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metabolic functioning of a
tropical reef lagoon
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Seagrasses are gaining attention thanks to their metabolism and potential

major role as carbon sinks, with further implications as nature-based

solutions against climate change. Despite their recognized importance and

the growing number of studies published, there is still a striking paucity of

information on seagrass metabolism and contribution to biogeochemical

cycles for some seagrass species and ocean areas. In this study we assessed

the metabolic balance and nutrient cycling contribution of seagrasses to the

benthic compartment of a tropical reef lagoon in Reunion Island, providing

original information on a barely studied seagrass species (Syringodium

isoetifolium) and a poorly studied ocean region (West Indian Ocean). We

measured the net productivity, respiration and the metabolic balance in

different components of the lagoon benthic compartment (i.e. seagrass,

sediment, and benthic community) and the water-sediment nutrient benthic

fluxes at differently impacted sites within the lagoon. The biogeochemical

environmental variability, including inorganic and organic indicators of

anthropogenic contamination, was also assessed at each site.

Large spatial variability was detected in the metabolic balance of each benthic

component assessed, also associated with the natural and/or anthropic-driven

environmental variability found in the lagoon. The seagrass S. isoetifolium was

net autotrophic across the lagoon and contributed to the lagoon benthic

metabolism with net plant productivity exceeding by one order of magnitude

the plant respiration. The lowest seagrass metabolism was detected at the

impacted site. The metabolic balance of the sediment was heterotrophic but

the high productivity of S. isoetifolium contributed to reducing the

heterotrophy of the whole benthic community. The lagoon-wide benthic

metabolic balance was slightly heterotrophic, but the associated uncertainty
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fmars.2022.867986/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.867986/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.867986/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.867986/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.867986&domain=pdf&date_stamp=2022-07-28
mailto:irene.olive@szn.it
https://doi.org/10.3389/fmars.2022.867986
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.867986
https://www.frontiersin.org/journals/marine-science
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ranged from autotrophy to heterotrophy. Nutrient concentrations in the lagoon were

low and the benthic community capacity for nutrient retention (uptake) and removal

(denitrification and anammox) indicated potential for buffering moderate nutrient

inputs into the lagoon. Organic contaminants of emerging concern (CECs) were low

but detectable in the lagoon, especially in highly frequented beach areas, arising as an

environmental quality indicator of interest.
KEYWORDS

benthic community, metabolic balance, nutrient fluxes, productivity, reef lagoon,
respiration, seagrass
1 Introduction

Within the coral reef systems, the reef lagoonal benthic

communities (sensu lato) play a key role in the overall reef

primary production (Gattuso et al., 1998; Heil et al., 2004),

significantly contributing to inorganic carbon (CO2) fluxes and

organic matter remineralization (Gattuso et al., 1998; Borges

et al., 2006). The impacts of local anthropogenic pressures, such

as eutrophication (Bell, 1992) or the increase of contaminants of

emerging concern (CECs) (Reid et al., 2019), and climate change

(Hughes et al., 2003) pose a serious threat to the biodiversity,

resilience and functioning of these valuable ecosystems. As a

consequence of natural or human-driven pressures, shifts in the

composition of benthic primary producer and productivity are

expected, implying changes in the benthic metabolism, the

sediment biogeochemical composition, and the nutrient water-

sediment fluxes (Eyre and Ferguson, 2002; Smetacek and

Zingone, 2013). Nutrient fluxes in the benthic compartment

are controlled by biogeochemical processes closely tied to the

metabolic activity of the benthic community (Risgaard-Petersen

and Ottosen, 2000; Barrón et al., 2006). Changes in the physico-

chemical environmental conditions may impact the biological

community (composition, functional role and productivity),

which in turn may also modify the chemical and physical

conditions and processes taking place in the sediments,

ultimately affecting nutrient fluxes, cycling and storage

capacity of the benthic compartment (Eyre and Ferguson,

2002). The study of the metabolic status of the benthic reef

compartment, in terms of production and respiration and

nutrient fluxes, is thus essential for the determination of the

metabolic status (i.e. auto- or heterotrophic) of coral reef

systems and for forecasting their potential to cope and

respond to events of natural or anthropogenic-induced

environmental forcing (Eyre and Ferguson, 2002; Taddei

et al., 2007).

While microphytobentos represents the main primary

producer in unvegetated soft-bottom lagoons (Taddei et al.,

2007; Hochard et al., 2012), the presence of marine
02
macrophytes, macroalgae and seagrasses, is also frequent in

the reef lagoons and may constitute important contributors to

primary production and the overall metabolic balance of reef

system (Gattuso et al., 1998; Heil et al., 2004). Seagrasses are

considered “foundation” species with the capacity to modify the

physico-chemical environment around them creating suitable

conditions for themselves and for the associated community

(Dayton, 1972; Ricart et al., 2021). Moreover, seagrass meadows

are gaining further momentum among the scientific and stake-

holder communities because of the ecosystem services attributed

to them and their potential as nature-based solutions for climate

change mitigation (Seddon et al., 2020; Macreadie et al., 2021).

The characteristic below-ground rhizomatic-root system of

seagrasses physically connects the water mass and the

sediment altering the diffusive water-sediment nutrient fluxes

and further modifying the magnitude and velocity of the

biogeochemical processes that occur both in the water and the

sediment (Bouma et al., 2009). Among the valuable essential

services attributed to seagrasses (Orth et al., 2006), those related

to water oxygenation (Duarte et al., 2010), nutrient cycling (Eyre

and Ferguson, 2002) and carbon sequestration (Fourqurean

et al., 2012) are closely linked to seagrass productivity and

metabolic balance. Indeed, seagrass meadows are considered

among the most productive coastal systems on Earth (Duarte

and Chiscano, 1999). However, despite the studies published,

information on seagrass metabolism is yet inconclusive and large

uncertainties remain on the quantification of seagrass net

metabolic contribution to the system productivity and nutrient

fluxes (Duarte et al., 2010; Van Dam Bryce et al., 2021; Ward

et al., 2022). Large inter- and intraspecific variability has been

described in seagrass productivity (Duarte et al., 2010). This

plasticity has been associated to spatio-temporal variability

(Enrıq́uez et al., 2004; Olivé et al., 2013), environmental

forcing derived from natural- or anthropogenic-driven

per turbat ions , such as d i sea ses , nut r i en t-der ived

eutrophication, or warming (Olivé et al., 2009; Graham et al.,

2021), and “top-down” control of the associated community

(Martıńez-Crego et al., 2014).
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Despite their recognized importance and the growing

number of studies published in the last decades, seagrasses

have been traditionally overlooked in coral reef systems

(Duarte et al., 2008). At present, there is a particular striking

paucity of information on seagrass metabolism and contribution

to biogeochemical cycles in some tropical areas, such as the West

Indian Ocean (Duarte et al., 2010; Ward et al., 2022). Moreover,

information available on tropical seagrasses is biased and very

limited information is available for some species, such is the case

of Syringodium isoetifolium (Duarte et al., 2010; Ward et al.,

2022). To help fulfilling this gap, this work provides novel and

original information on the metabolism of a poorly studied

seagrass species (i.e. S. isoetifolium) and a poorly studied ocean

region (i.e. West Indian Ocean).

