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The ability of corals to modulate their nutrition strategy in response to variable nutrient supply remains poorly understood, limiting our understanding of energy flow in coral reef ecosystems and thus our comprehension of their resilience to global changes. We used a naturally occurring nutrient gradient along the reef flat of two seabird-inhabited islets in the SW Pacific to characterize spatiotemporal fluctuations in coastal nutrient availability, and how it modulates the trophic response of the mixotrophic coral Pocillopora damicornis. The clear gradients in dissolved [NOx] and δ15N values of macroalgae and both P. damicornis tissues and symbionts observed along the reef flat during the dry and the rainy season revealed that seabird-derived-N is supplied year-round to the reef flat. Yet, nitrogen isotope values of macroalgae show that the seabirds’ effect on coral reefs varies with sites and seasons. Metrics derived from the SIBER framework revealed that coral nutrition seasonally favored autotrophy when exposed to higher seabird guano concentrations and at inshore stations, while heterotrophy dominated in corals less exposed to seabird-derived nutrient supply. P. Damicornis is therefore able to cope with large changes in nitrogen supply induced by seabird island communities by switching between autotrophy and heterotrophy. These results shed light on the flexibility of resource sharing within the coral-algae symbiosis and highlight the importance of seabird populations to the functioning of coral reef ecosystems.

Keywords: seabird, island, coral reef, stable isotopes, nitrogen, SIBER


INTRODUCTION

The global success of shallow-water corals relies heavily on their symbiotic association with photosynthetic intracellular dinoflagellate microalgae (Symbiodiniaceae, LaJeunesse et al., 2018). The symbiosis supplies the coral with photosynthetically fixed carbon and inorganic N (autotrophy) (Muscatine and Porter, 1977; Muscatine et al., 1981). In parallel, the coral tissues can also incorporate a wide range of food sources from dissolved organic matter to planktonic prey (heterotrophy) (Houlbrèque and Ferrier-Pagès, 2009). The dominance of one trophic strategy over the other relies on environmental factors such as depth, turbidity, or resource availability (Anthony and Fabricius, 2000; Palardy et al., 2005; Fox et al., 2019). Recent findings show for instance, that mixotrophic corals increase heterotrophy when located in shallow waters surrounding islands with elevated nearshore primary production (Fox et al., 2018). Variations in coral nutritional plasticity is considered a robust predictor of corals’ resilience to bleaching, which results from a disruption of the symbiose due to ocean warning (e.g., Grottoli et al., 2006; Conti-Jerpe et al., 2020; Thibault et al., 2021).

Elevated nutrient concentration in coastal waters surrounding remote seabird-inhabited islets was recently highlighted at several locations (Honig and Mahoney, 2016; Lorrain et al., 2017; Shatova et al., 2017; Otero et al., 2018). Reports included high NOx concentrations at coastal locations, enhanced phytoplankton productivity, and the assimilation of 15N-enriched nitrogen by coastal organisms (Wainright et al., 1998; Lorrain et al., 2017). Islands with large seabird populations have been correlated with enhanced reef productivity and functioning (Graham et al., 2018), increased plant and animal biomasses, and enhanced community response to climate change (Benkwitt et al., 2019). In particular, a previous study reported that coastal corals assimilate up to 50% of their nitrogen from guano-derived nutrients close to islets with high seabird densities (Lorrain et al., 2017). Yet, the spatiotemporal dynamics of this natural nutrient supply and its influence on coral nutrition has not been thoroughly investigated. In particular, resource sharing between the coral and the symbiont under variable nutrient supply is poorly understood.

Evaluating the trophic behavior of coral individuals is critical to evaluate their resilience to global changes; yet it is technically challenging. Conventional ex situ feeding experiments are costly, time-consuming, and are difficult to relate to in situ processes (Houlbrèque and Ferrier-Pagès, 2009). Stable isotope ratio analysis of in situ corals is therefore promising for determining the relative importance of autotrophy and heterotrophy in corals (Muscatine et al., 1989; Ferrier-Pagès et al., 2011; Conti-Jerpe et al., 2020). An analytical framework based on statistical inferences of isotope niches in biplots (Jackson et al., 2011), was recently adapted to symbiotic organisms including corals (Conti-Jerpe et al., 2020; Thibault et al., 2021). This method presents the advantage of being based on bulk CN isotope analyses, thereby providing a less expensive, faster, yet robust estimate of coral trophic strategy.

