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Abstract  

Eutrophication is a major threat to world’s coral reefs. Here, we mapped the distribution of 

the anthropogenic nitrogen footprint around Nouméa, a coastal city surrounded by 15,743 km2 

of UNESCO listed reefs. We measured the δ15N signature of 348 long-lived benthic bivalves 

from 12 species at 27 sites and interpolated these to generate a δ15N isoscape. We evaluated 

the influence of water residence times on nitrogen enrichment and predicted an 

eutrophication risk at the UNESCO core area. Nitrogen isoscapes revealed a strong spatial 

gradient (4.3 to 11.7‰) from the outer lagoon to three highly exposed bays of Nouméa. 

Several protected reefs would benefit from an improved management of wastewater outputs, 

while one bay in the UNESCO core area may suffer a high eutrophication risk in the future. 

Our study reinforces the usefulness of using benthic animals to characterize the anthropogenic 

N-footprint and provide a necessary baseline for both ecologists and policy makers.  
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Highlights 

• Benthic filter-feeding bivalve communities are good bio monitors of spatial variations 

in anthropogenic-based eutrophication 

• The baseline δ15N value found in bivalves from the outer lagoon of New Caledonia 

was  4.7±0.4‰. 

• The δ15N signature of benthic bivalves reached 11.7‰ in the most exposed station. 

• Isoscapes might be used both for long-term monitoring and to predict risks of at-sea 

anthropogenic pollution. 
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Introduction 

Coral reef systems are internationally recognized as places of outstanding universal value. 

Coral reefs and lagoons represent only 5% of Earth’s surface but are considered major 

biodiversity reservoirs (Reaka-Kudla 1996, Small et al. 1998, Knowlton et al. 2010). 

Associated with this biodiversity of high conservation value, coral reef fisheries play a major 

role in the sensitivity of low- and middle-income countries to food security, particularly in 

island territories (Hughes et al. 2012, Foale et al. 2013). From an economic perspective, the 

value of coral reefs is also increased by the development of nature-based tourism worldwide 

(Spalding et al. 2017). All these characteristics contribute to the outstanding value of coral 

reefs, of which the most significant ones are protected under the UNESCO World Heritage 

Convention. 

An assessment of 14 reef regions in 2003 showed a continuous degradation of these 

ecosystems from the pre-human historical period to present (Pandolfi et al. 2003). 

McClenachan et al. (2017) even highlighted a strong spatial gradient in the loss of coral cover 

from the inner lagoon (-87%) to the forereef (-0%). Global factors related to climate change 

and oceans acidification are known to drive recent mass bleaching events and disease 

outbreaks in coral reefs (Buddemeier et al. 2003), but local anthropogenic-based factors such 

as overfishing and water quality certainly have also impacted these systems for a long time 

(Jackson et al. 2001). A recent work pointed out many factors associated with urban 

development that are, or could be, involved in the ongoing changes observed in hard coral 

communities (Heery et al. 2018). However, the respective effects of global and local scale 

factors on coral reefs remain difficult to disentangle. 

Among the local anthropogenic-based factors affecting coastal coral reefs, eutrophication is 

certainly predominant (Bell et al. 1992, 2014). High nitrogen loadings have been shown to 

have adverse direct and indirect effects on coral resilience to climate change and bleaching 
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events and managing sewage inputs is particularly challenging to protect coral reefs 

(Wooldridge 2009, D’Angelo and Wiedenmann 2014, Vega Thurber et al. 2014). It was 

suggested that a 50-80% reduction of dissolved organic nitrogen loading at inshore reefs 

subject to high water runoff would be equivalent to a 2.0-2.5°C lowering of the bleaching 

temperature threshold for corals (Wooldridge 2009). Risk assessment models are under 

development that will help identifying the most sensitive coral reefs and prioritize 

management actions for their protection (Wooldridge et al. 2017). Meanwhile, 25 of the 29 

UNESCO coral reef sites suffered important bleaching stress over the last three years, 

including the lagoon of New Caledonia which experienced coral bleaching in 90% of fringing 

and lagoon reef sites in 2016 (Benzoni et al. 2017). The totality of these World Heritage sites 

might even cease to exist by the end of this century if indirect and direct threats are not 

drastically reduced. However, eutrophication due to land-derived nutrient discharge is 

suspected to already occur at 104 out of 112 reefs listed in the World Atlas of Coral Reefs 

(Wear and Thurber 2015). 

Half of world heritage coral reefs are located close to a continental landmass, including the 

Great Barrier Reef and the lagoons of New Caledonia which are also close to major cities of 

more than 150,000 inhabitants. Significant urbanization is ongoing in the peninsula of 

Nouméa, the capital city of New Caledonia (Fig. 1). New Caledonia coral reefs cover 23,000 

km2 and host around 450 coral species. These reefs are now protected by 15,743 km2 (68 % of 

total) of UNESCO World Heritage sites since 2008 (Andréfouët and Wantiez 2010). The New 

Caledonia government also implemented 440 km2 of marine protected areas, (2 % of total). 

However, some of these protected areas, including natural reserves, are located close to an 

urban center. The Capital city of Nouméa hosts approx. 100,000 people and released around 

22,860,000 L of wastewater in 2008, 24% being treated (Broustet and Rivoilan 2015, 

Gouvernement de la Nouvelle Calédonie, 2009). Thereby, identifying major terrestrial 
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nutrient sources, particularly nitrogen, is crucial to prevent water quality degradation in these 

protected reefs. Mapping the extent of the anthropogenic nitrogen footprint around Nouméa 

will provide an invaluable baseline to implement effective sewage management policies in the 

Islands of the Southwest Pacific. 

During the secondary treatment of sewage in Wastewater Treatment Plants (WTPs), both 

aerobic nitrification (ammonium to nitrate) and anaerobic denitrification (reduction of nitrate 

to N2 gas) leave the remaining ammonium and nitrate enriched in δ15N (Kendall et al. 2008). 

Marine primary producers living around sewage outputs, such as algae and phytoplankton, 

thus consume dissolved inorganic nitrogen that is enriched in 15N (Cabana and Rasmussen 

1996, Tucker et al. 1999). Similarly, consumers exposed to secondary or greater treated 

effluents ingest particulate organic matter that is enriched in 15N (Gartner 2002). This 

enrichment due to sewage disposal can be measured on tissues of these organisms, and δ15N 

values be used as a proxy of nitrogen pollution (Cabana and Rasmussen 1996, Costanzo et al. 

2005, Schlacher and Connolly 2009, Kaminski et al. 2018). The δ15N values vary along the 

food web, with an enrichment in 15N while transferring to higher trophic levels (DeNiro and 

Epstein 1981, Peterson and Fry 1987, Morissey et al. 2013). At a specific trophic level, δ15N 

values may also vary depending on seasonal variations associated with the growth rate of 

organisms (Gorman et al. 2017, Lorrain et al. 2002, Perga et al. 2005). Therefore, the choice 

of indicator species should be made according to the study objective and consider i) the 

source of nitrogen uptake, ii) the tissue turnover rate and iii) organism mobility. Primary 

producers with fast tissue turnover rates (e.g., algae and phytoplankton), will allow for the 

detection of subtle variations in the dissolved inorganic nitrogen sources (Risk et al. 2009). 

