values ranged from — 16.5 to — 14.7%o, and those of
8N values ranged from to 18.7 to 20.4%o (Fig. 3). The highest mean §'°N values were measured in the endemic
gastropod Conus conco and the grouper Cephalopholis argus (20.4+0.9%o and 20.3 +0.4%o, respectively). For
most secondary-tertiary consumers, differences between seasons were often low and non-significant (Suppl.
Table S3). Other sampled consumer species not included in Fig. 3 for clarity fitted well within this network based
on their §"*C and 8"°N values (Suppl. Table S3).

On average, the mean 8'°N value of Sr-AA (phenylalanine and glycine) was 11.6 + 3.4%o with values ranging
from 7.1%o for glycine in Lutjanus bohar to 17.0%o for phenylalanine in Conus conco (Table 2). Differences in
Sr-AA 8N values among species were more evident for glycine than for phenylalanine.
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Figure 1. PCA of fatty acid (FA) compositions of the invertebrates (excluding sponges) and fishes. Codes of
species: Asc: ascidians, Pima: Pinctada margaritifera, Maspp: Mauritia spp., Zoo: zooplankton, Acni: Acanthurus
nigricans, Ctma: Ctenochaetus marginatus, Scar: Scarus koputea and S. rubroviolaceus. Only FAs with a mean
percentage > 1% in at least one species were considered (see text).

The eight secondary consumers also displayed seasonal differences in both their mean bulk §'°N and Sr-AA
8N values (Fig. 4), although not statistically significant, mean values were higher in winter than summer, in
contrast to what was observed for bulk §"°N values of phytoplankton and macroalgae (Fig. 4).

Baseline and trophic positions. Although the isotope compositions of primary consumers evidenced
the use of several OM sources (Fig. 2), the relatively high concentrations of the fatty acid 20:4w6, a biomarker
of macroalgae, in all primary consumers (even for zooplankton although at lower concentrations) allowed us to
identify in the macroalgae the main baseline to estimate TP. The Sr-AA 8"°Nj; 4, values obtained for the eight
mesopredators were also used.

The mean bulk §'°N values of all individuals (n=797) and species (n=43) belonging to different trophic
groups (Suppl. Table S3) provided a detailed picture of their trophic positions in the food web (Fig. 5). Most
primary consumers (i.e. filter-feeders, zooplankton and herbivores) displayed a TP of ~ 2-2.3, omnivores and
detritivores had a TP of ~2.4-3, carnivores were at a TP ~3-3.2 and piscivores showed a TP of ~3.2-3.6, with
the highest TP being in Conus conco and Cephalopholis argus (3.57 £0.27 and 3.55 £0.23, respectively; Fig. 5).
This global picture was consistent across seasons for all trophic groups, despite higher §"°N values in summer
than in winter (Suppl. Figure S2).

Discussion

We provide the first combined application of bulk and compound specific stable isotope as well as fatty acid data
to a coral reef food web, and elucidate food web functioning including major energetic pathways, OM sources and
trophic positions of multiple species on a Marquesan coral reef. Despite the peculiar ecological characteristics
of these coral reefs (warm water, high nutrient levels, low coral cover as well as reduced biodiversity compared
to many other reefs), fatty acid, C and N stable isotope data evidenced that this system maintains a high pro-
ductivity fueled by phytoplankton and zooplankton, most likely of pelagic origin. Moreover, despite unusually
high 8'°N values for all groups from OM sources up to mesopredators, trophic positions and food chain lengths
were comparable to those documented for other coral reef ecosystems®*’. Since conditions experienced in the
Marquesas today are projected for many other reef systems in the future, this study offers valuable insights into
the future of changing coral reefs.

The outputs from mixing models highlighted that macroalgae, phytoplankton, POM and SOM are the main
sources of OM for the consumers of the Marquesas, while turf algae had a comparatively minor role. Algal turf
is often described as a major OM sources in coral reefs, especially for herbivorous fish* ' 3% 5%, However, at Nuku
Hiva, it contributed only ~ 15% to herbivores, although in Acanthurus nigricans its contribution to biomass
reached ~ 50% in winter. In a complex coral reef system in New Caledonia, four major sources of OM used by
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Figure 2. Relative proportions of the different OM sources for filter-feeders and zooplankton (left panel)