The coral genus Pocillopora includes fast-growing and competitive species that are found throughout the Pacific and the Indian Oceans. Some species of Pocillopora have shown an exceptional trophic flexibility, being able to acquire nutrients through various degrees of autotrophy and heterotrophy (e.g., P. meandrina, Fox et al., 2019) which suggests that this genus is well suited to cope with variable N-supply. Paradoxically, this genus is not capable of regulating the nutrient uptake of its symbionts (Pocillopora sp., Fox et al., 2021). This lack of internal regulation makes this genus more prone to a nutritional imbalance, leading to a shift of the symbiosis toward parasitism, exacerbating bleaching susceptibility (Baker et al., 2018; Burkepile et al., 2020). As such, Pocillopora is an interesting model organism to investigate the flexibility of coral nutrition to variable nutrient supply. This species is abundant on the D’ Entrecasteaux’s reefs, which host some of the world’s richest coral reefs in terms of endemism (Roberts, 2002), and are classified as Important Bird Area (Lorrain et al., 2017; Donald et al., 2019) and. Such remote seabird islands thus represent an ideal in situ coastal enrichment experiment to study the response of coral nutrition to naturally occurring spatiotemporal variations of the seabirds’ effect on coastal ecosystems.

Our study aimed at answering two questions. First, what is the spatial extent of seabird-derived supply of nutrients along an inshore-offshore transect and how does it vary seasonally and between two islets of various characteristics and seabird communities? Second, how does the trophic behavior of a mixotrophic coral, Pocillopora damicornis, respond to those variations in time and space. Hereafter, we present a combination of in situ data on seabird communities, coastal nutrient concentrations and isotope values that portray spatiotemporal fluctuations in the seabird-derived supply of nutrient at two different sites and seasons. We then discuss a potential effect on coral nutrition suggested by four complementary metrics applied to coral tissues and symbionts polygons in a bidimensional isotopic space.



MATERIALS AND METHODS


Study Sites

Study sites are located on two coral atolls of the Coral Sea in the D’Entrecasteaux reefs located 223 km north of New Caledonia main island. The study focuses on islets located on the rim of the largest atolls of the area, Surprise and Huon (Figure 1). Both islets are made of coral debris deposits, and border 65 and 75 km reef atolls, respectively. Surprise Islet is a 24 ha round-shaped islet with a maximum elevation of 9 m. It is covered with various herbaceous plants, patches of woody vegetation and has a bare ground central plain (Caut et al., 2008). The 27 ha Huon Islet is an elongated and low islet covered with an herbaceous plant layer only. The two islets host several thousands of resident (year-long) seabird breeding pairs dominated by four genera, namely noddies (Anous sp.), bobbies (Sula sp.), frigatebirds (Fregata sp.), and the wedge-tailed shearwater Ardenna pacifica (Spaggiari et al., 2007). Reefs surrounding the two islets host benthic coral assemblages dominated by scleractinian species (Wantiez et al., 2013). As all islets in the area host seabird colonies, two reference sites were selected approximately 10 km away from each islet, away from any seabird derived nutrient supply (Figures 1B,D). Reference sites were selected on inner reef sections of similar benthic assemblages as compared to islet’s inner reefs: a substrate dominated by coral slabs, rocks and debris, that hosts massive, digitate and tabular corals as well as macroalgae (Wantiez et al., 2013). Reference samples were collected 50 m off the crest on the inner part of those reefs as in Lorrain et al. (2017).
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FIGURE 1. Study sites location. (A) Location of New Caledonia and the D’Entrecasteaux reefs in the South Pacific. (B) The two study atolls, Surprise and Huon, within the d’Entrecasteaux reefs. (C) Location of our transect and reference site within Surprise atoll. (D) Location of our transect and reference site within Huon atoll.




Sampling

Samples were collected in 2017 during the Austral rainy (March) and dry seasons (September) to account for a within-year seasonality in the coastal supply of seabird-derived nutrients. At each site and season, a transect was led perpendicular to the shore, across the reef flat. Sampling stations were defined at 25, 50, 100, and 400 m from the shore at the two sites. Samples were also collected at two reference sites, approx. 50 m away from the reef crest (Figure 1). Sampling was conducted once in each season, and along the same transect.

We measured NOx (nitrate + nitrite) concentrations in seawater to evaluate the spatial extent of the coastal enrichment in seabird-derived nutrients at the time of our sampling. Seawater was collected at the two seasons close to the coral sampled, along the two islets and at each of the four transect stations plus the reference site (N = 20). Concentration measures were duplicated or triplicated when possible.

We collected suspended particulate organic matter (POM), macroalgae fronds (Halimeda spp.), and coral samples at approximately 1.5–2 meters depth depending on the sites. POM includes photosynthetic and zooplanktonic organisms of very fast turnover rates that count in days (Torréton et al., 2002). It is therefore a good proxy of the daily availability in inorganic nitrogen. Nitrogen isotopic values of POM were analyzed from seawater samples collected in March, at the two sites and at all four transect stations plus the reference site (N = 10). Analyses were duplicated or triplicated when possible. Macroalgae samples were collected to provide an isotopic baseline of benthic primary producers. Macroalgae has fast (weekly) tissue turnover rates (Vroom et al., 2003), thus reflecting the weekly availability in inorganic nitrogen. Apical segments of Halimeda spp. fronds were collected with cutting pliers from 5 replicates per station in March, at the two sites, and at all four transect stations plus the reference site (N = 50). The September cruise only allowed for the collection of 1 macroalgae sample per site and transect station (N = 10).