Conversely, bivalves and invertebrates with slower turnover rates will provide integrated 

measures of N-inputs over longer time periods (several months to one year) and have been 

proposed as good indicators of wastewater inputs (Carmichael et al. 2004, Fukumori et al. 
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2008, Gorman et al. 2017, Graniero et al. 2016). Bivalves, being present in different 

ecosystems - including coastal habitats - at all latitudes, represent important candidate species 

for studying anthropogenic signals and environmental changes in coastal waters worldwide 

(Richardson 2001). Bivalves have thus been used for both tracking marine sewage disposal 

and mapping baseline nitrogen isoscapes (Costanzo et al. 2005, Vokhshoori and McCarthy 

2014). Isoscapes, for “isotope landscapes”, correspond to spatially explicit predictions of 

isotope ratios, which are used to investigate geological, biogeochemical, anthropological, 

biological or ecological processes (West et al. 2010). 

The present study aims at mapping the distribution of anthropogenic nitrogen enrichment in 

the southwest lagoon of New Caledonia. We used δ15N values in bivalves as a time integrated 

proxy of wastewater inputs, and coastal water flushing time as a contributing factor. The 

study provides a baseline assessment of anthropogenic-based nitrogen inputs in the lagoon 

surrounding Nouméa, the first δ15N isotopic baseline (isoscape) in this area. Results are 

discussed in term of pollution risks for coral reefs included in UNESCO listed marine 

protected areas, and challenges regarding wastewater treatment in surrounding coastal cities. 

 

Methods 

Study site 

Nouméa, the capital city of New Caledonia, is a 45 Km2 peninsula hosting 99,926 people with 

a population density of 2,221 individuals/km2 (Broustet and Rivoilan 2015). This population 

experienced a 4-fold increase in 50 years and is increasing by 2.4% annually (Broustet and 

Rivoilan 2015). Two Sustainable Resource Management Areas are along the coasts of 

Nouméa, which is only 6.5 km away from the closer Integral Natural Reserve, 10 km away 

from an Integral Seasonal Natural Reserve, 10.2 km from a Natural Reserve, 21 km from the 
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Provincial Marine Park and 42 km away from the closer UNESCO world heritage coral reef.  

In 2008, seven WTPs in Nouméa treated less than 5.4 million L of wastewaters for a total 

need estimated around 22,86 million L (Gouvernement de la Nouvelle Calédonie 2009). Most 

of the wastewater network in Nouméa is made of open ditches or nozzles, originally designed 

for the drainage of rainwater, in which effluents from septic tanks directly discharges 

(Gouvernement de la Nouvelle Calédonie 2009). Consequently, anthropogenic eutrophication 

at inshore stations surrounding Nouméa has been recorded with high particulate organic 

nitrogen values up to 1.9 µM (Fichez et al. 2010). An ongoing development project includes 

the building of a new 104 km long sewage network to separate rainwater from domestic 

effluents and connect 95 % of the population to WTPs (Gouvernement de la Nouvelle 

Calédonie 2009). Realizations from this project included a new WTP in the Sainte-Marie Bay 

(Fig. 1), which has been put into service the year following our study. By analyzing data 

collected prior to the ongoing improvement of the water management plan, we address the 

need for a “reference” point. Simultaneously, we promote a method that should be reproduced 

over time to evaluate the efficiency of this program. 

Experimental design 

Samples were collected by SCUBA diving from February to October 2012, at 27 stations 

located within the southwest lagoon of New Caledonia. This part of the lagoon extends from 

the Nouméa peninsula to the barrier reef, about 40 km southwest. It can be divided in three 

geomorphological areas: the inner lagoon, the outer lagoon and the inner reef (Ouillon et al. 

2010). The mean water depth is approximately 17.5 m. To generate baseline δ15N isoscapes, 

we selected 15 sampling stations in the inner lagoon, close to the coastline of Nouméa to 

capture potential sewage pollution (Fig. 1). Nine stations were sampled in the outer lagoon to 

account for a potential gradient in the nitrogen isotopic values. Samples were also collected at 

three stations located close to the barrier reef, at both Dumbéa and Boulari passes.  
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Fig. 1. The UNESCO reefs in New Caledonia (left panel), and sampling sites in the southwest 

lagoon of New Caledonia, near the city of Nouméa (red circles, right panel). SRMA: 

Sustainable Resource Management Area; PP: Provincial Park; NR: Natural Reserve; INR: 

Integral Natural Reserve; SINR: Seasonal Integral Natural Reserve; SNR: Seasonal Natural 

Reserve. 

 

Study taxa 

We worked on bivalves as these organisms have been suggested good archives of N isotopic 

composition at the base of marine ecosystems (Grall et al. 2006, Post et al. 2002, Gillikin et 

al. 2017). Such organisms have a long tissue turnover time and their muscle δ15N values 

reflect the δ15N values of their diet in the preceding months (Lorrain et al. 2002). 

Furthermore, previous work showed very small seasonal variability in δ15N values of bivalve 

muscles (Lorrain et al., 2002; Nerot et al. 2012; Gillikin et al., 2017), therefore we did not 

expect large differences between our sampling dates from February to October 2012. In this 

study, we made a focus on four suspension-feeding bivalve families that were the most 

abundant in the sampling sites: Arcidae, Pectinidae, Pteridae and Spondylidae. All individuals 
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were collected on soft-sediment substrate except Spondylus sp. that lives attached to hard 

substrate such as massive corals. 

Because each site hosted different species, from one to five with a median of two, we decided 

two conduct our analyzes in two steps. First, we used only individuals belonging to the most 

common genus (Anadara) to produce both an “unbiased” δ15N baseline and isoscape. Then, 

we used all collected bivalve species to produce the same δ15N isoscape at a larger scale. 

Comparison of results from the two datasets are also provided to allow for discussing pros 

and cons associated with multispecies assessments when aiming at mapping marine 

pollution.   

 

Stable isotope analysis 

For each bivalve specimen, muscle tissues were dissected, stored frozen, and shell size 

measured. Mean sizes and associated standard deviations are given in Supplementary 

Materials (SM 1). Muscles were freeze-dried, ground into powder, and weighed in tin cups 

for isotopic analysis (about 1mg in 4 × 6 mm tin cups). Muscle samples were analyzed using 

a Thermo Delta Advantage mass spectrometer in continuous flow mode connected to a 

Costech Elemental Analyzer via a ConFlo IV at Union College (Schenectady, NY, USA). 

Ammonium sulfate [IAEA-N-2], caffeine [IAEA-600], and an in-house acetanilide were used 

as standards; measurements of δ15N are reported to atmospheric nitrogen. The uncertainty 

for δ15N measurements was ±0.15‰ based on repeated analysis of an in-house acetanilide 

standard. 

 

Residence times 
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Hereafter, we use the term residence time which encompasses various terminologies - 

“flushing time”, “e-flushing time”, and “e-folding time”- previously used to describe this 

phenomenon (Jouon et al. 2006, Drouzy et al. 2019). We modeled the local residence times 

for the period corresponding to the collection of bivalves at our study sites (February to 

October 2012). They were calculated using the MARS3D hydrodynamics model presented 

in Jouon et al. (2006). This model accounts for the influence of tides, total wind and river 

inputs in the southwest lagoon of New Caledonia over the considered period (Torreton et al. 

2007). Estimates of residence times are presented as means ± 1 standard deviation. 