and for herbivore-detritivores (right panel), based on SIAR mixing model outputs. Phytopk: Phytoplankton;
POM: particulate organic matter; SOM: sedimentary organic matter. Violin plots represent the posterior
distribution shape of the data (density estimation) in grey; boxplots represent median, interquartile ranges (red
and blue boxes, depending on season), 95% credibility intervals (thin line) and outliers (black dots). ZOO-300:
zooplankton 300-500 pum, ZOO-1000: zooplankton 1000-2000 pm, ASSP: ascidians, SPSP: Spheciospongia sp.,
PIMA: Pinctada margaritifera, ACNI: Acanthurus nigricans, CTMA: Ctenochaetus marginatus, SCAR: Scarinae
(Scarus koputea and S. rubroviolaceus), MASPP: Mauritia spp.
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Figure 3. Plot of "°N against 8"*C values (means * standard deviations) of sources of organic matter (black
squares, see Fey et al. 2020 for details), nine primary consumers (red circles: invertebrates, green triangles:

fish), and eight secondary consumers (blue circle: invertebrate, blue triangles: fish), both seasons pooled. Turf:
algal turf, Phyto: phytoplankton, Algae: macroalgae, POM: particulate organic matter, SOM: sedimentary
organic matter, Asc: ascidians, Spsp: Speciospongia sp., Pima: Pinctada margaritifera, Maspp: Mauritia spp., Zoo:
zooplankton, Acni: Acanthurus nigricans, Ctma: Ctenochaetus marginatus, Scar: Scarinae, Coco: Conus conco,
Lubo: Lutjanus bohar, Lugi: L. gibbus, Luka: L. kasmira, Enpa: Enchelycore pardalis, Scpo: Scorpaenopsis possi,
Cear: Cephalopholis argus, Epfa: Epinephelus fasciatus.

Species Code [n | Phenylalanine | Glycine | Mean

Conus conco Coco |6 15.2+3.9 17.0£1.6 | 16.1£3.0
Lutjanus gibbus Lugi |6 13.0+1.7 7.9+1.6 |10.5%3.1
Lutjanus kasmira Luka |6 12.3+3.3 8.8+£1.9 |10.5+3.2
Lutjanus bohar Lubo |4 12.0+5.2 7.1+42 | 9.5+5.1
Enchelycore pardalis Enpa |4 11.9+1.9 132407 | 124+1.7
Scorpaenopsis possi Scpo |6 12.2+3.0 10.5+1.8 | 11.4%2.5
Cephalopholis argus Cear |6 13.6+£1.9 82112 |10.9+32
Epinephelus fasciatus | Epfa | 6 11.9+1.9 10.9+22 | 11.4+2.0
Total 44 | 12.8+£3.0 10.5+3.6 | 11.6+34

Table 2. Source amino acids (AA) 8"°N values (%o) of eight secondary consumers (means * standard
deviation), both seasons pooled.

consumers were evidenced?, i.e. algal turf (the most important one), sedimentary OM mixed with macroalgae,
particulate OM, and -to a lower extent- detritus and seagrass. In a Caribbean coral reef, algal turf is also the main
OM source for consumers™. The reasons for a marginal importance of algal turf in Marquesas Islands remain
unclear. Algal turf may lack important nutritive elements® inducing herbivores to shift their diet to other items,
such as macroalgae. In contrast to macroalgae, algal turf in Marquesas displayed a high C/N ratio (~ 18%), much
higher than the value of ~ 12 usually considered as characteristic of refractory organic matter®'. This suggests a
low nutritional value of this food item and might explain why algal turf was little used in Marquesas, despite its
wide distribution. The reason for such a C/N ratio remains unclear and requires further investigations.

The FA compositions of the primary consumers also highlighted the importance of the macroalgae in the
food web. Indeed, we detected a high abundance of the FAs 18:3w3 and 20:4w6 in all primary consumers (Fig. 6).
Diatom markers (20:5w3, 16:1w7 and 16:2w4) were also present in primary consumers, especially zooplankton,
ascidians, and the detritivore-herbivores Acanthurus nigricans and Ctenochaetus marginatus. Although we did
not sample bacteria/cyanobacteria, markers typical of these organisms (FAs 15:0, 17:0, 17:0iso, and 18:1w7) were
found in ascidians, Pinctada margaritifera and all fish. This suggest a potential role of bacteria in the Marquesan
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producers (left panel), and bulk, and Sr-AA (phenylalanine and glycine) for our eight targeted secondary
consumers, all species pooled (right panel). Blue dots: winter, red triangles: summer.
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Figure 5. Relationships between mean bulk 8'°N values and trophic positions (TPs) calculated with Sr-AA
8"°Nppe.giy Values and with macroalgae as the main source of organic matter. Each dot corresponds to the mean