We sampled the mixotrophic coral Pocillopora damicornis to get a longer time-integration of the seabird-derived nutrient supply and as a proxy of the availability in both organic and inorganic nitrogen forms. Estimated tissue turnover time in Porites lutea were 87 days for the coral tissue and 111 days for the algal symbiont (Rangel et al., 2019), and we hypothesized that these times are almost similar in P. damicornis. Apexes of five parental strains of the branching coral P. damicornis were removed with cutting pliers. On Huon’s reef, corals were found and collected beyond 25 m off the islet coast only (50, 100, and 400 m transect stations) as well as at the reference site, in both seasons (N = 41). Along Surprise, corals were only found and collected within 100 m off the islet (25, 50, and 100 m transect stations) as well as at the reference site, in both seasons (N = 40).

We estimated seabird abundances with binoculars and manual counters via exhaustive counts. Three passes were conducted on each islet by two observers that targeted two species simultaneously. For each species, the total count of individuals included all breeding pairs, chicks, as well as resting adults. Just-dried guano samples were collected on Surprise (N = 27) and Huon (N = 14) in September, under nests of the dominant breeding seabirds to provide a baseline value of the expected major source of terrestrial organic matter, and to evaluate whether guano bears a species-specific isotopic fingerprint. Samples were collected from six breeding species (five on Surprise, three on Huon), namely the red-footed booby Sula sula, the brown booby Sula leucogaster, the masked booby Sula dactylatra, the brown noddy Anous stolidus, the black noddy Anous minutus and frigate birds Fregata sp.



Nutrient Concentrations and Isotopic Analysis

Unfiltered surface seawater samples were fixed with HgCl2. NOx (NO2– + NO3–) concentrations were determined on a Bran-Luebbe III continuous flow autoanalyzer according to Raimbault et al. (1990). Coral tissues were extracted with an air-pick and homogenized with a Potter tissue grinder (Rodolfo-Metalpa et al., 2009). Zooxanthellae and coral tissue were separated by centrifugation for 10 min at 6,000 g and 4°C (Houlbrèque et al., 2003). Tissue fractions were concentrated by filtration over pre-combusted 25 mm GF/F filters (Whatman, nominal porosity = 0.7 μm), and seawater samples for POM were filtered similarly. All samples were frozen and dried at 60°C before encapsulation in tin cups. Macroalgae and guano samples were freeze-dried for 48 h. All isotopic analyses were conducted at Union College (Schenectady, NY, United States) on a Thermo Delta Advantage mass spectrometer in continuous flow connected to a Costech Elemental Analyzer via ConFlo IV. Reference standards [IAEA-N-2 ammonium sulfate (δ15N = 20.3 ± 0.2), IAEA-600 caffeine (δ13C = −27.771 ± 0.043, δ15N = 1.0 ± 0.2), IAEA-CH-6 sucrose (δ13C = −10.449‰), and an in-house acetanilide standard (δ13C = −34.07, δ15N = −0.96)] were used for isotopic corrections, and to assign the data to the appropriate isotopic scale with analytical precision better than 0.1‰.



Statistical Analyses

We explored spatial and temporal variations in δ15N values of coral tissues and symbionts, macroalgae, and suspended POM through multi-factor variance analyses using R version 3.6.1 (R Core Team, 2019). For each sample type, the δ15N value was considered the quantitative response variable. The position along the transect (including the reference site), the site and the season were considered categorical explanatory factors. Coral and macroalgae data were not normally distributed and were thus log transformed to avoid residual normality issues (Boldina and Beninger, 2016). Models were selected from full triple interaction models by step AIC procedures in the “MASS” R package v 7.3-51.5 (Venables and Ripley, 2002). Results of model selections as well as the influence of each factor combinations were compiled in an analysis of variance table. Residuals independence, normality, and variance homogeneity of all models were checked both graphically and with DurbinWatson, Shapiro-Wilk, and Bartlett tests, respectively, under “stats” v3.6.1 and “car” v3.0-3 packages (Fox and Weisberg, 2018; R Core Team, 2019). Lack of macroalgae replicates in September prevented us from using the Bartlett test homogeneity of variance, so we used a Levene test from the “car” package instead. Graphics were created with “ggplot2” v3.2.1 and “ggsignif” v0.6.0 packages (Wickham, 2016; Ahlmann-Eltze, 2019). Models’ post hoc pairwise comparisons between groups were made with Tukey tests and significant differences of interest are provided in the result section. The same procedure was used to explore temporal and spatial variations in NOx concentration, except that the model used was a Generalized Linear Model with Quasi Poisson error distribution and logit link function to meet residuals normality condition. Comparisons between δ15N values of guano from different species and sites were conducted through two-way Anovas coupled with TukeyHSD post hoc tests.