 

Statistical analyzes 

Data were compiled and analyzed using R Software v 3.4.0. (R core Team 2017). We first 

worked with the most abundant bivalve genera only (i.e., Anadara). This choice allowed for 

minimizing biases associated with different bivalves’ ecology and physiology in mapping 

baseline isoscapes. The Anadara dataset covered 19 stations around Nouméa. We used a 

Student’s t-test to compare mean δ15N values measured in the inner and outer lagoon.  

In a second step, we used data from the 13 species together. We calculated mean δ15N values 

at each site and produced a map including samples from the 27 sampling sites together. We 

ran pairwise t-tests to compare δ15N values estimated from Anadara spp. only and values 

obtained from all bivalve species available. We tested for the effect of water residence time 

on measured δ15N values through a linear mixed model, using the R package “lme4” v.1.1.21 

(Bates et al. 2015). The linear model was fitted with residence times as a fixed effect, and site 

as a random effect. Assumptions were tested graphically and with a Shapiro-Wilk normality 

test.  
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Isoscape mapping 

Mean δ15N values and standard deviations at each sampling station were calculated in R. 

We used the UNIRAS software library (Advanced Visual Systems) to generate δ15N 

isoscape maps. UNIRAS allows for interpolation from point data in a geo-referenced grid 

using a bivariate function of the bi-polynomial type. At each station, we considered all 

neighboring stations within a 3000m radius for bipolynomial interpolation. The interpolation 

distance was set at 300m. Every reef and coastline were defined as fracture lines to avoid 

spatial autocorrelation between stations separated by some land. In a second step, the software 

smoothed the obtained grid using a quadratic interpolation, and values at each point were 

replaced by the weighted average of the adjacent nodes. 

We also used our data to project a potential eutrophication risk for the whole southern lagoon 

of New Caledonia. We used the coefficients of a multiple linear regression explaining δ15N in 

bivalves by the residence time of water (continuous) and the exposition to anthropogenic 

pollution (2 level factor). The map was produced by transforming the residence time map with 

the following formula:  

 δ15N=a x Residence time + b 

where, a corresponds to the estimate of the fixed effect of residence time, and b to the 

intercept which includes the fixed effect of high exposure to wastewaters (Inner Lagoon 

locations). An index of eutrophication risk was then calculated by categorising the 

estimated δ15N values obtained for each cell of the map’s grid. Thresholds were defined as 

follow: 0 for δ15N < 4.0; 1 for 4.0 < δ15N < 5.2; 2 for 5.2 < δ15N < 6.4; 3 for 6.4 < δ15N < 

7.6; 4 for 7.6 < δ15N < 8.8; 5 for δ15N > 5.2. 

 

Results 
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δ15N baseline from Anadara genus 

We collected 123 individuals belonging to the Anadara genus at only 19 out of our 27 sites 

(Fig. 2). We were able to identify at least three species, namely the most common Anadara 

antiquata (n=87), A. dautzenbergi (n=13), A. uropigimelana (n=9). The 14 remaining 

individuals were not identified at the species level. The mean size of collected individuals was 

4.75 cm (±1.26). Differences between δ15N values measured on different Anadara species (6 

sites) were not significant. At two stations (Pic des Morts and Crouy), only one Anadara 

individual was found.  

 

The δ15N values measured at the seven stations located in the outer lagoon were homogenous 

compared to those of the inner lagoon (Fig. 2). Overall, bivalves from the coastal stations had 

significantly higher δ15N values compared to individuals found in the outer lagoon (t = 

16.699; p < 0.001; Means for the inner lagoon: 8.0 ± 1.8‰ and outer lagoon: 4.7 ± 0.4‰). 

Only two coastal stations (n°11 and 12) located at bay entrances showed δ15N values 

similar to those from the outer lagoon (Fig. 2, Table 1).  
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Fig. 2. Mean δ15N values in muscles of Anadara spp. bivalves measured at 19 stations located 

in the inner (Nouméa bays, coastal stations) and outer lagoon. See Fig. 1 for station locations. 

The dashed line and grey band represent the “baseline” value (4.7±0.4‰) calculated from all 

outer lagoon stations, and ± 1 standard deviation. 

Mean δ15N values and associated standard deviations are shown in SM 2 for each station 

where Anadara spp. were collected. δ15N values at stations located in the inner lagoon 

(Nouméa bays) varied from 4.7‰ (± 0.2) to 11.7‰ (±0.4). The highest recorded mean was 

from station n°1 (Eau vive), at the inner part of the Sainte-Marie bay (11.7‰ ±0.4). 

Conversely, δ15N measured in the outer lagoon varied from 4.3‰ (±0.3) to 5.0‰ (±0.4), 

with a mean “baseline” value of 4.7‰ (±0.4). The lowest mean was recorded at the station 

n°22 in the isolated Laregnère reef (4.3 ± 0.3‰). 
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Five stations along Nouméa coastline showed particularly high mean δ15N values (SM 3). 

The two stations of the west coast of the Sainte-Marie bay (n°5 and 1) had high mean δ15N 

values (11.7±0.5‰ and 9.5±0.4‰ respectively) much more elevated than those of the outer 

lagoon (~4.7‰). A similar situation was found in the Koutio Bay, particularly at the 

stations n°4 and 2 (9.6±0.5‰ and 9.9±0.4‰ respectively) located further inshore. Finally, 

individuals collected at station n°3 also presented high δ15N values (9.9±0.5‰). 

 

Using the bivalve community to build δ15N isoscapes 

We collected a total of 348 filter-feeding bivalves belonging to 9 genera and 12 species, 

including Anadara spp. individuals previously mentioned. Apart from Anadara sp. (Arcidae), 

Comptopallium radula (Pectinidae) and Spondylus sp. (Spondylidae) were the most abundant 

(n=60 and n=51 respectively). We collected Barbatia sp (Arcidae), Bractechlamys vexillum 

and Mimachlamys sp. (Pectinidae). Two species of Pteridaewere also included in our samples 

as 37 individuals of both Isognomon sp. and Pinctada maculata were found. 

 

The map produced with muscle δ15N values from all bivalve samples confirmed the pattern 

obtained with Anadara spp alone (Fig. 3). Highest δ15N values were measured in four bays 

(Sainte-Marie, Koutio and Anse Vata) where the five WTPs mentioned above are located.  
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Fig. 3. δ15N isoscape in 2012, estimated at 27 stations in the southwest lagoon of New 

Caledonia from muscle samples of 12 bivalve species.  

 

Anadara spp. were collected together with at least another bivalve species at nine of the 27 

sampling stations. The comparison of the mean δ15N value obtained from Anadara versus 

other bivalves at these stations is illustrated in Fig. 4. It shows that using Anadara spp. 

provides significantly higher values of δ15N (+0.9‰), although differences between sites 

were consistent. Including several bivalve species allowed for a wider spatial coverage in our 

study area as Anadara was absent from eight of our sampling stations. 
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Fig. 4. Comparison of mean muscle δ15N values of Anadara spp. samples versus other bivalve 

species. Stations on the figure’s left-hand side (Grey background) are in the inner lagoon, 

while those on the right-hand side are in the outer lagoon. All pairwise differences were 

significant except at the station 18 where only one specimen of Anadara was collected. 