This work aims at evaluating the productivity and metabolic

contribution of a tropical seagrass to the metabolism and

nutrient cycling of the benthic compartment in a reef lagoon

system, considering the environmental biogeochemical

variability associated to the lagoon. This was addressed by

evaluating the metabolic balance of different benthic

components (i.e. seagrass, sediment, and whole benthic

community) and the nutrient fluxes of the benthic community

across a tropical reef lagoon. We used the reef lagoon in Reunion

Island (West Indian Ocean) as a model system and the seagrass

S. isoetifolium as a model species. The fast-growing species S.

isoetifolium is the only seagrass present in Reunion (Cuvillier

et al., 2017). It thrives in sandy bottoms along the inner reef

lagoon and its coverture can reach up to 30% of the lagoon

(Cuvillier et al., 2017). Despite its limited extension, the reef

lagoon is exposed to different levels of natural and

anthropogenic environmental pressure (Chazottes et al., 2008;

Clavier et al., 2008). Indeed, time-series analysis have revealed

large seascape variability of S. isoetifolium communities across

the lagoon associated with natural (e.g. storms, grazing) and

anthropogenic (e.g. warming, nutrient inputs) environmental

forcing (Cuvillier et al., 2017). However, the productivity and

metabolic assessment of the seagrass S. isoetifolium in the lagoon

remains unexplored. Oxygen was chosen as the main descriptor

to assess productivity and explore the metabolic balance in the

different components of the benthic compartment of the lagoon

together with its spatial variability. The oxygen metabolic

balance has been commonly used as a physiological indicator

of the metabolic status across organismal scales (Gillooly et al.,

2001), benthic communities (Roth et al., 2019), and the benthic

compartment (Revsbech et al., 1981; Glud, 2008). Oxygen fluxes

are also closely associated with other nutrient fluxes (e.g. carbon

(Duarte et al., 2010) and nitrogen (Risgaard-Petersen, 2003).

Nitrogen fluxes in the benthic compartment were also assessed

to evaluate the potential role of the benthic community as sink or

source of nutrients in the lagoon as well as testing the potential

of the benthic lagoon community to face increases in the

nutrient load.
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2 Material and methods

2.1 Study site

Reunion Island (Mascarene Archipelago, Western Indian

Ocean) has been identified as a marine hotspot of biodiversity

for coral reefs with highest ecological value (Roberts et al., 2002).

The coral reef systems of Reunion Island (S 21°, E 55°) are

restricted to the western and southern coasts of the island. This

study was conducted in La Saline fringing reef (9 km long, up to

500 m wide, 1 to 1.5 m deep), which is the most extensive reef of

Reunion Island (Tedetti et al., 2020). The lagoon is exposed to

semidiurnal tides ranging from 0.1 m (neap) to 0.9 m (spring).

The sediment in the reef lagoon is mainly composed of coarse

sand, scattered with coral fragments, over a limestone substrate

(Clavier et al., 2008). The lagoon is considered an oligotrophic

system with low nutrient levels, though local areas potentially

exposed to nutrient inputs, mainly through groundwater

discharges and runoff from land, have been reported along the

lagoon (Clavier et al., 2008; Tedetti et al., 2020).

Monospecific beds of the seagrass Syringodium isoetifolium

were selected according to previous works and three different

stations were set along the reef lagoon as a representative of

different environmental pressures (i.e. nutrient enrichment

associated to submarine groundwater discharge and human

pressure) (Chazottes et al., 2008; Cuvillier et al., 2017). “Saint-

Gilles” (Site A, STG, S 21.07020°; E 055.22031°) was selected as

pristine meadow with low anthropogenic pressure and little or no

nutrient enrichment; “Passe Ermitage” (Site B, PAS, S 21.08629°; E

055.22705°), located close to an intermittent stream receiving the

effluent of a sewage plant, was selected as impacted site exposed to

high submarine groundwater discharge, nutrient inputs, and

hydrodynamics; and “Saline” (Site C, SAL, S 21.09597°; E

055.23338°), a frequented beach area, was selected as

representative of intermediate impact with moderate human

pressure and average nutrient availability (Figure 1).

At each station, we measured the main environmental

biogeochemical descriptors (including physico-chemical

parameters, inorganic nutrients, and organic contaminants of

emerging concern, CECs) and studied three different

components of benthic compartment: i) seagrasses (plant and

meadow level), ii) sediment, and iii) the whole benthic

community (which includes the sediment, seagrasses, and its

associated benthic community, such as benthic infauna,

epiphytes, etc.). Field work was conducted in June 2018.
2.2 Environmental biogeochemical
descriptors

Descriptors of the water mass in the lagoon around the

seagrass meadows were monitored using a combination of
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autonomous sensors and analytical techniques. Temperature,

dissolved oxygen (PreSens®), and irradiance (Odyssey

Integrating PAR sensor, Dataflow Systems) were measured in

situ at each sampling location. Water samples for salinity,

nutrients, pH and alkalinity analysis were also taken at the

sampling locations for later analysis at University of La Reunion.

Salinity was measured using a multiparameter probe (YSI 6920).

Ammonium analyses were performed spectrophotometrically

(Kontron Uvikon 922) according to the indo-phenol blue

method following Aminot and Kerouel (2004). Nitrate, nitrite,

and phosphate were measured using a Seal Autoanalyzer III and

standard analysis methods. Potentiometric determination of pH

(Radiometer TIM865 titrator with combined pH electrode

pHC2401-8) was performed at 25°C using Tris/HCl and 2-

aminopyridine/HCl buffers in synthetic seawater to calibrate

the electrode (Dickson et al., 2007). Alkalinity was determined

by potentiometric titration using 0.01 M HCl in NaCl to

approximate the ionic strength of seawater using Certified

Reference Material from A. Dickson laboratory (Scripps

Institution of Oceanography) as standard.

Sediment samples around the seagrass meadows were

collected using Plexiglas tubes (i.d. 5 cm, length 30 cm, n = 3).