We quantified the trophic strategy of corals and symbionts by plotting δ13C and δ15N on isotope biplots and analyzing isotopic niches with the SIBER (Stable Isotope Bayesian Ellipses) framework in R (Jackson et al., 2011). The number of replicates at each transect position did not allow for the computation of Standard Ellipses at this resolution (Thibault et al., 2021). Thereby, we included all transect stations and the reference site to calculate ellipses for sites and seasons only. Yet, to account for potential transect-scale variations in the signature of the lower trophic levels, our ellipses included 95% of data variations rather than 40% recommended of standard ellipses (Hoeinghaus and Zeug, 2008). However, differences between the isotope niches of both corals and symbionts were explored by season, site, and transect stations through the calculation of the distances and angles between dataset centroids, and niche segregation was statistically evaluated by Hotelling T2 tests (Turner et al., 2010). A significant niche overlap is proposed to reflect the use of similar resources by the coral and the symbiont (Turner et al., 2010). Conversely, low niche overlap indicates a decoupling of resources. The former case is associated with autotroph-dominated behavior and the latter with dominant heterotrophy. It has recently been proposed that Standard Ellipse Areas (SEAs) of coral tissues and symbionts overlapping in less than 10% could reflect heterotrophic feeding strategies (Conti-Jerpe et al., 2020). Conversely, overlaps higher than 70% may reflect autotrophic corals. The percentage of non-overlapping area between the fitted ellipses was calculated as a proxy of isotopic niche overlap, independent from the size of both coral and symbiont niches (Jackson et al., 2011). Unfortunately, samples collected 25 m off Surprise were removed from the SIBER analyses because of insufficient δ13C values obtained from the analysis.




RESULTS


Seabird Population and Guano Nitrogen Isotope Characterization

On the two islets, seabird’s species richness and abundance were higher in September compared to March (Supplementary Table 1). On Huon, we counted 3,608 individuals from three species in March vs. 4,582 individuals from eight species in September. On Surprise, six species were observed in March for a total of 5,782 individuals while 28,630 individuals from 12 species were counted in September. Measured δ15N values varied from 6.8 ± 1.3‰ (n = 6) for the brown noddy on Surprise to 9.2 ± 1.3‰ (n = 4) for the same species on Huon (Supplementary Table 2). Neither interspecies nor between sites differences in δ15N values were significant, so that an average baseline value around 7.9 ± 1.3‰ was used.



Persistent Seabird-Derived Nutrient Gradients

Through both NOx concentrations and δ15N values of POM, macroalgae and the two coral fractions, our results demonstrate that (1) the coastal gradient in seabird-derived nutrients exists all year round at our study sites and that (2) fluctuations in the intensity of the coastal enrichment matched with spatiotemporal changes in seabird communities.

To estimate the coastal release of guano-derived nutrients, we measured the NOx concentration in surface seawater. Nutrient concentrations are reported in Supplementary Table 3 and the model describing variations in NOx concentration relative to different transect locations, sites and seasons is presented in Supplementary Table 4. The model indicates that NOx concentrations varied significantly with (i) the transect position, (ii) the site, and (iii) the season. NOx concentrations were consistently (1) higher at the 25 m sites compared to the reference sites (p < 0.001), (2) higher at Huon than at Surprise (p < 0.001) and (3) higher in September than in March (p < 0.001) (Figure 2). At the two sites and seasons, NOx concentrations were maximal at the most coastal stations and gradually decreased when distance to the coast increased.
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FIGURE 2. Spatial and temporal variations in the concentration of NOx in seawater. Asterisks show: (i) On top of the figure: a significant positive fixed effect of one season compared to the other (higher in Sept.), (ii) between site names: a significant fixed effect compared to the other site (higher at Huon), and (iii) between the reference site and the transect stations: significant differences in the transect per site effect (higher closer to shore). * Stands for p < 0.05, ** for p < 0.01, and *** for p < 0.001.