 

Local water residence time  

Estimated local residence times varied at our 27 stations and were estimated between 3 (± 5) 

and 32 (± 5) days (Fig. 5, SM 4, SM 5). The shortest residence time was estimated at the 

Boulari and Dumbéa passes, ca. 3.1 (± 4.8) and 3.4 (± 1.2) days respectively. Conversely, 

residence times were the longest in the bays of Koutio (Station 2: 32.4± 5.3 days and station 

4: 29.9± 6.2days) and Sainte-Marie (Station 6: 27.1± 3.2; station 1: 27.1± 3.6; station 5: 

26.9± 3.0 days). At the two stations located at the Anse Vata bay, we estimated local 

residence times of 18.1± 3.1 and 20.1± 3.5 days respectively. Gradients can be distinguished 

from the inner part of bays and inner part of reefs to the passes. Along the coastline of 
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Nouméa, the bays of Koutio and Sainte-Marie showed the lowest residence times. The effect 

of residence times significantly contributed to explain observed variations in δ15N (Fig. 6; 

estimate [98%CI] = 0.10 [0.02;0.21]). The complete model had a R2 of 0.89, and the 

normality of residuals was respected (W=0.99, p=0.12). 

Our projection of potential eutrophication risk in the southern lagoon of New Caledonia is 

presented in Fig 7. It suggests that only one location contained in the UNESCO core area 

(Koroxu bay, Isle of Pines) could be sensitive to substantial urbanization. As expected, the 

most exposed area according to water residence time is where we conducted our study. The 

pattern observed in Bouraké (Northward) was expected because of the bay enclosure. 

 

Fig. 5. Average local water residence times (in days) from February 2012 to October 2012 

around the Nouméa Peninsula. 
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Fig. 6. Relationship between δ15N values from muscle samples of 12 bivalve species and 

waters residence times measured at 27 stations in 2012. 
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Fig. 7. Projection of potential eutrophication risk for the southern lagoon of New Caledonia 

based on water residence times. The red dashed line highlights the core of the UNESCO area 

in this part of the lagoon. 

 

Discussion 

Nitrogen isotope values in benthic bivalves collected in the southwest lagoon of New 

Caledonia highlighted a strong spatial gradient with isotope values ranging from 4.3 to 

11.7‰ (a 7‰ variation in the genus Anadara). Such a large gradient suggests that part of the 

lagoon is exposed to anthropogenic nitrogen that is enriched in 15N. The baseline δ15N value 

of 4.7‰ (±0.4) found in the genus Anadara from the outer lagoon of New Caledonia is similar 

to the mean isotopic signature of the deep ocean, 4.8‰ (±0.2) (Sigman et al. 2000). In an 

oligotrophic setting, like in the Southwestern Pacific, the N supplied from the subsurface is 
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consumed entirely, and remineralized in the thermocline without significantly altering the 

δ
15N of the N-source (Sigman et al. 2000). A similar value is given by the y-intercept of the 

regression d15N versus residence time, indicating a value of 5‰ when the residence is close 

to zero (Figure 4). This suggests that subsurface N is the main source supplied to the outer 

reef and that anthropogenic sources are not detectable at these locations. The slightly lower 

δ
15N values observed here may also indicate the contribution of isotopically lighter N derived 

from N-fixation. Indeed, this zone of the Pacific is known to be a hotspot of dinitrogen 

fixation (Bonnet et al. 2017, Caffin et al. 2018). Dinitrogen fixers (e.g., diazotrophs) are 

known to have δ15N values close to 0‰ and have already been shown to participate to the 

nutrition of benthic organisms such as corals (Benavides et al. 2017, Meunier et al. 2019). 

Bivalve nutrition is however out the scope of our work and would require further experiments. 

Outer reef bivalve δ15N values were thus considered as a natural baseline in the present study. 

While sampling the whole bivalve community to produce a wide-scale isoscape, we found an 

average difference of ~ 0.9‰ between muscle samples of Anadara sp. and other species. This 

difference could be explained by the ecology and physiology of considered species, Anadara 

being an infaunal species living in the sediment while all the others are epifaunal (Gorman et 

al. 2017). In the sediment, coupled nitrification‐denitrification induces an enrichment of 

organic matter in 15N (Granger et al. 2011, Nérot et al. 2012). However, interpolating and 

mapping δ15N values, we revealed the same δ15N gradient while using either infaunal or 

epifaunal bivalve species at 9 stations. Therefore, including several taxa from the same group 

allows for a mapping of sewage-N dispersal over wider areas (Risk et al. 2009). This 

reinforces the hypothesis of a gradient of anthropogenic-N dispersal from the coasts of 

Nouméa toward the outer lagoon, as shown with distance from the coast gradients in previous 

works (eg. Nerot et al. 2012; Corbett et al. 2015, Baker et al. 2017, Gilikin et al., 2017).  
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Our δ15N results revealed that three bays (Sainte-Marie, Koutio and Anse-Vata) located 

around the Nouméa peninsula presented δ15N values substantially higher than others, with 

corresponding δ15N values ranging from 8 to 12‰. This enrichment is typically observed in 

the isotopic composition of marine organisms exposed to sewage derived-N loadings. For 

instance, patterns were measured (+5 to +6‰) in algae (Catenellanipae) between the outer 

bay of Moreton (Australia) and two river mouths where sewage disposal reached 200 and 

1000 tons/year in 1998 (Costanzo et al. 2005). Corals (Gorgonia ventilata) collected in the 

Hamilton harbor (Bermuda)under fecal enterococcus concentration of >45,000 CFU 

100mL-1, presented a δ15N enrichment (+4 to +7‰) compared to samples from the outer 

lagoon (Baker et al. 2017), similar to the bivalves in Nouméa. A similar pattern has also been 

observed with sea fan corals (Gorgonia ventilata L.) sampled in Yalku Lagoon tide pool, 

Mexico (Baker et al. 2010). There, nitrogen enrichment due to sewage discharge was 

demonstrated, and corals had the same nitrogen isotopic signature as NO3
- (+7.6‰). Such 

enrichment has also been observed in bivalve muscles. For example, muscle tissues and shell 

of both epifaunal and infaunal benthic bivalves had δ15N values higher than 8‰ within the 

Bay of Brest, France (Nerot et al. 2012, Gillikin et al. 2017). The increase in δ15N values we 

measured between the outer lagoon and the bays of Nouméa was about +4 to +7‰. We 

attribute this isotopic enrichment to the presence of sewage derived N-loadings.  

The substantial eutrophication around Nouméa is also confirmed by previous local 

observations, which suggest significant eutrophication due to sewage discharge in these 

bays (Sasal et al. 2007, Fichez et al. 2010). The bays of Koutio and Sainte-Marie were 

shown to accumulate the highest concentrations of particulate organic nitrogen (1.9 µM) 

and particulate organic phosphorus (>0.16 µM), resulting in an overall increased turbidity 

(>4.0 NTU). Nutrient fueled phytoplankton blooms persist, with Chlorophyll a reaching 2 

µg.L-1 in Sainte-Marie bay, and 7 µg.L-1 in Koutio bay in 2002 and 2003 (Thébault et al. 
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2009). This N-loading is caused by both rainwater and effluents from septic tanks being 

discharged together at more than 20 locations along Sainte Marie bay. Moreover, in Koutio 

bay, wastewater from illegal dwellings are discharged to the bay through direct discharge or 

washout. The situation is different in Anse-Vata bay, which is smaller and more open than the 

two others. In this densely populated area, wastewaters from the water treatment plant are 

first dumped in a large open-air basin located within a racecourse before reaching the sea 

through a large drainpipe. The open-air basin allows for more denitrification of 

wastewaters before discharge into the coastal zone. Overall, the spatial patterns of δ15N we 

describe at the three bay entrances are similar to those of previous studies from other 

regions and could be explained by both distance to coast and water depth gradients in 

anthropogenic pollution (Conolly et al. 2013, Corbett et al. 2015, Kaminsky et al. 2018). 

