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Abstract Coral reefs receive both passive and active
nutrient subsidies, supplied via oceanographic processes
and animal-mediated transfer, which can bolster reef pro-
ductivity and resilience to disturbance. We examined the
relative importance of these two pathways across lagoonal
and seaward reefs, reefs of different depths, and those
around islands either with or without breeding seabird col-
onies using carbon and nitrogen stable isotopes (3'3C and
0"°N) and nutrient metrics (per cent N, %N and carbon-to-
nitrogen ratios, C:N). We found increased passive oceanic
nutrient inputs in reefs that were both deep and seaward
facing, indicated by lower 3'°C values. Enriched 3'°N values
and lower carbon-to-nitrogen ratios within reefs adjacent to
islands with seabird colonies provided evidence of the role
of seabirds as active vectors of nutrients to coral reef food
webs, particularly within shallow, lagoonal reefs. Though
%N values did not seem to provide a good indicator through
which to disentangle active vs passive nutrient transport
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within this context, variation in 8'3C and 8'°N values and
C:N ratios highlighted the interplay between passive oceanic
processes and active seabird contributions to coral reefs. We
emphasise the importance of both preserving and restoring
natural nutrient pathways, particularly at a time when coral
reef ecosystems are under increasing pressure from anthro-
pogenic threats.
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Introduction

The productivity and persistence of natural systems is
maintained via the cycling of essential resources. These
resources can move both through ‘active’ animal-mediated
mechanisms, such as the energy flows induced by animal
migrations and predation events, as well as through more
‘passive’ abiotic mechanisms, such as the movement of
nutrients by winds, currents, erosion, and gravity (McInturf
et al. 2019). Seeking to investigate both active and passive
pathways simultaneously is increasingly garnering attention
(Kéfi et al. 2012), and there is emerging interest in under-
standing how both forms of energy and nutrient transfer
operate across a range of scales. The mechanisms behind
this ecosystem connectivity, driven by both the active and
passive transfer of energy and nutrients, are complex (Mon-
toya et al. 2006). However, understanding how both forms
of transfer operate at cross-ecosystem scales is important
at a time when anthropogenic-induced change within one
ecosystem is likely to have impacts that cascade into others
(Peller and Altermatt 2024).

Coral reef ecosystems host high levels of biological diver-
sity, providing spawning, breeding, nursery, and feeding
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habitats for a multitude of species (Small et al. 1998). Fur-
thermore, they are of global social, economic, and ecological
importance, providing a plethora of goods and services and
supporting the livelihoods of millions of people (Woodhead
et al. 2019). This biodiversity and importance is supported
via active and passive energy and nutrient pathways that
cycle both within coral reef ecosystems themselves (Brandl
et al. 2019), as well as between coral reefs and other eco-
systems (Mumby and Hastings 2007). Indeed, whilst once
perceived as isolated features within otherwise indistinct
oceans, coral reefs are increasingly recognised as being
highly connected with the ecosystems that surround them
(Lowe and Falter 2015; Gove et al. 2016).

Passive mechanisms such as coastal upwelling and inter-
nal waves, caused by surface winds, current-driven water
movements, stratified waters, and rough bottom topography,
drive the movement of nutrients and plankton between deep
oceans and reefs (Spring and Williams 2023). These influxes
are vital, supporting both mixotrophic reef-building corals as
well as planktivorous reef fish that depend on them for shel-
ter (Hamner et al. 1988; Fox et al. 2018). The importance
of these passive pathways between open oceans and coral
reefs varies spatially with reef type and bathymetry, with
lagoonal reefs being less exposed to oceanic nutrients and
plankton than seaward and barrier reefs (Hamner et al. 2007;
Brandl et al. 2025). Coral reefs are also connected to pelagic
ecosystems via more active pathways of energy and nutrient
transfer, driven by ‘mobile link’ organisms (Lundberg and
Moberg 2003). For example, wide-ranging marine predators,
including seabirds, sharks, and large mobile fishes, often
feed in pelagic areas and excrete waste within coral reef eco-
systems, thereby actively transporting energy and nutrients
across ecosystem boundaries (Young et al. 2010; Benkwitt
et al. 2022; Dunn et al. 2022). Even within lagoonal reefs,
reef fish communities are sustained by oceanic-based pro-
duction sources, planktonic dependence extending beyond
communities that inhabit more oceanic atoll edges (Skinner
et al. 2019, 2021). Ultimately, there is incredible complex-
ity to the mechanisms of connectivity that exist in coral reef
ecosystems. Untangling the influence of active and passive
ecosystem connectivity on coral reefs can help predict how
these connections might change in future, with alterations to
ocean currents (Wilson et al. 2016), invasive species intro-
ductions (Peller and Altermatt 2024), and reduced predator
populations (Dedman et al. 2024). This understanding will,
therefore, help to inform which reefs are likely to benefit
most from the removal of invasive species and the resto-
ration of predator populations, their movements, and roles
within ecosystem connectivity (Dunn et al. 2024).