To understand the availability of seabird-derived nutrients for coastal organisms, we measured the δ15N values of POM, macroalgae, coral tissues and its symbionts (Figure 3 and Supplementary Table 5). Model testing for the influence of transect location, sites, and seasons as predictors of δ15N values provided an overview of this availability in space and time (Supplementary Table 4). Transect position, seasons and sites contributed significantly to variations in the δ15N values of all samples. The coastal gradient appeared the best predictor in all samples, as the δ15N values of POM, macroalgae, corals and symbionts decreased from inshore to offshore sites. The magnitude of the decrease then varied by site and season (Figure 3). On Surprise Islet, δ15N values were higher at 25 and 50 m compared to the reference sites in macroalgae (p < 0.001), coral tissues (p < 0.001), and corals symbionts (p < 0.001). In the same way, at Huon, stations at 50 and 100 m also showed significantly higher δ15N values in macroalgae (p < 0.001), coral tissues (p < 0.001) and coral symbionts (p < 0.001) compared to the reference site. δ15N values were significantly higher at Surprise compared to Huon in coral symbionts (p < 0.001) and tissues (p = 0.02), POM (p = 0.04), and in samples collected at 25 and 50 m in macroalgae (p < 0.001). Finally, δ15N values were higher in September in coral tissues (p < 0.001), coral symbionts (p < 0.001) and macroalgae (p < 0.001) compared to March at both sites. The only exception was the seasonality in the δ15N values of coral tissues at Huon, which was not significant (p = 0.4).
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FIGURE 3. Spatial and temporal variations in δ15N values measured in (A) macroalgae, (B) suspended POM, (C) coral tissues and (D) coral symbionts. Asterisks are included: (i) in the legends to mark a significant positive fixed effect of one season compared to the other (higher in Sept.), (ii) next to the site names to mark a positive fixed effect compared to the other site (higher in Surprise), and (iii) between the reference site and the transect positions to mark significant differences in the transect:site effect (higher closer to shore). * Stands for p < 0.05 and *** for p < 0.001.




Nutritional Response of Pocillopora damicornis

We explored the trophic response of Pocillopora damicornis colonies to the above mentioned spatial and seasonal variations by adapting the SIBER framework to our data and hypotheses (Figure 4). This framework relies on the analysis of the isotopic niche segregation between the coral tissue and symbiont fractions. Niche overlap is considered a marker of high resource sharing between the fractions (autotrophy), suggests whereas niche segregation marks a decoupling of nutrition by the two fractions (heterotrophy). At first glance, isotopic niche segregation showed many intricate variations at all scales of our sampling design (Figure 4). Therefore, only the use of four complementary metrics allowed to get the best out of the SIBER framework in this context. To precisely describe this niche segregation, these metrics are all based on the distance between the centroids of the coral tissues and symbiont fractions in the isotopic space.
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FIGURE 4. δ15N and δ13C biplots of corals host and symbiont at each site and season. Colors represent the different transect locations. Dotted and plain lines represent the values of the tissue and symbiont fractions, respectively. The 95% SIBER ellipses are represented as well as the corresponding overlap. The colored segments represent the distance between the centroid of the two fractions, calculated at transect location resolution. Provided distances, angles, and Hotelling test values correspond to these segments.


Results suggest an overall mixotrophy in all conditions, but with increased contribution of autotrophy: (1) at Surprise compared to Huon, (2) in September compared to March, and (3) closer to shore. First, ellipses overlap and distances between niche centroids highlighted the contribution of sites as a predictor of the coral nutritional state. At Huon, both lower ellipses overlap (Overlap: 11–31%) and higher distances between centroids (dist.: 1.3–2.57‰) revealed a higher contribution of heterotrophy compared to Surprise (Overlap: 51–61%; dist.: 0.6–1.69‰).

Second, Hotelling tests and angles of mean distance vectors revealed seasonal variations at the two sites. At Surprise, Hotelling tests were not significant in September which is a mark of autotrophy dominated behavior as opposed to March when significant tests argued for a nutritional balance dominated by heterotrophy. Angles around 45° [31.8–47.2°] suggested a higher contribution of δ13C values to the estimated heterotrophy along Huon in September, compared to angles of 90 ± 15° in March that reflected a unique contribution of δ15N values to niche segregations. However, comparing the two seasons at Huon along the δ15N axis also revealed lower distances between niche centroids, and thereby increased autotrophy, in September (Y-axis: 0.4–1.8‰) compared to March (Y-axis: 1.7–2.5‰).

Third, combination of the metrics also suggested that isotope niche segregations presented transect-scale variations. In the most heterotrophic setting, i.e., at Huon in March, a gradual shift toward more autotrophy appeared with proximity to the islet. This is what the gradually lowering distance between coral host and symbiont niche centroids (a proxy for increasing autotrophy) suggests at this site and season. Conversely, in the most autotrophic setting at Surprise in September, no clear pattern was observed as coral host and symbiont niches overlapped. At Huon in September, the distance between niche centroids gradually decreased with distance to the shore suggesting an increased autotrophy toward the islet coast. Only samples collected at 100 m, which are missing one host sample replicate, added noise to this nutritional shift pattern. The same results were found at Surprise in March, where this distance also increases gradually from 50 m to the reference site, but 25 m samples had a distance value closer to the reference. Yet, in both situations, Hotelling tests statistics (T2 < 10) and p- values (> 0.01) suggested a lower niche segregation, or a higher autotrophy, at inshore stations.




DISCUSSION

The ability of shallow water corals to adjust their nutrition between autotrophy and heterotrophy plays a crucial role in their ability to cope with ongoing global warming (e.g., Grottoli et al., 2006; Conti-Jerpe et al., 2020; Thibault et al., 2021). Here, we used a naturally occurring nutrient gradient along two seabird islets of the SW Pacific to study the spatiotemporal variability of seabird derived-N supply and its influence on the nutritional response of the mixotrophic coral Pocillopora damicornis using stable nitrogen (and carbon) isotope ratios.