Thereby, the highest values we measured in coastal bivalve tissues around Nouméa confirm 

the significant N loading from wastewater inputs. 

According to our results, several coastal reefs lying in both Koutio and Sainte-Marie bays 

already experience high N-loading from wastewater. Some ecosystem changes were observed 

in the most polluted bays of Nouméa, hence calling for a dedicated attention from scientists 

and managers. Some changes include 1) ammonium pulses at the Anse-Vata bay resulted in a 

lowering of autotrophy in benthic organisms (Clavier et al. 2005); 2) a substantial decline in 

sea snakes was observed between 2003 and 2011 at Canard islet (Goiran et al. 2013); and 3) 

gradients were observed in Sainte-Marie Bay in fish diversity and parasitic loads, and in 

urchin distribution with respect to substratum coverage (Dumas et al. 2007, Sasal et al. 2007). 

However, linking these observations to changes at population levels is challenging in such 

complex ecosystems, and would need dedicated long-term or integrative large-scale studies 

(D’agata et al. 2014).  
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Two protected reefs are also experiencing anthropogenic sourced pollution around Nouméa. 

Ricaudy reef is located at the southern end of the peninsula, and the second surrounds a 

coastal island named Canard islet, which is the closest to our Anse-Vata site. Both are part of 

a sustainable resource management area, where biological resource management is coupled to 

the development of economic activities. However, according to our interpolations from 

benthic bivalve data, the other protected reefs (Fig. 1) within the same geographical area 

experience a lower pollution level. These differences could be partly explained by lower 

water residence time calculated in this study, as well as by their depth/distance gradient from 

the coasts of Nouméa as mentioned above. 

Our estimation of water residence times suggests that the high residency of waters at the 

inner part of the closed bays (Sainte-Marie and Koutio) prevents a quick export of nutrients 

to the outer lagoon. This is mainly visible for Sainte-Marie and Koutio bays (Fig. 5), but 

the modeling didn’t consider the extended residence time of wastewaters within the 

“transitory” basin of Anse-Vata previously mentioned. The eutrophication risk map we 

produced based on water residence times shows that the southwest lagoon of New Caledonia 

has the highest eutrophication risk (Fig. 7). Reefs of the east coast and in the western part of 

the UNESCO area benefit from lower water residence times and are thus moderately at risk. 

Finally, the widest part of the UNESCO area has water residence times short enough to 

prevent further eutrophication of the whole water column, even under substantial wastewater 

inputs. Our linear risk projection could be enlarged and improved by adding more parameters 

including either biotic (biodiversity, coastal urbanization, tourism) or abiotic parameters 

(bathymetry, river influence), thereby allowing for the development of more complex models 

of the eutrophication dynamics. We believe this approach is of high interest for the 

management and conservation of sensitive and protected coral reefs at all geographical scales. 
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Studies of spatial variations in the nitrogen stable isotope ratio in benthic bivalves as 

presented here may be extended to other urban/reef interfaces to better understand how 

onshore human activities affect coastal ecosystems. In the New Caledonia archipelago, land 

masses are adjacent to UNESCO marine areas in several places, which could benefit from the 

implementation of such assessments to evaluate potential needs in infrastructure, tourism 

regulation, or wastewater management. Temporal variations in the extent of anthropogenic 

nitrogen pollution in coastal waters should also be monitored. It would allow for evaluating 

the efficiency of wastewater management plans, such as the one implemented in Nouméa in 

2009 (Gouvernement de la Nouvelle Calédonie, 2009). Such types of assessment have already 

been successful in Australia (Costanzo et al. 2005). 

 

Conclusion 

Our study reinforces the usefulness of using sessile benthic primary consumers with long 

tissue turn-over rates to characterize the anthropogenic N-footprint in coastal waters around 

urbanized areas. They also provide a necessary baseline than can be directly used by i) policy 

makers to control and monitor the effectiveness of ongoing sanitation measures, and ii) by 

ecologists to assess trophic position or movements of higher order marine organisms by 

correcting consumer isotope values from the δ15N values at the base of the food web (i.e., the 

isotope baseline).  
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SM 1. Table with the mean sizes (cm) of Anadara sp. and all bivalves collected at each 

station. 

Location ID Station 
mean size 

Anadara 
s.d 

mean size 

all 
s.d 

Inner Lagoon 1 Eau vive 5.54 0.57 6.78 1.58 

  2 Tindu 6.04 0.52 6.94 2.41 

  3 AnseVata 4.50 0.93 4.5 0.93 

  4 Pic des morts 6.70 - 6.7 - 

  5 Cote Blanche 6.03 1.33 6.64 1.94 

  6 Sainte Marie 5.78 1.08 7.78 2.68 

  7 Ricaudy 4.12 0.31 4.12 0.31 

  8 AnseVata Meridien 4.69 0.87 4.69 0.87 

  9 NDIE Island 6.26 0.24 6.74 0.88 

  10 Rocher a la voile 5.49 0.79 5.49 0.79 

  11 Outer Sainte Marie Bay 3.82 0.53 3.81 0.53 

  12 Outer Grande Rade 2.96 0.55 2.96 0.55 

  13 Grande Rade - - NA NA 

  14 Nouville - - 5.88 0.35 

  15 Maa Bay - - 9 1.06 

Outer Lagoon 16 Maitre Island 4.60 0.50 4.6 0.5 

  17 Chenal Maitre Island 3.89 0.64 3.89 0.64 

  18 Crouy 4.20 - 8.77 4.54 

  19 Basse Kaui 4.23 0.75 4.23 0.75 

  20 Ilot Brun 3.50 0.00 4.02 0.53 

  21 Seche Croissant 3.82 0.15 4.74 0.98 

  22 Laregnere 3.62 0.15 3.98 0.83 

  23 Amédée - - 5.98 3.73 

  24 Banc de l’ouest - - 5.02 0.79 

Barrier Reef 25 Dumbea pass - - 6.66 1.35 

  26 Boulari pass - - 4.5 - 

  27 Humbolt - - 6.3 2.74 
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SM 2. Mean δ15N values obtained from muscle samples of Anadara sp. bivalves collected at 

19 stations surrounding Nouméa. s.d: standard deviations; N: number of individuals analyzed 

Location ID Station 

mean 

δ15N (‰) s.d N 

Inner Lagoon 1 Eau vive 11.7 0.4 5 

  2 Tindu 9.9 0.4 7 

  3 AnseVata 9.9 0.5 7 

  4 Pic des morts 9.6 - 1 

  5 Cote Blanche 9.5 0.6 3 

  6 Sainte Marie  8.5 0.5 24 

  7 Ricaudy 7.8 0.5 5 

  8 AnseVata Meridien 7.4 0.6 14 

  9 NDIE Island 7.2 0.2 5 

  10 Rocher a la voile 6.5 0.2 9 

  11 Outer Sainte Marie Bay 5.1 0.4 6 

  12 Outer Grande Rade 4.7 0.2 5 

Outer Lagoon 16 Maitre Island 5.0 0.4 4 

17 Chenal Maitre Island 4.9 0.5 8 

  18 Crouy 4.8 - 1 

19 Basse Kaui 4.8 0.4 6 

  20 Ilot Brun 4.7 0.3 3 

  21 Seche Croissant 4.6 0.2 5 

  22 Laregnere 4.3 0.3 5 
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SM 3. δ15N isoscape in 2012, estimated at 19 stations in the southwest lagoon of New 

Caledonia from muscle samples of Anadara species.  
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SM 4. Standard deviations of local residence times (in days) from February 2012 to October 

2012 around the Nouméa Peninsula. 
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SM 5. Table of estimated residence time at each of the 27 stations sampled in this study, with 

corresponding standard deviations. 