TP for a species. Black circles for sources of organic matter, red circles for invertebrates, and green circles for
fish.

food web. Bacteria have not been previously shown to contribute substantially to the OM that support reef fishes.
Therefore, future studies are needed to clarify their contribution. Cyanobacteria have been recorded on several
herbivores fish diets such as in Scarus spp.%2. Our FA data however cannot distinguish between filamentous
turf-forming species and non-colonial small species. The strong contribution of the fatty acid 22:6w3, a marker
of dinoflagellates found in phytoplankton?, to the total FAs of zooplankton, P. margaritifera, C. marginatus and
Scarus spp. indicated that phytoplankton was an important food source not only for zooplankton, but also for
filter-feeders and some herbivores. However, we did not identify an important contribution of phytoplankton-
derived OM for Acanthuridae and Scarinae, even though these taxa occasionally feed on zooplankton and
indirectly assimilate phytoplankton-derived OM®. We suggest that the link between this OM source and these
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Figure 6. Schematic view of the integration of main OM sources by primary consumers, through fatty acid
trophic markers. The relative importance of such integration is indicated by arrows (from dotted lines for minor
role, to thick lines for important role). POM: particulate organic matter, SOM: sedimentary organic matter,
DTP: detrital terrestrial plant material. For OM pools (POM and SOM), the % indicate the relative importance
of primary producers (bacteria, phytoplankton, DTP etc.) assessed by major FAs trophic markers.

primary consumers is probably indirect, through deposition and accumulation of recently dead phytoplankton
(or zooplankton) on sediments and macroalgae.

The compound specific stable isotopes (Sr-AA §'* Ny q,) allowed us to define the §'°N values of the food
web baseline. These values were higher in winter than in summer (Fig. 4), in contrast to the seasonal variability
recorded in bulk isotope compositions. This apparent contradiction may be due to a temporal lag. Indeed, the
isotope compositions of the source amino acids were measured on consumer, which likely have a longer turn-
over than primary producers. Also, the estimated 8'°N values of the food web baseline obtained with bulk stable
isotope data reflected relatively recent variations of isotope composition (i.e. isotope composition of the OM
sources at the time of collection, typical of the sampled season). In contrast, the amino acid isotope compositions
provided a value of the sources referred to a longer time frame corresponding to the renewal time of the tissues
analyzed, i.e. ~ 3 months before sampling for fish muscle.

The unusually high bulk §"°N values of OM sources up to mesopredators suggest a high §'°N value of the food
web baseline that then propagates through the system. It is thus essential to understand why this pattern exists and
why 8N values remain high across seasons despite winter / summer fluctuations (Fig. 7). The §'°N values meas-
ured in the primary producers in the Marquesas were ~8-10%o higher than in other Pacific sites>* 1> ®%. These §"°N
values are probably due to the °N enrichment of nutrient reservoirs in Marquesan waters, and seasonal changes in
the strength of hydrodynamic processes such as eddies and upwelling®. §'°N values increase in declining nitrate
reservoirs, due to the more rapid assimilation of nitrates containing the light isotope (**N) during photosynthesis®.
The high phytoplankton biomass throughout the year in the Marquesas Islands®, and its use of nitrate (NO5") helps
explain the N enrichment of the reservoirs of residual nutrients®. In the Marquesas, the high nutrient intake in
summer may promote significant fractioning and enhance the 8'°N values of the residual nitrate® *’ (Fig. 7). By
assimilating '°N-enriched nitrates, primary producers such as phytoplankton and macroalgae thus increase their
81N values. This is not the case for turf algae that sustain similar 8"°N values over seasons. Other processes may
drive the '* N enrichment of nitrates and primary producers, such as higher bacterial denitrification in summer®,
a possibly important role of bacteria in the functioning of the Marquesan coral reef ecosystem. Mineralization,
nitrogen fixation, assimilation, nitrification and/or denitrification processes influence the >N composition of both
inorganic (e.g. N,, NO;~, NO,") and organic nitrogen species™.