Organic matter content of the first centimetre was measured as

loss on ignition (burned at 550 °C for 4 hours). Chlorophyll

content was measured in the top one cm, extracting the

photosynthetic pigments with 100% methanol for 24 hours at

4 °C (Thompson et al., 1999) and determining the pigment
Frontiers in Marine Science 04
content spectrophotometrically as previously described (Ritchie,

2008). Selected emerging organic contaminants (CECs), among

the most widely detected in the sediment, such as polycyclic

fragrances, nitro musks, triclosan (antibacterial) and methyl

triclosan (its metabolite), nonylphenol isomers (surfactant),

DEET (insect repellent), UV filters and organophosphorus

flame retardants (OPFRs) were analysed by in-cell clean-up

pressurised liquid extraction (PLE) followed by gas

chromatography-triple quadrupole mass spectrometry (GC-

MS/MS; SCION 456-GC and SCION TQ, Bruker). Limits of

detection (lod) of the method, calculated using a signal to noise

ratio of 3:1, ranged between 0.003 and 2.4 ng g-1. Further details

on the extraction and detection methodology can be found in

Pintado-Herrera et al. (2016).
2.3 Seagrass metabolism

The net productivity and respiration of S. isoetifolium

individuals were evaluated measuring oxygen evolution during

in situ incubations (Olivé et al., 2017) with PreSens® optodes. At

each location (site A, B and C), plants (circa 10-15 cm rhizome

bearing 5-7 shoots) were randomly collected, gently cleaned, and

incubated in gas-tight zip-bags (PPC+PET) with its own

surrounding water. At each site, two rounds of incubations

were performed around solar noon (noon ± 3 hour). On each

round, incubations for net plant productivity (NPP)
FIGURE 1

Sampling locations at Reunion Island. “Saint-Gilles” (STG, site A), “Passe Ermitage” (PAS, site B) and “Saline” (SAL, site C). Modified from Clavier
et al. (2008).
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(transparent chambers, n = 5) and respiration (R) (darkened

chambers, n = 5) were performed. Seagrass structural descriptors

(biomass and morphometry) were also recorded after the

incubations for rates normalisation. Productivity and

respiration of seagrass meadow at each site was calculated

considering the biomass of seagrass per area at each of the

studied sites. Daily productivity, respiration, and metabolic

balance budgets of S. isoetifolium plant and meadow were

calculated assuming a 12 h daylight photoperiod as it was in

Reunion Island during the sampling period. The metabolic

balance was calculated as the output between daily

productivity and respiration. Since incubations ran at noon

( i . e . max imum irrad iance) , seagrass product iv i ty

measurements were most likely maximised (Olivé et al., 2016),

so the daily budgets calculated, for both plant and meadow, can

be considered a proxy of maximum productivity and

metabolic balance.
2.4 Sediment metabolism

2.4.1 Sampling procedure
Three small cores (10 cm length, 4 cm i.d., n = 3 per site)

enclosing sediment were randomly collected within the seagrass

meadows at each sampling site (A, B and C) for microsensor

measurements. Cores and in situwater (≈ 20 L) were transported

immediately to the laboratory (within 30 minutes after

collection) and maintained at 26 °C, similar to in situ

water temperature.

2.4.2 Sediment microprofiles
Diffusive fluxes (O2) of the water-sediment were evaluated

using oxygen microelectrodes in the laboratory on collected

cores. Cores were maintained in a temperature-controlled

aquarium at 26 °C with bubbling to ensure adequate oxygen

saturation and water turbulence. Cores were exposed to light

conditions (white LED, ≈ 50 mmol quanta m-2 s-1) for one hour

before starting the measurements and, subsequently, to dark

conditions for another hour. A minimum of 3 microprofiles

were measured in each core in both light and dark conditions

using Clark type oxygen microelectrodes (Unisense, Denmark).

The microsensor tip was 50 µm in diameter and profiles were

calibrated using O2 concentrations in the vigorously bubbled

overlying water as 100% O2 saturation and the signal at anoxic

depths as zero. Microsensors were connected to a picoammeter

(Multimeter, Unisense, Denmark) and driven into the sediment

using a motorised micromanipulator (MM33, Unisense,

Denmark) in vertical steps of 100 µm. O2 fluxes across the

sediment-water interface were calculated by Fick’s first law of

diffusion, using the vertical gradient in the diffusive boundary

layer following the equation:
Frontiers in Marine Science 05
J mmolO2m
−2h−1

� �
= D0

∂ O2½ �
∂ z

Where, D0 is the diffusion coefficient of oxygen in water at

the temperature and salinities of the sample and ∂[O2]/∂z is the

oxygen concentration gradient measured in the diffusive

boundary layer. Daily metabolic fluxes and budgets were

calculated assuming a 12 h daylight photoperiod.
2.5 Benthic community metabolism and
water-sediment fluxes

2.5.1 Sampling procedure
Six sediment cores (30 cm length, 5.6 cm i.d., n = 6 per site)

enclosing the whole community, i.e. sediment + seagrass + the

associated benthic community (e.g. benthic infauna, epiphytes,

etc), were randomly collected within the seagrass meadows at

each sampling site (A, B, C) for community incubations.

Transportation and laboratory setting up was conducted as for

sediment cores (section 2.4.1).

2.5.2 Community incubations
Total oxygen and nutrient fluxes between the benthic

community and the overlying water were measured by

sediment core incubations. Three cores were maintained at

dark conditions, whereas the other three were maintained

illuminated (white LED, ≈50 mmol quanta m-2 s-1). To ensure

turbulence in the water column during the incubation, magnetic

stirrers were mounted inside each core and driven by an external

rotating magnet. Thirty minutes before the start of the

incubations, 15N�NO−
3 , was added to each one of the cores

to reach a final concentration of 5 µM (initial 14 −NO−
3 ,

concentration in the cores ranged 0.4-0.8 µM) to trace

processes of the N cycle (i.e. denitrification and anammox).

Stirring was kept on and cores left without the stopper to avoid

changes in the oxygen concentration of the water. Initial water

samples for nutrients (i.e. nitrate, nitrite and ammonium) were

collected and initial oxygen concentration was measured using

one oxygen microsensor (Unisense, Denmark). The sediment

cores were then sealed by closing the tubes with rubber stoppers

and kept closed for 3-3.8 hours of incubation. Water samples

were withdrawn from the cores using a syringe before closing the

cores with the stoppers and at the end of the incubation.

The change in concentration of gases and nutrients in the

water column were used to calculate the benthic community-

water fluxes as a mass balance following the equation:

J =
Cfinal − Cinitial

t
� V

A

Where: Cinitial and Cfinal were the concentrations measured

before closing with the stopper and immediately after the
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incubation, respectively; t was the incubation time; V was the

water volume and A was the area of the sediment. Samples for

nutrients were filtered through a 0.2 µm nylon filter into a

polyethylene vial and stored at -18 °C until later analysis.