Here, we investigate the influence of both passive and
active pathways (i.e. oceanographic processes and sea-
bird movements) on the provisioning of nutrients to coral
reef ecosystems within the Chagos Archipelago, a remote
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archipelago within the central Indian Ocean that provides
a unique opportunity to examine ecosystem connectivity
amongst coral reef habitats without direct human influence.
The Chagos Archipelago is situated in an area of strong
trade-winds and a thermocline that causes ocean upwell-
ings (McCreary et al. 1993). Furthermore, its islands host
a diverse range of predatory seabird species that subsidise
coral reef food webs with nutrients from their pelagic for-
aging areas (Graham et al. 2018; Benkwitt et al. 2022). We
used natural markers as tools to help elucidate the active
and passive pathways that connect ecosystems within the
Chagos Archipelago, investigating stable isotope signatures
that allow the quantification of an organism’s resource and
habitat use (Newsome et al. 2007), as well as nutrient levels
and ratios. Specifically, we investigated carbon (8"3C) stable
isotopes, nitrogen (3'°N) stable isotopes, nutrient levels (per
cent nitrogen, %N), and nutrient ratios (carbon-to-nitrogen
ratios, C:N) within taxa collected from two depths within
lagoonal reefs and from more exposed seaward reefs within
the Chagos Archipelago, including from reefs surrounding
islands where high densities of seabirds were present as
well as those where they were absent. Carbon stable iso-
topes reflect the primary carbon sources within a food web,
and lower values can, therefore, be indicative of nearshore
and benthic vs passive oceanic signatures, due to higher
nutrient concentrations and greater productivity nearshore
(McMahon et al. 2013). Contrastingly, nitrogen stable iso-
topes increase with trophic level and are, therefore, used as
a proxy for the uptake of seabird-derived nutrients (Benkwitt
et al. 2021a). Higher nutrient levels and lower C:N nutrient
ratios (indicators of nutrient supply) might also be indicative
of this active transport mechanism.

We collected samples of three benthic organisms that
are representative of the base of the food web: two primary
producers (macroalgae, Halimeda sp. and turf algae) and a
sponge (Spheciospongia spp.) that filter feeds on zooplank-
ton and, therefore, provides an isotopic signature reflective
of this food source. We also collected tissues from two het-
erotrophic taxa to explore how cross-ecosystem nutrients
progress through the food web: shallow subtidal gastropod
snails and hermit crabs. We predicted that organisms from
seaward reefs would have lower 3'C values compared to
those from lagoonal reefs, and that this difference would
be more pronounced at deeper depths on seaward reefs, due
to a reliance on passive nutrient inputs from more oceanic
sources (Fig. 1). We also predicted that taxa from reefs
around islands where seabirds were present would have
higher nutrient levels, enriched 3N values, and lower
nutrient ratios in comparison with those without seabirds,
due to these ecosystems being enriched by the active trans-
fer of higher trophic level seabird guano (Fig. 1). We pre-
dicted that due to seabird guano inputs being diluted by the
passive input of oceanic nutrients, and potentially washed
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Fig. 1 Conceptual isotopic
biplot of 8'*C and 8'>N demon-
strating our hypotheses for the
isotopic space that macroalgae,
turf, sponge, hermit crabs, and
gastropods sampled across reefs
within the Chagos Archipelago
will occupy
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away more quickly due to currents and wave exposure, these
differences would be lower on seaward reefs than within
lagoonal reefs, and would diminish with depth in the basal
food source species.