The assessment of trophic positions (TPs) of organisms within food webs is essential to understand ecosystem
structure and functioning®, although a thorough quantification remains challenging given the large number of
factors involved (e.g. ontogeny of species, change of dietary regime). The §"°N values of the source amino acids
phenylalanine and glycine indicate that the Marquesan coastal food web is mostly supported by macroalgae.

Scientific Reports | (2021) 11:1-14 | https://doi.org/10.1038/s41598-021-00348-w nature portfolio



www.nature.com/scientificreports/

Winter Summer

Phytoplankton Phytoplankton /7 s %
6N = 13.1 %o \ ﬁ 6N = 16.5 %0 ° :;,:.(.,',

Macroalgae Macroalgae
615N = 10.2 %o 6N = 11.9 %o

Algal Turf Algal Turf
615N = 12.9 %o 615N = 12.9 %o

Figure 7. Schematic view of seasonal processes that could explain seasonal differences in nitrogen isotope
compositions in primary producers.

However, the high variability around the mean implies that this finding should be considered with some cau-
tion. Seasonal fluctuations in phytoplankton isotope composition in the Marquesas make this compartment an
important food source for several primary consumers®. This suggests that coupled pelagic-benthic processes
likely drive the general characteristics and properties of OM sources over seasons. The TP values found in other
studies are close to ours, despite very different bulk 8"°N values. For instance in a Caribbean coral reef, the five
carnivorous fish having the highest TPs reached values of ~ 3.3, for bulk §'°N values of ~ 9.5%0"". In a Polynesian
coral reef, those values reached ~ 3.5 and ~ 11 %o, respectivelyss. Overall, the TPs we obtained for the different
species or trophic groups are very similar to those from these studies, implying similar food chain lengths.

The overall increase in the TP for all consumers in summer did not alter this general pattern. Under the
hypothesis that the Marquesas may be considered a present-day reference for degraded reefs, the Nuku Hiva data
suggest that the length of the food chain may remain unchanged in future coral reefs subject to anthropogenic
degradations, as also observed in Mexico®’. However, systems with similar food chain lengths may strongly dif-
fer in energy flows. For instance, the seasonality in TP values in the Marquesas, which were mostly apparent for
omnivores and some carnivores (Suppl. Figure S2), also reflected a change in the use of OM and in the energy
pathway within food webs. Coral losses alter isotope compositions of coral reef fish®. Since environmental
changes may produce substantial effects on fish abundance and biomass’®, ongoing coral reefs degradations may
drastically affect fluxes of energy and ecosystem functioning’. While some coral reefs appeared to be resilient
to disturbances, mostly thanks to herbivory”, a shift from coral towards algal reefs seems likely in the coming
decades’7%. On such reefs, the role of macroalgae and plankton driven by nutrient enrichments especially for
nitrogen might grow. Although the present Nuku Hiva data were mainly qualitative, a greater potential role of
bacterial / cyanobacterial communities as significant sources of OM in future coastal systems needs more con-
sideration than it has had to date’ 7.

Conclusions

Although some characteristics appear to be similar to other tropical reef systems, in many respects the food web
functioning of the Marquesas Islands coral reef ecosystems is quite atypical. Fatty acid data highlighted that the
roles of several sources of OM, such as bacteria / cyanobacteria which are generally difficult to collect in classi-
cal food web studies, may have been underestimated in other reef systems. Pelagic-derived OM may exceed the
key-role of macroalgae as the main baseline of this food web. Similar conclusions regarding the importance of
pelagic-derived organic matter as a food source for coral reefs were drawn from other studies'>”’. This reinforces
the hypothesis of a food web based on pelagic-benthic coupling?, and suggests that such functioning might
become an increasingly important characteristic in future coral reefs. Despite the unusually high 6"°N values
in all compartments of the studied food web, the trophic positions of consumers were comparable to other reef
systems. Although this suggests that food chain lengths might not be much affected by the expected loss of cor-
als, seasonal and more long-term variations in the use of OM by consumers will likely affect energy flows. Much
further research is needed to better assess how coral reef flows of energy and organic matter might change in
the next decades. The current Marquesa’ Islands coral reefs offer one plausible future scenario for functioning
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of this ecosystem. The resilience of the Marquesan reef ecosystem may be low and this raises concerns about its
capacity to resist future changes.
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