Nutrients concentration was analysed at Cadiz University as

described in Garcıá-Robledo et al. (2014). Samples for the

determination of 15N-N2 were collected and preserved with

ZnCl2 for later analysis. The excess concentration of 29N2 and
30N2 was measured in a CF-IRMS at the Centre for

Geomicrobiology, Aarhus University (Denmark). Rate

calculations were done according to Thamdrup and Dalsgaard

(2002). Daily fluxes and budgets were calculated assuming a 12 h

daylight photoperiod.
2.6 Statistical Analysis

One-way ANOVAs were performed to determine differences

among the three sites studied in the environmental parameters

as well as in oxygen and nutrient fluxes measured on each

component (i.e. seagrasses, sediment, benthic community) in

both light and darkness. The significance level was set at a =

0.05. Data were transformed (square-root) when necessary to

meet parametric conditions. If -parametric conditions were not

meet after transformation, a non-parametric Kruskal-Wallis test

was applied. To link the biogeochemical descriptors and the

oxygen fluxes measured on each component of the lagoon, a

Spearman’s Rank correlation analysis was conducted

considering the normalized mean values at each station (i.e.

n=3 ranks, station A, B and C) using the IBM SPSS software.

Lineal regression model was run between nutrient fluxes and

initial nutrients concentration. Unless otherwise indicated,

statistical analysis was performed in R (version 4.1.1, R Core

Team 2021) using RStudio (version 2021.09.0). Values along the

text are mean ± standard deviation (SD) to give indication about

the variability of the data. Bars in figures represent mean ±

standard error of the mean (SEM) to give indication of the

uncertainty in the estimate of the mean (Cumming et al., 2007).

Standard deviation of daily budgets was calculated considering

error propagation of the mean (Laffers, 2010).
3 Results

3.1 General biogeochemical description

Biogeochemical descriptors of both water and sediment

measured at each site are shown in Table 1. Nutrient

concentrations (NH+
4 , NO

−
2 , NO

−
3 , PO

3−
4 ,) were low (< 0.5 µM),

with the pristine location (St A) showing the lowest N

concentrations (Table 1, p < 0.001). The organic matter

content in the sediment was less than 5% and chlorophyll
Frontiers in Marine Science 06
concentration remained lower than 10 µg g-1, with the highest

values measured at site C (Table 1).

The presence of organic contaminants of emerging concern

(CECs) in the sediment was generally low across the lagoon (lower

than 3.72 ng g-1 DW). The main organic contaminants found in the

sediment were sunscreen UV filters, organophosphate flame

retardants (OPFRs) and nonylphenols (NPs), which were

detected at all three sites studied (Table 1). The higher

concentrations of CECs were detected at site C (i.e. 3.7 ng g-1

DW of UV filter octocrylene, OC, and 0.9 ng g-1 DW of OPFR tri-

n-butyl phosphate, TnBP, Table 1). (See Table S1 in Supplemental

Material for a complete list of CECs analysed but not detected).
3.2 Seagrass metabolism

The plant metabolic balance, understood as the balance

between productivity and respiration, was autotrophic in all sites

studied and averaged plant net productivity of S. isoetifolium

significantly exceeded respiration by more than 6-fold (85 ± 9

and 14 ± 3 µmol O2 g DW
-1 h-1, respectively, Figure 2; Table S2).

However, net productivity and respiration trends differed among

locations (Figure 2, p < 0.001 and p < 0.01, respectively, Table S2).

Plants growing in the pristine location of St. Gilles (STG, Site A)

showed the highest productivity, while those growing at the

impacted site Passe Hermitage (PAS, Site B) showed the highest

respiration (106 ± 14 and 19 ± 7 µmol O2 g DW
-1 h-1, respectively).

The daily plant metabolic balance (PMB) was autotrophic in all sites

studied but the PMB in the pristine location (Site A) was double of

the impacted site (Site B) (Figure 2).

The plant and meadow structure also differed among the 3

locations sampled. Plant morphotype (leaf length and above/

below biomass ratio) and shoot density were lower at Passe

Hermitage (site B) (authors’ personal observation). Accordingly,

seagrass biomass per area was significantly lower at Site B while

similar biomass was recorded at sites A and C (276 ± 122; 53 ±

14; 320 ± 133 g DW m-2, for St A, B and C, respectively, p <

0.001). These differences resulted in significantly lower meadow

net productivity and respiration at site B under light and dark

conditions, respectively (Figure 3, p < 0.001, Table S2). Overall,

the daily meadow metabolic balance (MMB) in all sites was

autotrophic. However, the daily metabolic balance inferred for

the meadow at Site B was around the 10% of that estimated at

sites A and C (Figure 3). The mean daily metabolic balance

estimated for S. isoetifoliummeadows in the Reunion lagoon was

204.14 ± 21.97 mmol O2 m
-2 d-1.
3.3 Sediment metabolism

Oxygen microprofiles showed that oxygen was quickly

consumed in the first 2-3 mm of the sediment at the three
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sampling sites. In the site A (STG), net production profiles

showed a clear production peak below the sediment-water

interface, extending the oxygen penetration depth to 3-4 mm.

Site B (PAS) showed the lowest oxygen penetration depth, being

as low as 1 mm in some dark profiles (Figure S1).

Despite occasional profiles showing net production under

light conditions, sediment oxygen fluxes were negative (i.e.

oxygen consumption) (Figure 4). Among locations studied,

the pristine site (St A) showed the lowest oxygen consumption

in the sediment in both light and dark conditions (Figure 4,

significant in darkness p < 0.05, Table S2). The daily metabolic

oxygen balance in the sediment component (SMB, only

sediment) was net heterotrophic in all sites (Figure 4). The

average daily metabolic balance in the lagoon for the sediment

component was -16.31 ± 4.20 mmol O2 m
-2 d-1.
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3.4 Benthic community metabolism and
nutrient fluxes

The benthic community metabolism (i.e. sediment, seagrasses,

and the associated benthic community) was net autotrophic in light

conditions, releasing oxygen at a rate of 1.4 to 1.9 mmol m-2 h-1,

being similar in the three sites studied (Figure 5; Table S2). In

darkness, oxygen was consumed at rates of 1.2 to 4 mmol m-2 h-1,

with the highest consumption rates measured at site C. The

averaged daily metabolic balance in the lagoon for the benthic

community (CMB) was -8.63 ± 24.86mmol O2m
-2 d-1, that is, a net

consumption of O2 although the high variability associated to this

value covers the range from autotrophic to heterotopic net balance.