Seabirds Are an Extrinsic Source of Inorganic Nitrogen for Oligotrophic Reefs

The two reef flats display a similar nutrient concentration gradient along an inshore offshore transect. The section of the transect closest to the shore shows NOx concentration above 1 μM, an elevated value for a coral reef lying in oligotrophic water (Bell, 1992; Kleypas et al., 1999), whereas the oceanic section of the transects and the reference sites had concentrations within the range typically reported on tropical oligotrophic coral reefs (i.e., <1 μM; Bell, 1992; Kleypas et al., 1999). The transect stations closer to the shore (25, 50, and 100 m) present higher NOx concentrations than offshore and reference stations and are associated with high δ15N values of macroalgae and coral (from 6 to 11‰, Figures 2, 3). This result suggests that a concentrated source of 15N-enriched-N is present in the ecosystem. This trend has been previously described by Lorrain et al. (2017) and attributed to the assimilation of seabird-derived N by marine organisms in line with the high density of seabird nesting on these islets. Indeed, seabird guano is enriched in 15N because of the high seabird trophic position and preferential volatilization of 14N, so that seabird droppings have elevated δ15N values (Wainright et al., 1998). The δ15N of just-dried bird droppings measured in this study was relatively uniform across the six species of seabird sampled (Supplementary Table 2). The high ammonia content in seabird droppings makes guano prone to isotopic fractionation caused by the propensity of 14N ammonia to volatilize quickly, leaving behind 15N enriched ammonia (Mizutani et al., 1985; Walters et al., 2019). For comparison, older dried guano collected in 2015 at the same site had δ15N values of 11.5 ± 1.2‰ for the same seabird species (Lorrain et al., 2017), which confirms a 15N enrichment during the drying process (i.e., volatilization). Macroalgae are autotrophic organisms that assimilate the dissolved inorganic nitrogen available in their environment to perform photosynthesis. Therefore, the stable nitrogen isotope value of their tissues is used as a proxy to map nitrogen enrichments in coastal ecosystems (e.g., Costanzo et al., 2005; Geeraert et al., 2020). Here, δ15N values recorded in macroalgae along our inshore-offshore transects demonstrate that a local enrichment in seabird-derived inorganic nitrogen happens within 50 m off Surprise and 100 m off Huon. The high macroalgae δ15N values close to the shore (up to 11‰) also suggest that guano (7.9 ± 1.3‰) must have undergone fractionation before being supplied to the reef and that the source of NOx present on the transect unlikely derived directly from unaltered bird droppings.

On the oceanic section of the transects and at the reference sites, macroalgae recorded lower δ15N values (approx. 3‰, Figure 3) than those typically reported for subthermocline nitrate, which range from 5.5 to 7.0‰ in the western Pacific Ocean (Casciotti et al., 2008; Sigman et al., 2008; Rafter et al., 2012; Ren et al., 2015). This suggests that a 15N-depleted source is present at the oceanic ends of our study sites, which was expected as the SW Pacific is described as a hotspot for N2-fixation (Bonnet et al., 2018). There, surface cyanobacteria assimilate atmospheric N2 in their biomass and tend to lower the δ15N value (fixed N is typically around -2 to 0‰) of the nitrate pool through ammonification and nitrification (Wada and Hattori, 1976; Minagawa and Wada, 1986; Carpenter et al., 1997). Our data thus suggests that N2-fixation is a significant source of N in the surface waters of the Coral Sea.

At both sites, the gradient observed in NOx concentrations and in macroalgae and coral δ15N values is present during both Austral dry (September) and rainy (March) seasons. Previously in October 2015, a strong NOx concentration gradient was also reported at Surprise and Reynard Islets, two islets hosting important seabird colonies (Lorrain et al., 2017). This strongly suggests that seabirds supply inorganic nitrogen to reef flats all year-round along densely populated islands.



The Seabird-Derived Nutrient Supply Varies With Sites and Seasons

Macroalgae and both coral tissue and symbiont fractions recorded higher δ15N values at Surprise compared to Huon. POM δ15N values presented the same patterns as macroalgae along the transect and among sites, thus reflecting variations in inorganic δ15N sources. Higher NOx concentrations were found at Huon, but NOx can be highly variable in seawater (e.g., Torréton et al., 2010) and can even reach up to 20 μM at Surprise (Lorrain et al., 2017). Conversely, δ15N values of POM, macroalgae, and corals that reflect changes in the N-sources at the scale of the week (or several weeks) suggest that those higher values at Surprise are real and driven by local processes. As no significant differences were found in the δ15N values of guano samples by species or sites, it is unlikely that site-specific seabird communities drive this difference. Thus, the site effect on δ15N values in reef organisms is certainly the result of site-specific alterations of seabird-derived nutrients along the land-sea continuum as suggested by the 15N enrichment between seabird guano and macroalgae tissues samples. While the biochemical transformations undergone by nitrogen along the various land-sea pathways were beyond the scope of this study, two differences between our sites were striking and deserved mention. The first one was the much larger number of seabirds inhabiting Surprise compared to Huon (Supplementary Table 1). The second was the vegetation cover that is limited to a few herbaceous species on Huon while Surprise is covered with dense shrubs and trees. The combination of increased guano deposition and fractionation of nitrogen by plant roots (Schmidt et al., 2005; Hobbie and Ouimette, 2009) may lead to the release of 15N enriched nutrient along Surprise compared to Huon.