Location ID Station 
e-flushing 

time (days) 
s.d 

Inner Lagoon 1 Eau vive 27.1 3.6 

  2 Tindu 32.4 5.3 

  3 AnseVata 20.1 3.5 

  4 Pic des morts 29.9 6.2 

  5 Cote Blanche 26.9 3.0 

  6 Sainte Marie  27.1 3.2 

  7 Ricaudy 17.7 4.1 

  8 AnseVata Meridien 18.1 3.1 

  9 NDIE Island 23.7 5.8 

  10 Rocher a la voile 17.1 3.7 

  11 Outer Sainte Marie Bay 16.3 3.8 

  12 Outer Grande Rade 16.1 6.5 

  13 Grande Rade 23.7 3.6 

  14 Nouville 15.6 6.1 

  15 Maa Bay 15.2 5.1 

Outer Lagoon 16 Maitre Island 23.4 3.3 

  17 Chenal Maitre Island 16.6 4.9 

  18 Crouy 22.7 7.4 

  19 Basse Kaui 15.3 4.7 

  20 Ilot Brun 17.4 6.7 

  21 Seche Croissant 17.4 4.5 

  22 Laregnere 20.0 5.0 

  23 Amédée 5.1 5.6 

  24 Banc de l’ouest 16.6 5.9 

Barrier Reef 25 Dumbea pass 3.4 1.2 

  26 Boulari pass 3.1 4.8 

  27 Humbolt 20.3 3.0 

  



 

31 

 

References 

Andréfouët, S., & Wantiez, L. (2010). Characterizing the diversity of coral reef habitats and 

fish communities found in a UNESCO World Heritage Site: The strategy developed for 

Lagoons of New Caledonia. Marine Pollution Bulletin, 61(7-12), 612-620. 

Baker, D. M., Jordán-Dahlgren, E., Maldonado, M. A., & Harvell, C. D. (2010). Sea fan 

corals provide a stable isotope baseline for assessing sewage pollution in the Mexican 

Caribbean. Limnology and Oceanography, 55(5), 2139-2149. 

Baker, D. M., Murdoch, T. J., Conti-Jerpe, I., & Fogel, M. (2017). Investigating Bermuda's 

pollution history through stable isotope analyses of modern and museum-held gorgonian 

corals. Marine pollution bulletin, 114(1), 169-175.  

Bates D., Maechler M., Bolker B., & Walker S. (2015). Fitting Linear Mixed-Effects Models 

Using lme4. Journal of Statistical Software, 67(1), 1-48. 

Bell, P. R. F. (1992). Eutrophication and coral reefs—some examples in the Great Barrier 

Reef lagoon. Water Research, 26(5), 553-568.  

Bell, P. R., Elmetri, I., & Lapointe, B. E. (2014). Evidence of large-scale chronic 

eutrophication in the Great Barrier Reef: quantification of chlorophyll a thresholds for 

sustaining coral reef communities. Ambio, 43(3), 361-376.  

Benavides, M., Houlbrèque, F., Camps, M., Lorrain, A., Grosso, O., & Bonnet, S. (2016). 

Diazotrophs: a non-negligible source of nitrogen for the tropical coral Stylophora 

pistillata. Journal of Experimental Biology, 219(17), 2608-2612. 

Benzoni, F., Houlbreque F., André L.V. & Payri C. (2017). Plan d’action rapide et adaptatif, 

en cas de blanchissement corallien: Le cas de la Nouvelle-Calédonie, épisode 2016, synthèse. 



 

32 

 

Bonnet, S., Caffin, M., Berthelot, H., & Moutin, T. (2017). Hot spot of N2 fixation in the 

western tropical South Pacific pleads for a spatial decoupling between N2 fixation and 

denitrification. Proceedings of the National Academy of Sciences, 114(14), E2800-E2801.  

Broustet, D., & Rivoilan, P. (2015). Recensement de la population en Nouvelle-Calédonie en 

2014. Insee première, 1572, 1-4. 

Buddemeier, R. W., & Ware, J. R. (2003). Coral reef decline in the 

Caribbean. Science, 302(5644), 391-393.  

Cabana, G., & Rasmussen, J. B. (1996). Comparison of aquatic food chains using nitrogen 

isotopes. Proceedings of the National Academy of Sciences, 93(20), 10844-10847. 

Caffin, M., Moutin, T., Foster, R. A., Bouruet-Aubertot, P., Doglioli, A. M., Berthelot, H., 

Guieu, C., Frosso, O., Helias-Nunige, S., Leblond, S., Gimenez, A., Petrenko, A. A., de 

Verneil, A., & Bonnet, S. (2018). N2 fixation as a dominant new N source in the western 

tropical South Pacific Ocean (OUTPACE cruise). Biogeosciences, European Geosciences 

Union, 2018, 15 (8), pp.2565 - 2585.  

Clavier, J., Boucher, G., Chauvaud, L., Fichez, R., & Chifflet, S. (2005). Benthic response to 

ammonium pulses in a tropical lagoon: implications for coastal environmental 

processes. Journal of Experimental Marine Biology and Ecology, 316(2), 231-241. 

Connolly, R. M., Gorman, D., Hindell, J. S., Kildea, T. N., & Schlacher, T. A. (2013). High 

congruence of isotope sewage signals in multiple marine taxa. Marine Pollution 

Bulletin, 71(1-2), 152-158. 

Corbett, P. A., King, C. K., & Mondon, J. A. (2015). Tracking spatial distribution of human-

derived wastewater from Davis Station, East Antarctica, using δ15N and δ13C stable 

isotopes. Marine pollution bulletin, 90(1-2), 41-47. 



 

33 

 

Carmichael, R. H., Annett, B., & Valiela, I. (2004). Nitrogen loading to Pleasant Bay, Cape 

Cod: application of models and stable isotopes to detect incipient nutrient enrichment of 

estuaries. Marine Pollution Bulletin, 48(1-2), 137-143. 

Costanzo, S. D., O’donohue, M. J., Dennison, W. C., Loneragan, N. R., & Thomas, M. 

(2001). A new approach for detecting and mapping sewage impacts. Marine Pollution 

Bulletin, 42(2), 149-156. 

Costanzo, S. D., Udy, J., Longstaff, B., & Jones, A. (2005). Using nitrogen stable isotope 

ratios (δ15N) of macroalgae to determine the effectiveness of sewage upgrades: changes in the 

extent of sewage plumes over four years in Moreton Bay, Australia. Marine Pollution 

Bulletin, 51(1-4), 212-217. 