In general, the benthic community consumed both

ammonium and nitrate under light and dark conditions,
TABLE 1 Lagoon biogeochemical descriptors.

Compartment Parameter (units) Site A (STG)
Mean ± SD (n)

Site B (PAS)
Mean ± SD (n)

Site C (SAL)
Mean ± SD (n)

ANOVA

Water Irradiance (µmol quanta m-2 s-1) 702 ± 203 (51) 998 ± 210 (29) 665 ± 199 (40) p < 0.001; A, C < B

Water Salinity 34.52 34.61 34.76

Water Temperature (°C) 26.9 ± 0.5 (20) 25.9 ± 0.4 (19) 27.2 ± 0.2 (19) p < 0.001; A, C > B (*)

Water O2 (uM) 222 ± 21 (20) 176 ± 16 (19) 224 ± 29 (19) p < 0.001; A, C > B

Water pHTOT 8.04 ± 0.01 (3) 7.97 ± 0.01 (3) 8.09 ± 0.01 (3) p < 0.001; C > A > B

Water TA (µmol/kg) 2287 ± 3 (3) 2261 ± 1 (3) 2187 ± 2 (3) p < 0.001; A > B > C

Water NH+
4 (µM) 0.29 ± 0.01 (3) 0.37 ± 0.01 (3) 0.48 ± 0.02 (3) p < 0.001; A < B < C

Water NO−
3 (µM) 0.13 ± 0.01 (3) 0.20 ± 0.01 (3) 0.24 ± 0.01 (3) p < 0.001; A < B < C

Water NO−
2 (µM) 0.06 ± 0.00 (3) 0.10 ± 0.01 (3) 0.10 ± 0.00 (3) p < 0.001; A < B, C

Water PO3−
4 (µM) 0.16 ± 0.01 (3) 0.12 ± 0.00 (3) 0.09 ± 0.01 (3) p < 0.001; A > B > C

Sediment OM (%) 3.4 ± 0.05 (5) 3.7 ± 0.44 (4) 5.04 ± 0.28 (5) p < 0.001; A, B < C

Sediment Chl a (µg g-1) 7.87 6.63 9.06

Sediment CECs (ng g-1 DW)

Fragrances

Galaxolide lod lod 0.075

Tonalide 0.108 lod 0.137

UV Filters

OC 2.644 1.153 3.709

4-MBC 0.180 0.262 0.562

EHMC 0.123 0.082 0.217

BP-3 0.092 lod 0.252

OPFRs

TnBP 0.484 0.204 0.911

TiBP 0.027 lod 0.03

TEHP 0.008 lod 0.009

Other CECs

NPs 2.463 1.870 1.767
Data are mean values ± standard deviation (sample size). Irradiance, salinity, temperature, oxygen (O2), pHTOT (25°C, total scale), total alkalinity (TA), ammonium (NH4+), nitrate (NO3-),
nitrite (NO2-), and phosphate (PO43-) were measured in water. Organic matter (OM), chlorophyll a (Chl a), and contaminants of emerging concern (CECs) were measured in the first 3
centimetres of the sediment. CECs are UV filters (Octocrylene (OC), 4-methylbenzylidene camphor (4-MBC), Ethylhexyl methoxycinnamate (EHMC), and Benzophenone 3 (BP3));
organophosphate flame retardants (OPFRs) (tri-n-butyl phosphate (TnBP), tri-iso-butyl phosphate (TiBP), and tris-2-ethylhexyl phosphate (TEHP)); and nonylphenol isomers (NPs). (DW)
indicates dry weight and (lod) indicates levels below the detection limit. In case no SD value is indicated, mean values refer to a pooled sample. ANOVA results are indicated as statistical
significance (p-value) and Tukey HSD pos-hoc analysis for sites. (*) indicates non-parametric data.
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although the large heterogeneity in the rates measured resulted

in large deviations from the mean value and therefore no

significant differences were found between sites (Figures 6A, B

Table S2). Nitrate consumption by denitrification and anammox
Frontiers in Marine Science 08
was low (< 0.1 µmol m-2 h-1) and a minor fraction of the total

nitrate consumption (0.1-1.1%) but it was measured at

significant rates in the three sites (p < 0.05, t-test). No

differences were detected among stations in nitrate
FIGURE 3

Seagrass net meadow productivity measured in light (white columns) and dark (black columns) conditions. Bars are mean ± SEM. Numbers
above indicate the daily seagrass meadow metabolic balance (MMB) (mean ± SD) for each site.
FIGURE 2

Net plant oxygen production of S. isoetifolium measured in light (net plant productivity, NPP, white columns) and in darkness (respiration, R,
black columns) at “Saint-Gilles” (STG, site A), “Passe Ermitage” (PAS, site B) and “Saline” (SAL, site C). Bars are mean ± SEM. Numbers above
indicate the daily plant metabolic balance (PMB) for each site (mean ± SD).
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consumption but for denitrification in darkness (Table S2).

Daily denitrification rates ranged from 0.02 to 1.4 µmol m-2 d-

1, with higher rates measured at station A while anammox rates

varied between 0.5 and 2.2 µmol m-2 d-1 with no clear trend

found among sites (Figure 6C).

Initial nutrient concentrations measured in the core

incubations were higher than those measured in samples

collected in situ, especially for ammonium (Figure 6D,

Table 1, respectively). This likely resulted in net consumption

fluxes higher than those expected at in situ concentrations.

Similarly, the measured ammonium fluxes are much higher

than nitrate fluxes despite the similar trace levels found in situ

for both nutrients.
4 Discussion

This study provides the first metabolic dataset for the

seagrass Syringodium isoetifolium in the West Indian Ocean.

The seagrass community in the Reunion lagoon was net

autotrophic and contributed to the lagoon benthic metabolism.