Materials and methods
Data collection

Sampling was conducted at low-lying atoll islands through-
out the Chagos Archipelago within the central Indian Ocean
(5°50' S, 72°00" E). Sampling was across 4 years, with sam-
pling in 2019, 2021, and 2022 in the January—April pre-
trade-wind season, and sampling in 2023 in October fol-
lowing the trade-winds. Within each year, samples were
collected within a 3-week period. Whilst the phenology of
the seabirds that breed in the Chagos Archipelago is varied,
many species are present within the Archipelago throughout
the year, with high abundances throughout October—April
(Carr et al. 2020; Votier et al. 2024). Within the central
equatorial Indian Ocean, wind-driven upwelling is low dur-
ing inter-monsoon periods (Kumar et al. 2016), with peak
upwelling across the Salomon, Peros Banhos, and Egmont
atolls (Fig. 2) being between May and June in both 2019 and
2022 (Spring et al., unpublished data). Our sampling was,

therefore, consistently outside peak upwelling periods for
the Chagos Archipelago. Whilst all islands have been unin-
habited since the 1970s (with the exception of the military
facility on the island of Diego Garcia), introduced black rats
(Rattus rattus) and coconut palm (Cocos nucifera) planta-
tions have led to differences in seabird abundances (Fig. 2)
and flows of active nutrient transfer across the islands (Gra-
ham et al. 2018; Carr et al. 2021).

All islands in this study were similar in size, location, and
environment (with the exception of seabird abundances) and
were encompassed by a large marine protected area thereby
protecting them from extrinsic human influences (Hays et al.
2020). Our sampling took place across four of the Chagos
Archipelago’s atolls and encompassed coral reef sites that
were approximately 100-200 m from shore, both adjacent
to islands with seabirds (n;y,,qs= 7). and presumed ‘active’
nutrient input, as well as those where seabirds were absent
due to rats (n;g,,q,= 7; Fig. 2). Seabird presence was deter-
mined via previous work within the region (Graham et al.
2018; Carr et al. 2021). Samples were collected from both
the lagoonal reefs adjacent to these islands as well as from
adjacent seaward reefs that were likely more exposed to
more ‘passive’, oceanic nutrient inputs. Samples of three
basal food sources (primary producers Halimeda sp. mac-
roalgae [5 cm] and turf algae [2 g], and zooplankton-feed-
ing sponge Spheciospongia spp. [2 g]) were collected at
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Fig. 2 Locations of sample col-
lection throughout the Chagos
Archipelago: Ile Anglaise, lle
Mapou, and fle de 1a Passe in
Salomon atoll; Anglaise, Grand
fle Coquillage, Moresby Island,
fle Parasol, fle de la Passe, fle
Poule, and ile Yeye in Peros
Banhos; Eagle Island, Middle
Brother, and South Brother in
the Great Chagos Bank; East
Island within the Diego Garcia
atoll. Where symbols overlap, n
this is indicative of sampling Zo i
taking place within lagoonal
reefs as well as seaward reefs at
the same island. Open circles
indicate sampling at shallow
depths, and closed circles
indicate sampling at deeper
depths. Islands are illustrated in
black, and submerged banks are
illustrated in grey

6.0°S

7.0°S

71.0°E T1.5°E

both ‘shallow’ (ca. 1-2 m) and ‘deep’ (ca. 6—8 m) depths,
whereas samples of heterotrophs (shallow subtidal hermit
crabs and gastropods [individuals]) were aggregated across
the two depths due to logistical constraints whilst sampling
(Table 1). Sample sizes varied due to logistical constraints,
including variable time in the field and conditions restricting
access to certain sites at certain times. Fieldwork was con-
ducted, and samples were collected under permit numbers
0001SE19, 0002SE21, 0001SE22, and 0009SE23 in 2019,
2021, 2022, and 2023, respectively.