At our two sites, seasonal fluctuations were also observed in both the NOx and the isotopic gradients. Both gradients become steeper during the dry season (September), when sea surface temperature (SST) and rainfall are low (Supplementary Figure 1). On the contrary, during the Austral wet season (March), these gradients appear smoother when conditions are wetter and warmer. Further, seasonality in this 15N enrichment is mostly observable in macroalgae and coral symbiont samples (and not in coral tissues), suggesting that this 15N enrichment occurred in the inorganic forms of nitrogen. Once again, while we lack macroalgae replicates in September, the similarity between seasonal variations in macroalgae and coral symbionts δ15N values gives weight to this statement. Seasonal variations in NOX samples were also recorded at the reference sites. As these fluctuations were equivalent to the standard deviation of replicate measurements (s.d. up to 0.4 μM), we believe that they could be the result of sampling stochasticity only. However, variations in the isotope values recorded at the two reference sites (up to 1.5‰) argue for a seasonal change in the dominant N source given the typical analytical precision of 0.1 ‰. An increase in primary production during the dry season was recorded at our study sites in 2017 (Supplementary Figure 2) which might have allowed for increased N assimilation and fractionation by both coral symbionts and phytoplankton. Still, the persistent coastal 15N enrichment at both seasons argues for a simultaneous increase in the supply of terrigenous nitrogen along the transects. Increased precipitation and runoff leading to rapid export of N to the reef (Tait et al., 2014; Xu et al., 2019) cannot explain such seasonality as the highest δ15N increase in coastal organisms has been measured during the austral dry season (September), when rainfall and sea surface temperatures were the lowest (Supplementary Figure 1). A reasonable hypothesis for the seasonality in the seabird-derived N could thus involve the brackish groundwater lens found on most coral islets (Comte et al., 2010, 2014). Brackish groundwater lenses are typically located a few meters under the surface of the islet and develop when rainwater infiltrates the porous calcium carbonate framework of the islet and remains above the saltwater intrusion due to its lower density. It is probable that the seabird-derived N transits through this water mass before reaching the reef (Santos et al., 2012). If this holds true, then rainfall and seabird-N supply fluctuation may become decoupled, reducing any direct connection between rainfall and N-supply (Michael et al., 2005; Taniguchi et al., 2019).



Seabird-Derived Nutrient Supplies Modulate Pocillopora damicornis Nutrition

Seasonal and site-specific dynamics as well as the steep NOx gradients found adjacent to the seabird nesting islets all modulate the nutrient supply available to the corals located on the surrounding reef flats. We used the analytic framework on Stable Isotope Bayesian Ellipses in R (SIBER, Jackson et al., 2011) to determine the trophic response of P. damicornis to this fluctuating nutrient supply at various scales (Conti-Jerpe et al., 2020). The analysis of the 95% ellipses (Thibault et al., 2021), at the two locations and during the two seasons, revealed a general mixotrophic nutrition strategy with a relatively high overlap between the coral and the symbiont ellipses: 11–61% (Figure 4). This finding is in agreement with previous works based on bulk and essential amino-acid (AAESS) δ13C values of the species P. meandrina (Fox et al., 2018, 2019) in the central Pacific, indicating that mixotrophy could be a shared feature across the species of the genus Pocillopora (Lyndby et al., 2020). We also looked at three other metrics associated with the mean distance vectors between the centroids of the coral and symbiont components. Combination of these metrics suggests that coral nutritional state varies together with fluctuations in the availability of seabird-derived nutrients on coastal waters. Indeed, while POM, macroalgae and coral tissues recorded a higher 15N enrichment at Surprise compared to Huon, P. damicornis appeared consistently more autotroph at Surprise. While NOx concentrations and macroalgae δ15N value were higher in Austral dry season compared to the wet season, corals were more autotrophic during the Austral dry season. Finally, inshore samples were more autotroph than those collected offshore. This fine scale modulation was intricate with the seasonal and site effects, but a gradual shift toward more autotrophy at coastal -“N-enriched”- stations was visible in the most heterotrophic settings of our study design.