Large variability among sites was detected in the metabolic

balance of each one of the benthic components assessed (i.e.

seagrass, sediment, community) also associated with the natural

and/or anthropic-driven environmental variability found in the

lagoon. The metabolic balance of the benthic compartment in

Reunion was slightly heterotrophic but highly variable. The high

productivity and autotrophic metabolic balance of S. isoetifolium
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helped decreasing the sediment net heterotrophy. No significant

nutrient inputs were detected in this study and the benthic

community showed potential capacity for maintaining the

lagoon oligotrophic condition via nitrogen retention (uptake

by microphytobenthos and seagrasses) and removal

(denitrification and anammox) but other sources of

contamination, such as organic CECs, may potentially affect

the benthic community and metabolism in the lagoon and

should be considered in the future studies.
4.1 Biogeochemistry of Reunion lagoon

Biogeochemical descriptors measured in the water column

were in the range of those previously reported in the Reunion

lagoon (Tedetti et al., 2020). Nutrients measured in the water

mass, as well as organic matter and chlorophyll in the sediment,

were low and within the range expected for a tropical oligotrophic

sandy lagoon (van Tussenbroek, 2011; Bayraktarov and Wild,

2014). Environmental pressures in the lagoon have been

historically attributed to nutrients loads from watershed

associated to increasing urbanization and agriculture (Cuet,

1989). However, the low nutrient concentration measured in

this study does not support the hypothesis that Reunion lagoon

is experiencing significant nutrients load or facing eutrophication

risk, even at the “impacted” site of Passe Hermitage.

Together with inorganic nutrients, submarine groundwater

discharges and rivers may also carry organic matter and
FIGURE 4

Sediment metabolic fluxes of oxygen measured in light (white columns) and dark (black columns) conditions. Bars are mean ± SEM. Numbers
above indicate the daily sediment metabolic balance (SMB) (mean ± SD) for each site.
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FIGURE 5

Community metabolic fluxes of oxygen measured in light (white columns) and dark (black columns) conditions. Positive rates mean net release
from the community to the water column whereas negative values represent net consumption rates from the benthic community. Bars are
mean ± SEM. Numbers above indicate the daily benthic community metabolic balance (CMB) (mean ± SD) for each site.
B

C D

A

FIGURE 6

Net community fluxes of ammonium (A), and nitrate (B). Daily community nitrogen consumption rates (denitrification (Dni) and anammox) (C).
Nutrient concentrations (ammonium and nitrate) recorded in the water at the beginning of the incubation (D). Bars are mean ± SEM.
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contaminants to the lagoon (Tedetti et al., 2020). Organic

contaminants are a growing threat in marine systems and

their toxicity has been largely demonstrated (Soares et al.,

2008; Miller et al., 2021). In this study, we analysed the

presence of organic contaminants of emerging concern

(CECS) as potential sources of anthropogenic pressure,

providing the first report on CECs in the sediment of Reunion

lagoon. In general, the number and concentration of organic

contaminants detected in the lagoon were low in comparison

with other coral reef ecosystems and tropical areas (Kawahata

et al., 2004; Mitchelmore et al., 2019). Even though, CECs were

still detectable in the sediment, which is particularly relevant

considering the sandy matrix of Reunion lagoon and the low

affinity of organic contaminants for sandy substrates (Pignatello,

2012). The main groups of CECs found in the sediment were the

UV filters, widely used as sunscreen, organophosphorus flame

retardants (OPFRs), widely used as plasticizers, and detergent-

like nonionic surfactant nonylphenols (NPs). UV filters

(sunscreen) were the most detected CECs in the lagoon at

concentrations similar than those reported in several coastal

areas (Tsui et al., 2015; Apel et al., 2018) while NPs and OPFRs

concentrations were lower compared to other coral reef and

coastal areas (Kawahata et al., 2004; Chen et al., 2019). River

flow, runoff, and groundwater discharges carrying industrial and

urban wastewater are considered main entries of CECs into coral

reef systems (Kroon et al., 2020). However, the higher

concentrations of UV filters detected at Saline (Site C), a

popular frequented beach area, are likely due to sunscreen

being directly released into the environment during

recreational activities. This site also showed the higher

percentage of organic matter, which may further favours CECs

accumulation in the sediment due to the known interaction and

affinity of organic pollutants with sediment organic matter

(Pignatello, 2012). Benthic organisms may further accumulate

CECs, as it has been recently reported for UV filters in

belowground tissues of seagrasses (Agawin et al., 2022). Once

incorporated, CECs may disrupt metabolic pathways in benthic

organisms altering the metabolic balances at different trophic

levels, with possible wider consequences in the marine food web

and biogeochemical fluxes (Kawahata et al., 2004; Tsui et al.,

2015; Miller et al., 2021). A significant negative correlation

(Spearman’s rank correlation, Table S3) was found between

CECs (e.g. UV filters OC, 4-MBC, EHMC and BP-3, and OPFRs

TnBP, TiBP, and TEHP) and the respiration rates in the 3

compartments studied (i.e. seagrass meadow, community and, to

a less extend, sediment) as well as with the community metabolic

balance (CMB). Although not conclusive, the reported negative

correlations may indicate a potential negative effect of CECs on

the mitochondrial functioning and metabolic routes as a result of

oxidative damage, as it has been described in other species (Yeh

et al., 2017; Leitão et al., 2021), which may impact in the

respiration rates of seagrasses and the lagoon system.

Although further work is needed, the presence of CECs in
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Reunion lagoon may constitute an environmental driver of

pressure also contributing to the high metabolic variability

detected in the benthic compartment (see discussion below).

Our results highlight the need of considering new emerging

contaminants together with classical biogeochemical descriptors

to properly describe the environmental context and detect

potential drivers of pressure for the benthic community in

areas of high ecological value, such as tropical coral reefs.
4.2 Metabolic balance in the
lagoon compartments

4.2.1 Seagrass metabolism
Plants of S. isoetifolium in Reunion showed a positive

metabolic balance, understood as the balance between

photosynthesis and respiration, confirming the autotrophic

contribution of seagrasses to coral reef systems. The positive

metabolic output resulted from plant photosynthesis largely

exceeding respiration in all the sites assessed. The average

daily metabolic balance calculated for seagrass meadows in

Reunion (204.14 ± 21.97 mmol O2 m-2 d-1) falls within the

range attributed to seagrass communities (Duarte et al., 2010)

and within other tropical small-species (Anton et al., 2020). We

also note our estimate should be considered as optimized since

seagrass metabolism was assessed at noon when seagrass

productivity is likely to be maximised (Olivé et al., 2016).