D’agata, S., Mouillot, D., Kulbicki, M., Andréfouët, S., Bellwood, D. R., Cinner, J. E., 

Cowman, P. F., Kronen, M., Pinca, S., & Vigliola, L. (2014). Human-mediated loss of 

phylogenetic and functional diversity in coral reef fishes. Current Biology, 24(5), 555-560. 

D’Angelo, C., & Wiedenmann, J. (2014). Impacts of nutrient enrichment on coral reefs: new 

perspectives and implications for coastal management and reef survival. Current Opinion in 

Environmental Sustainability, 7, 82-93. 

DeNiro, M. J., & Epstein, S. (1981). Influence of diet on the distribution of nitrogen isotopes 

in animals. Geochimica et cosmochimica acta, 45(3), 341-351. 

Drouzy, M., Douillet, P., Fernandez, J. M., & Pinazo, C. (2019). Hydrodynamic time 

parameters response to meteorological and physical forcings: toward a stagnation risk 

assessment device in coastal areas. Ocean Dynamics, 69(8), 967-987. 

Fichez, R., Chifflet, S., Douillet, P., Gérard, P., Gutierrez, F., Jouon, A., Ouillon, S., & Grenz, 

C. (2010). Biogeochemical typology and temporal variability of lagoon waters in a coral reef 



 

34 

 

ecosystem subject to terrigeneous and anthropogenic inputs (New Caledonia). Marine 

Pollution Bulletin, 61(7-12), 309-322. 

Fukumori, K., Oi, M., Doi, H., Takahashi, D., Okuda, N., Miller, T. W., Kuwae, M., 

Miyasaka, H., Genkai-Kato, M., Koizumi, Y., Omori, K., & Omori, K. (2008). Bivalve tissue 

as a carbon and nitrogen isotope baseline indicator in coastal ecosystems. Estuarine, Coastal 

and Shelf Science, 79(1), 45-50.  

Gartner, A., Lavery, P., & Smit, A. J. (2002). Use of δ15N signatures of different functional 

forms of macroalgae and filter-feeders to reveal temporal and spatial patterns in sewage 

dispersal. Marine Ecology Progress Series, 235, 63-73. 

Gillikin, D. P., Lorrain, A., Jolivet, A., Kelemen, Z., Chauvaud, L., & Bouillon, S. (2017). 

High-resolution nitrogen stable isotope sclerochronology of bivalve shell carbonate-bound 

organics. Geochimica et Cosmochimica Acta, 200, 55-66. 

Glibert, P. M., Heil, C. A., O'neil, J. M., Dennison, W. C., & O'Donohue, M. J. (2006). 

Nitrogen, phosphorus, silica, and carbon in Moreton Bay, Queensland, Australia: Differential 

limitation of phytoplankton biomass and production. Estuaries and Coasts, 29(2), 209-221. 

Gorman, D., Turra, A., Connolly, R. M., Olds, A. D., & Schlacher, T. A. (2017). Monitoring 

nitrogen pollution in seasonally-pulsed coastal waters requires judicious choice of indicator 

species. Marine pollution bulletin, 122(1-2), 149-155. 

Gouvernement de la Nouvelle Calédonie (2009). Macro-schéma d’assainissement de la 

Nouvelle Calédonie. 061/08/E/NC Rapport 2 et 3. A2EP Roche 

Grall, J., Le Loc'h, F., Guyonnet, B., & Riera, P. (2006). Community structure and food web 

based on stable isotopes (δ15N and δ13C) analysis of a North Eastern Atlantic maerl 

bed. Journal of experimental marine biology and ecology, 338(1), 1-15. 



 

35 

 

Granger, J., Prokopenko, M. G., Sigman, D. M., Mordy, C. W., Morse, Z. M., Morales, L. V., 

Sambrotto, R. N., & Plessen, B. (2011). Coupled nitrification‐denitrification in sediment of 

the eastern Bering Sea shelf leads to 15N enrichment of fixed N in shelf waters. Journal of 

Geophysical Research: Oceans, 116(C11).  

Graniero, L. E., Grossman, E. L., & O’Dea, A. (2016). Stable isotopes in bivalves as 

indicators of nutrient source in coastal waters in the Bocas del Toro Archipelago, Panama. 

PeerJ, 4, e2278. 

Goiran, C., & Shine, R. (2013). Decline in sea snake abundance on a protected coral reef 

system in the New Caledonian Lagoon. Coral Reefs, 32(1), 281-284. 

Heery, E. C., Hoeksema, B. W., Browne, N. K., Reimer, J. D., Ang, P. O., Huang, D., Friess, 

D. A., Chou, L. M., Loke, L. H.L., Saksena-Taylor, P., Alsagoff, N., Yeemin, T., 

Sutthacheep, M., Vo, S. T., Bos, A. R., Gumanao, G. S., Hussein, M. A. S., Waheed, Z., 

Lane, D. J.W., Johan, O., Kunzmann, A., Jompa, Jamaluddin, Suharsono, Taira, D., Bauman, 

A. G., & Todd, P. A. (2018). Urban coral reefs: Degradation and resilience of hard coral 

assemblages in coastal cities of East and Southeast Asia. Marine pollution bulletin, 135, 654-

681.  

Hughes, S., Yau, A., Max, L., Petrovic, N., Davenport, F., Marshall, M., McClanahan, T. R. 

Allison, E. H. & Cinner, J. E. (2012). A framework to assess national level vulnerability from 

the perspective of food security: The case of coral reef fisheries. Environmental Science & 

Policy, 23, 95-108.  

Jouon, A., Douillet, P., Ouillon, S., & Fraunié, P. (2006). Calculations of hydrodynamic time 

parameters in a semi-opened coastal zone using a 3D hydrodynamic model. Continental Shelf 

Research, 26(12-13), 1395-1415. 



 

36 

 

Kaminski, H. L., Fry, B., Warnken, J., & Pitt, K. A. (2018). Stable isotopes demonstrate the 

effectiveness of a tidally-staged sewage release system. Marine Pollution Bulletin, 133, 233-

239. 

Kendall, C., Elliott, E. M., & Wankel, S. D. (2007). Tracing anthropogenic inputs of nitrogen 

to ecosystems. Stable isotopes in ecology and environmental science, 375-449. 

Knowlton N, Brainard RE, Fisher R, et al (2010) Chapter 4: Coral reef biodiversity. In: Life 

in the World’s Oceans: Diversity Distribution and Abundance. pp 65–74 

Lorrain, A., Houlbrèque, F., Benzoni, F., Barjon, L., Tremblay-Boyer, L., Menkes, C., 

Gillikin, D., Payri, C., Jourdan, H., Boussarie, G., Verheyden, A. & Vidal, E. (2017). Seabirds 

supply nitrogen to reef-building corals on remote Pacific islets. Scientific Reports, 7(1), 3721. 

Lorrain, A., Paulet, Y. M., Chauvaud, L., Savoye, N., Donval, A., &Saout, C. (2002). 

Differential δ13C and δ15N signatures among scallop tissues: implications for ecology and 

physiology. Journal of experimental marine biology and ecology, 275(1), 47-61.  

Mariotti, A. (1983). Atmospheric nitrogen is a reliable standard for natural 15N abundance 

measurements. Nature, 303(5919), 685–687.  

McClenachan, L., O’Connor, G., Neal, B. P., Pandolfi, J. M., & Jackson, J. B. (2017). Ghost 

reefs: Nautical charts document large spatial scale of coral reef loss over 240 years. Science 

advances, 3(9), e1603155.  