Therefore, our results portray three contrasted scenarios experienced by seabird island corals. First, at Huon and during the Austral wet season, the release of seabird-derived nutrients onto the reef is “minimum.” Coral’s nutrition is dominated by heterotrophy as oceanic oligotrophic water is dominant on the reef. This situation brings to light a fine scale effect of seabird-derived nutrient supply allowing for increased autotrophic nutrition in corals lying close to the seabird-derived nutrient supply (50–100 m). Second, in the Austral dry season at Surprise, the coastal supply of seabird-derived nutrients is “maximal.” Seabird-derived inorganic nitrogen becomes dominant on the reef, so that coral’s nutrition is balanced toward dominant autotrophy. This marks a site-dependence in the nutritional state of P. damicornis which was recently shown in another Pocillopora species (P. acuta, Price et al., 2021). Third, corals collected at Surprise in the wet season and Huon in the dry season present mixotroph nutritional states that vary with the proximity to the nutrient supply. Vertical mean distance vectors in Austral wet season on Surprise’s reef showed that the shift toward more heterotrophy was driven by the seasonal shift in the nitrogen source.

However, isotopic niches of corals fractions collected at Huon during the dry season showed increased symbiont δ13C values (Supplementary Table 6), which is another marker of increased photosynthetic activity (Muscatine et al., 1989; Fox et al., 2018). Experimental studies reported that elevated temperature (>30°C) may slow nutrient uptake in Pocilloporid corals (Godinot et al., 2011; Ezzat et al., 2016; Burkepile et al., 2020; Foo and Asner, 2020), which could have happened at our sites during the austral hot and wet season. However, mean sea surface temperature reached a maximum of 29°C during the wet season of 2017 in our study area according to satellite sensing. It is thus very likely that the greater supply of seabird-derived NOx to the coastal reef during the Austral dry season (September) dominantly drives the seasonality in coral nutrition at our two sites.

The modulation of the coral trophic strategy as a response to seabird-derived nutrient supply is best explained by the increased supply of seabird-derived nutrients. It suggests that P. damicornis increases its reliance on dissolved inorganic N-sources (mostly NOx) when this resource dominates in the ecosystem (Grover et al., 2003). In Fox et al. (2021) P. acuta colonies were cultivated under increasing nitrate concentration and symbionts continuously assimilated nitrate independently of the coral, increasing their density. If nitrate supplementation alone has been shown to be mostly detrimental to corals, Ezzat et al. (2015) demonstrated that a combined enrichment of phosphate and ammonium at an appropriate stoichiometry (i.e., close to that of the coral tissues) was beneficial to the symbiosis. Although we did not measure phosphate or ammonium concentrations in this study, seabird guano is known to be rich in those two elements that are commonly found elevated along densely populated seabird islands (Lindeboom, 1984; Honig and Mahoney, 2016; Otero et al., 2018; Savage, 2019). We thus suggest that the coastal seabird-derived nutrient supply favors an increase in P. damicornis symbiont density and chlorophyll synthesis, enhancing the photosynthesis (Ezzat et al., 2016) and thereby their autotrophic nutrition.

Trophic plasticity is considered a major predictor of resilience to climate change in mixotrophic corals (Grottoli et al., 2006). Indeed, some species can cope with increased turbidity and reduced light availability by supplementing their nutrient assimilation with heterotrophic feeding (Anthony and Fabricius, 2000). In the face of increased nearshore/oceanic primary production, this plasticity increases the resistance potential of corals (Fox et al., 2018). Does this plasticity reflect an acclimation potential or an adaptation to environmental fluctuations? The question still holds, but our results suggest that the natural supply of seabird-derived inorganic nutrients along the land-sea continuum is both persistent and variable. We show that the nutritional regime of the species is modulated by these natural fluctuations. Historical fluctuations in island seabird colonies may have participated in providing a fluctuating environment to coastal corals in terms of nutrient availability. We believe that the relative plasticity of P. damicornis with respect to ongoing environmental changes (Hoadley et al., 2015) could partly originate from fluctuations along the land-sea continuum. Our results highlight two research fronts that would improve our understanding of coral island ecosystems and their sensitivity to ongoing changes. The first concerns the origin of the nutrient supply and the intricate mechanisms shaping the transport and alteration of seabird-derived nutrients along the land-sea continuum. The second relates to its ultimate effects, and the benefit to corals’ physiology from such fluctuating drivers of nutrition on their resistance/resilience to climate change.

Our study provides a comprehensive characterization of a natural supply of coastal nutrients along the shores of remote islets hosting massive seabird colonies. The in situ sampling design, including two seasons, shows that this seabird nutrient supply is persistent yet variable over time. Samples collected along coast-ocean transects demonstrate its major contribution to the local nutrient pool by providing limiting nutrients in an oligotrophic context. Replicated measurements of NOx concentrations map the small spatial extent of this nutrient supply, while nitrogen stable isotopes mark its assimilation by reef organisms of variable nutritional requirements. Finally, the trophic niches occupied by corals and symbionts in stable isotope biplots shows that this supply modulates the nutritional regime of a mixotrophic coral at a fine scale.
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