The net productivity, respiration, and metabolic balance of S.

isoetifolium plants displayed large variability (up to two-fold)

among the sites studied. Large intraspecific plasticity has been

attributed to the metabolism of seagrasses, as well as other

physiological and morphological traits, associated with

environmental drivers (Olivé et al., 2013; Enrıq́uez et al., 2019;

Peralta et al., 2021). Differences in the metabolic balance of plants

found at the different sites likely reflected the exposure to different

environmental conditions. We hypothesised that plants in site B

were potentially exposed to higher environmental pressure, such as

nutrients or contamination from sewage loads. The lower metabolic

balance of plants was recorded at the impacted site B (PASS) and

was mainly due to a higher oxygen consumption (i.e. respiration) in

darkness, though the net productivity recorded at this site was also

the lowest. Increased respiration associated with nutrient

enrichment has been already documented as a metabolic response

of seagrasses (Burkholder et al., 2007). However, nutrients, organic

matter, and organic contaminants levels remained low at the three

sites studied. Hydrodynamics may also affect morphological and

physiological traits in seagrasses, for instance favouring the

development of the anchoring system, decreasing the above/

belowground biomass ratio, and the proportion of autotrophic

tissues (Peralta et al., 2006). Plants at site B (PAS) were indeed

exposed to a higher hydrodynamic regime, due to the proximity to

the reef pass (Tedetti et al., 2020), likely contributing to the lower

metabolism recorded at this site.
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After integrating S. isoetifolium metabolism per area

projected, seagrass meadows at Reunion also resulted in net

autotrophic systems but the daily productivity greatly varied, up

to 10-fold, among locations. Together with metabolic traits,

morphological descriptors of S. isoetifolium also differed among

locations. Previous monitoring of seagrass meadows conducted in

Reunion revealed large variations in seagrass seascape coverage

along the recent decades in the reef lagoon (Cuvillier et al., 2017).

In agreement with seascape monitoring, we detected more than 5-

fold variation in the seagrass biomass per area among the sites

studied with significant lower biomass at site B (PAS). Both

natural, physical (e.g. hydrodynamics) and biotic disturbances

(e.g. grazing), as well as anthropogenic pressures (e.g. grubbing,

nutrient inputs) have been pointed as main drivers conditioning

seagrass meadows stability in Reunion (Cuvillier et al., 2017).

Reduced growth rates and shoot density has been further

described as a response of seagrass to environmental forcing,

such as eutrophication (Olivé et al., 2009) and hydrodynamic

perturbation events (Peralta et al., 2006). Higher energetic

demands at plant level together with environmental forcing

likely affected growth rates and biomass partitioning of S.

isoetifolium resulting in significantly lower biomass cover at

impacted location (PAS). This, in turn, scaled-up into

significantly lower net metabolism and lower autotrophic

contribution of seagrass meadows in the impacted site.

4.2.2 Sediment metabolism
The average daily metabolic balance calculated for the

sediment component (-16.31 ± 4.20 mmol O2 m-2 d-1) was in

the range reported in in situ sediment incubations conducted in

the same locations (Taddei et al., 2007), reflecting a net oxygen

consumption by the sediment likely being a carbon dioxide source.

The sediment oxygen fluxes measured in the sediment-water

interface with microsensors were negative, i.e. net heterotrophic,

even under light conditions at the irradiance levels set in the

l abora tory . The presence o f benth i c microa lgae ,

microphytobenthos, was confirmed by the detection of

chlorophyll a and c in the sediments of the three locations.

Chlorophyll a concentration in the first centimetre of the

sediment ranged from 6 to 9 µg g-1, equivalent to 43 to 59 mg

m-2. These values were in the range of concentrations measured

in other coral reef sediments where sediments are net

autotrophic and microphytobenthos has been shown to be a

relevant primary producer in the benthic compartment (Heil

et al., 2004; Hochard et al., 2012; Cox et al., 2020). Despite the

similar biomass of microphytobenthos (based on the chlorophyll

concentrations) suggesting certain relevance of the

microphytobenthos biomass in the benthic compartment, our

measurements showed that the sediment was net heterotrophic.

The relatively low light intensity reached in the laboratory,

compared to the in situ light levels recorded in the field in this

study and reported in other studies (Taddei et al., 2007), may
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have limited photosynthesis of microphytobenthos during the

microsensor measurements. Some oxygen microprofiles showed

net oxygen production, reflecting the potential for

microphytobenthonic productivity. The larger variability in the

sediment fluxes reported under light conditions was caused by

the occasional presence of net productive spots with high gross

productivity, even at the low light intensity set in the lab

conditions. In situ oxygen microprofiles could provide further

relevant information about the contribution of benthic

microalgae to the metabolism of the coral reef sediment (Glud

et al., 2000). However, such measurements are technically

complex and were not carried out during the present study.

Future studies should therefore consider the in situ use of

microsensors, to fully characterise the metabolic role of

microphytobenthos in the coral reef system of Reunion island.

4.2.3 Community metabolism
Oxygen fluxes between the benthic community and the

water column measured with core incubations integrated the

metabolism of the whole benthic community, including the

sediment, seagrasses, and the associated benthic community.

The large variability of the values measured in diffusive

(sediment) and community fluxes at each site did not allow

the detection of significant changes in the metabolic balance

among the three sites studied, however noticeable differences

could be observed between the contribution of the sediment

alone and the whole community to the net oxygen consumption.

As it could be expected, oxygen fluxes measured in dark

conditions were 2-4 times higher than the values obtained for

the sediment with microsensors, reflecting the increase in

oxygen consumption by the other community components

(seagrasses and associated benthic community). Despite

including the seagrasses, the respiration rates of the

community were in the same range of those reported for bare

sediment measured using in situ benthic incubation chambers

close to our study sites (Taddei et al., 2007; Taddei et al., 2008).

The respiration of the sediment was about 21-25% of the

community respiration in sites A and C, increasing up to 70%

in site B. The high contribution of the community in the

respiratory rates measured in sites A and C revealed that the

benthic community has a relevant role in the net oxygen

consumption in the sandy areas of the reef lagoon. Previous

studies in the lagoon had however considered only the bare

sediment (Taddei et al., 2007; Taddei et al., 2008), excluding the

contribution of the community associated with the seagrass

meadows. On the other hand, the lowest contribution of the

benthic community to the oxygen consumption rates in

darkness was detected in Passe Hermitage (St B), which also

held the lowest seagrass coverage and biomass.

The major contribution of the seagrasses to the benthic

community metabolism was detected during light conditions.

Unlike the sediment component, the benthic community was
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net autotrophic at the three stations, shifting the role of the

lagoon to a net oxygen producer. Similarly to the

microphytobenthonic productivity measured in the sediment,

the irradiance during the laboratory incubations was low

compared to in situ values, likely limiting the net oxygen

production by the seagrass community. In situ community

incubations similar to those performed in the bare sediments

by Taddei et al. (2007) could provide useful information about

the metabolic activity of the seagrass meadows, further

supporting the relevance of the benthic compartment in the

net production of the reef lagoon as our results suggest.