Meunier, V., Bonnet, S., Pernice, M., Benavides, M., Lorrain, A., Grosso, O., Lambert, C., & 

Houlbrèque, F. (2019). Bleaching forces coral’s heterotrophy on diazotrophs and 

Synechococcus. The ISME Journal, 1. 



 

37 

 

Mittermeier, R. A., Turner, W. R., Larsen, F. W., Brooks, T. M., & Gascon, C. (2011). Global 

biodiversity conservation: The critical role of hotspots. In F. E. Zachos, & J. C. Habel (Eds.), 

Biodiversity hotspots (pp. 3–22). Berlin, Heidelberg: Springer. 

Morrissey, C. A., Boldt, A., Mapstone, A., Newton, J., & Ormerod, S. J. (2013). Stable 

isotopes as indicators of wastewater effects on the macroinvertebrates of urban 

rivers. Hydrobiologia, 700(1), 231-244. 

Nerot, C., Lorrain, A., Grall, J., Gillikin, D. P., Munaron, J. M., Le Bris, H., & Paulet, Y. M. 

(2012). Stable isotope variations in benthic filter feeders across a large depth gradient on the 

continental shelf. Estuarine, Coastal and Shelf Science, 96, 228-235. 

Ouillon, S., Douillet, P., Lefebvre, J. P., Le Gendre, R., Jouon, A., Bonneton, P.,  Fernandez, 

J. M., Chevillon, C., Magrand, O., Lefèvre, J., Le Hir, P., Laganier, R., Dumas, F., 

Marchesiello, P., Bel Madani, A., Andrefouët, S., Panché, J.Y. & Fichez, R. (2010). 

Circulation and suspended sediment transport in a coral reef lagoon: The south-west lagoon of 

New Caledonia. Marine pollution bulletin, 61(7-12), 269-296. 

Owens, N. J. P. (1988). Natural Variations in 15N in the Marine Environment. In: Advances in 

Marine Biology, pp 389–451. Academic Press. doi:10.1016/s0065-2881(08)60077-2 

Pandolfi, J. M., Bradbury, R. H., Sala, E., Hughes, T. P., Bjorndal, K. A., Cooke, R. G., 

McArdle, D., McClenachan, L., Newman, M. J.H., Paredes, G. Warner, R. R., & Jackson, J. 

B.C. (2003). Global trajectories of the long-term decline of coral reef 

ecosystems. Science, 301(5635), 955-958.  

Perga, M. E., & Gerdeaux, D. (2005). ‘Are fish what they eat’ all year 

round? Oecologia, 144(4), 598-606. 



 

38 

 

Peterson, B. J., & Fry, B. (1987). Stable isotopes in ecosystem studies. Annual review of 

ecology and systematics, 18(1), 293-320. 

Post, D. M. (2002). Using stable isotopes to estimate trophic position: models, methods, and 

assumptions. Ecology, 83(3), 703-718. 

R Core Team (2017). R: A language and environment for statistical computing. R Foundation 

for Statistical Computing,Vienna, Austria. URL https://www.R-project.org/. 

Reaka-Kudla ML (1996) Chapter 7: The Global Biodiversity of Coral Reefs: A Comparison 

with Rain Forests. In: Reaka-Kudla ML, Wilson DE, Wilson EO (eds) Biodiversity II: 

Understanding and Protecting Our Biological Resources. Joseph Henry Press, USA 

Richardson, C.A. (2001). Molluscs as archives of environmental changes. Oceanography and 

Marine Biology: an Annual Review. 39, 103-164. 

Risk, M. J., Lapointe, B. E., Sherwood, O. A., & Bedford, B. J. (2009). The use of δ15N in 

assessing sewage stress on coral reefs. Marine Pollution Bulletin, 58(6), 793-802. 

Sasal, P., Mouillot, D., Fichez, R., Chifflet, S., & Kulbicki, M. (2007). The use of fish 

parasites as biological indicators of anthropogenic influences in coral-reef lagoons: a case 

study of Apogonidae parasites in New-Caledonia. Marine Pollution Bulletin, 54(11), 1697-

1706.  

Schlacher, T. A., & Connolly, R. M. (2009). Land–ocean coupling of carbon and nitrogen 

fluxes on sandy beaches. Ecosystems, 12(2), 311-321. 

Small, A., Adey, W. H., & Spoon, D. (1998). Are current estimates of coral reef biodiversity 

too low? The view through the window of a microcosm. Atoll Research Bulletin. 458:20. 

Spalding, M., Burke, L., Wood, S. A., Ashpole, J., Hutchison, J., & Zu Ermgassen, P. (2017). 

Mapping the global value and distribution of coral reef tourism. Marine Policy, 82, 104-113.  



 

39 

 

Thébault, J., Chauvaud, L., L'Helguen, S., Clavier, J., Barats, A., Jacquet, S., Pécheyran, C., 

& Amouroux, D. (2009). Barium and molybdenum records in bivalve shells: Geochemical 

proxies for phytoplankton dynamics in coastal environments?. Limnology and 

Oceanography, 54(3), 1002-1014. 

Torréton, J. P., Rochelle-Newall, E., Jouon, A., Faure, V., Jacquet, S., & Douillet, P. (2007). 

Correspondence between the distribution of hydrodynamic time parameters and the 

distribution of biological and chemical variables in a semi-enclosed coral reef 

lagoon. Estuarine, Coastal and Shelf Science, 74(4), 766-776. 

Tucker, J., Sheats, N., Giblin, A. E., Hopkinson, C. S., & Montoya, J. P. (1999). Using stable 

isotopes to trace sewage-derived material through Boston Harbor and Massachusetts 

Bay. Marine Environmental Research, 48(4-5), 353-375. 

Vega Thurber, R. L., Burkepile, D. E., Fuchs, C., Shantz, A. A., McMinds, R., & Zaneveld, J. 

R. (2014). Chronic nutrient enrichment increases prevalence and severity of coral disease and 

bleaching. Global change biology, 20(2), 544-554. 

Vokhshoori, N. L., & McCarthy, M. D. (2014). Compound-specific δ15N amino acid 

measurements in littoral mussels in the California upwelling ecosystem: A new approach to 

generating baseline δ15N isoscapes for coastal ecosystems. PloS one, 9(6), e98087. 

West, J. B., Bowen, G. J., Dawson, T. E., & Tu, K. P. (Eds.). (2009). Isoscapes: 

understanding movement, pattern, and process on Earth through isotope mapping. Springer 

Science & Business Media. Springer Dordrecht Heidelberg London New York 

Wear, S. L., & Thurber, R. V. (2015). Sewage pollution: mitigation is key for coral reef 

stewardship. Annals of the New York Academy of Sciences, 1355(1), 15-30. 



 

40 

 

Wooldridge, S. A. (2009). Water quality and coral bleaching thresholds: Formalising the 

linkage for the inshore reefs of the Great Barrier Reef, Australia. Marine Pollution 

Bulletin, 58(5), 745-751.  

Wooldridge, S. A., Heron, S. F., Brodie, J. E., Done, T. J., Masiri, I., & Hinrichs, S. (2017). 

Excess seawater nutrients, enlarged algal symbiont densities and bleaching sensitive reef 

locations: 2. A regional-scale predictive model for the Great Barrier Reef, Australia. Marine 

pollution bulletin, 114(1), 343-354. 