4.2.4 Lagoon-wide metabolic balances
Lagoon-wide, the mean daily benthic community metabolic

balance estimated for the lagoon was slightly heterotrophic (-8.63 ±

24.86 mmol O2 m
-2 d-1). However, the high uncertainty associated

to this value does not allow to assertively characterize the system as

net heterotrophic but close to zero oscillating between autotrophy

and heterotrophy. Mean O2 fluxes varied circa 10-fold among sites

studied with large variability also associated within each site. The

large metabolic variability found on the species S. isoetifolium across

reduced spatial scales (hundreds of metres) has been also described

in other seagrass species (Olivé et al., 2013). Moreover, the sediment

and the community metabolism also varied significantly across the

lagoon highlighting the need of considering spatial variability when

calculating global metabolic budgets. As Clavier et al. (2008) noted

for temporal scales, metabolic budgets measured in limited areas

and then extrapolated to larger areas without considering the

associated variability may entail large inaccuracies when used in

ecosystem models.

Despite this variability, the global metabolic balance of the

benthic community was less heterotrophic than the sediment

compartment (-8.63 ± 24.86 and -16.31 ± 4.20 mmol O2 m
-2 d-1,

respectively). Although seagrass beds coverage in Reunion Island is

relatively low and limited to one single species, this study reveals the

major role that seagrasses may hold in contributing to the

autotrophic metabolic balance of reef lagoon. In order to get a

closer estimate of the contribution of seagrass meadows to the

community metabolism, we performed a scaling-up exercise. The

productivity of seagrass meadow (NMP), measured under natural

light conditions, was recalculated for the irradiance used in the

laboratory for the sediment and community incubations (i.e.

laboratory LED lights) using the PI curves parameters for S.

filiforme provided by Major and Dunton (2000). At the

laboratory irradiance, the NMP of seagrass meadows was reduced

by circa 85% (i.e. 4.38 ± 0.59, 0.56 ± 0.16, 3.84 ± 0.52 mmol O2 m
-2

h-1, for St. A, B and C, respectively) falling within the same order of

magnitude of metabolic rates measured in the sediment and the

benthic community (Figures 4 and 5). When adding the seagrass

contribution to the oxygen fluxes measured in the sediment (i.e.

sediment + seagrass), the NPP values obtained (3.99, -0.25, 3.11

mmol O2 m-2 h-1, for St A, B, C, respectively) fit closer to the
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community fluxes measured in the laboratory (1.65, 1.39, 1.89

mmol O2 m
-2 h-1, for St A, B and C, respectively, Figure 5). Indeed,

estimated mean daylight fluxes for the lagoon calculated from

sediment + seagrass data closely matched those obtained for the

benthic community (2.29 and 1.65 mmol O2 m
-2 h-1, respectively).

These results highlight the major role that seagrass S. isoetifolium

plays in turning the benthic metabolism of the Reunion lagoon

from net heterotrophy into net autotrophy and further confirm

seagrasses as a key component to consider when calculating benthic

fluxes and global metabolism in the benthic compartment.

4.2.5 Nutrient fluxes
Nitrogen fluxes in the community incubations were also

assessed to evaluate the potential role of the benthic community

as sink or source of nutrients in the lagoon. In situ nitrogen and

phosphorus nutrient concentrations were below 0.5 µM at the three

stations, confirming the low nutrient availability in the water

column and the oligotrophic conditions of the lagoon. However,

the sampling of the cores for community incubations likely induced

a perturbation in the low nutrient conditions of the water column.

Ammonium concentrations measured in the water column inside

the cores ranged from 1 to 5 µM, being 2-10 times higher than the

concentrations measured in situ (about 0.5 µM). Ammonium

accumulates in the porewater (Capone et al., 1992) and the

increased concentrations measured in the cores suggest that

sediment resuspension during the collection or later manipulation

of the sediment cores and the release of porewater ammoniummay

have taken place. Nitrate concentrations in the water column during

the incubations were similar to those measured in situ, suggesting

that nitrate did not accumulate in the porewater as has also been

measured in other coral reef sediments (Capone et al., 1992) and the

sediment manipulation did not cause a relevant increase in the

nitrate concentration inside the cores.

Ammonium and nitrate fluxes were significantly and

negatively correlated with the concentration of each nutrient at

the beginning of the incubation (linear regression, p < 0.01, Table

S4), likely reflecting the nutrient limitation status of the

community. At low nutrient concentrations, fluxes were close to

zero or even positive whereas negative values (i.e. net consumption)

were detected in samples with higher initial nitrogen

concentrations. The increase in ammonium concentration caused

by the slight sediment disturbance resulted in increased

ammonium consumption. Similarly, the increase in nitrate

concentrations caused by isotope addition proportionally

increased nitrate consumption rates. In both cases, the increase

in nutrient concentration resulted in a proportional increase in

nutrient flux to the benthic compartment. These results indicate the

capacity of the benthic ecosystem for nutrient uptake when

nutrient concentrations increase in the water column. Nutrient

fluxes in seagrass communities has been shown to be proportional

to the nutrient concentrations in the water column at low

concentrations, being consequence of nutrient uptake by the
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Olivé et al. 10.3389/fmars.2022.867986
different components of the community (seagrasses and

microphytobenthos) (Cornelisen and Thomas, 2006). Therefore,

slight and sporadic increases in nutrient loading to the reef could be

buffered by the nutrient retention capacity of the seagrass benthic

community, which absorbs nutrients from the water column at a

rate proportional to the concentration of nutrients in the water

column. Nutrient discharges from groundwater systems have been

described in the area (Tedetti et al., 2020) and the potential nutrient

uptake from the seagrass community (Alexandre et al., 2011) might

dampen the negative impacts of nutrient enrichment in

oligotrophic ecosystem such as the Reunion Island lagoon.

The nitrate flux towards the benthic community also included

denitrification and anammox processes. Nitrate transformations

to nitrogen gas were detected in the community incubations at the

three sites confirming the presence of this process in the sediments

of the reef lagoon. Rates measured were low as could be expected

by the low nitrate levels found in the lagoon, resulting in rates

similar to those found in subtropical seagrass sediments (Salk

et al., 2017). Dissimilatory reduction of nitrate to ammonium

(DNRA) was not measured in this study and it might induce the

underestimation of denitrification and anammox rates (Song

et al., 2013; Salk et al., 2017). However, DNRA rates in intact

sediment cores are commonly low and the impact on

denitrification and anammox rates are negligible (Song et al.,

2016). On average, only 0.4-1.2% of the nitrate flux to the

sediment was converted to dinitrogen (N2) and removed from

the system. While the nutrients incorporated by the

photosynthetic community can return to the system through

the degradation of their biomass, denitrification and anammox

processes imply a loss of nitrogen from the system. These nitrogen

consumption processes of the benthic compartment, although

slow, remove a fraction of the nutrient load of the ecosystem,

likely contributing to the maintenance of the oligotrophic

conditions of the lagoon.
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