Hermit crabs and gastropods were extracted from their
shells, to analyse only the body of the animal. All samples

Table 1 Number of samples collected from each of the different reef
habitats across 14 islands in 2019, 2021, 2022, and 2023 (the num-
ber of samples collected per year are shown in Table S1). Samples
collected from islands where seabirds were present were predicted to

Peros
Banhos
atoll

A

LS :
b a Salomon
- S atoll
Deep (ca. 6 -8 m)
Great Chagos Shallow (ca. 1 -2 m)
Bank
® Seabirds absent
@ Seabirds present
Diego ¢
Garcia
atoll
50km |1 1 J
f2.0°E 12.5°E

were kept separate on collection, dried at 60 °C for at
least 48 h following collection, and stored in sterile air-
tight vials, following previously used methodologies
(Graham et al. 2018; Benkwitt et al. 2021a). Macroalgae
samples were washed with hydrochloric acid to dissolve
any calcareous matter and were then analysed using an
Elementar Vario MICRO cube Elementar Analyser and
an [soprime 100 Isotope Ratio Mass Spectrometer at Lan-
caster Environment Centre, Lancaster University, UK.
Based on international standards IAEA 600 and USGS
41, accuracy was 0.2%o standard deviation. Furthermore,

exhibit evidence of greater active nutrient transfer, whereas samples
collected from seaward reefs and deeper depths were predicted to
exhibit evidence of greater passive nutrient transfer

Sample Seabirds Present Absent

Habitat Lagoonal Seaward Lagoonal Seaward

Depth Shallow Deep Shallow Deep Shallow Deep Shallow Deep
Macroalgae 54 11 78 11 72 30 42 39
Turf algae 24 8 40 8 45 21 29 9
Sponge 47 10 58 10 40 30 26 30
Hermit crab 26 25 27 31
Gastropod 35 22 35 26
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a subset of samples were run in duplicate or triplicate to
ensure accuracy of readings, and the first reading was used
for analyses.

Statistical analyses

Data processing, statistical analyses, and data visualisa-
tion were undertaken in R (R Core Team 2024) using the
‘tidyverse’ (Wickham et al. 2019), ‘SIBER’ (Layman et al.
2007; Jackson et al. 2011), ‘brms’ (Biirkner 2017), and
‘MixSIAR’ (Stock and Semmens 2016) R packages.

First, to investigate the isotopic niche space occupied by
macroalgae, turf, sponge, hermit crabs, and gastropods sam-
pled across reefs (Fig. 1), we conducted Shapiro—Wilk tests
and drew quantile—quantile plots to ensure that all isotope
data were adequately described by a multivariate normal
distribution (Royston 1982). We then calculated Bayesian
standard ellipses areas that provide measures of core niche
space, as well as the proportion of overlap in isotopic niches
(Jackson et al. 2011).

To investigate the uptake of active nutrients, passive
nutrients, and subsequent nutrient levels and ratios whilst
accounting for non-independence within our sampling
design, we fit multilevel Bayesian models using Stan to com-
pare 3'C, 3'°N, %N and C:N values within samples from
reefs surrounding islands with seabirds vs islands with rats,
lagoonal reefs vs seaward reefs, and shallow vs deep waters
(Biirkner 2017). For the basal food source samples, we ran
models that included interactions between the explanatory
variables for sample taxa, ‘seabirds’ (a categorical variable
outlining whether seabirds were present or absent on the
adjacent island), ‘habitat’ (a categorical variable describing
whether the reef was lagoonal or seaward), and ‘depth’ (a
categorical variable indicating whether samples were col-
lected from deep or shallow depths). For the heterotroph
samples, the full model included interactions between the
explanatory variables for taxa, ‘seabirds’, and ‘habitat’. All
models included an additive term for the year of sampling,
and a random effect of the island that they were collected
from nested within the atoll that the island was part of. To
reflect the distributional properties of the data, we used a
Gaussian distribution with an identity link for the 3'°C,
3N, and consumer %N values, and a lognormal distribution
for the models investigating basal food source %N values
and nutrient ratios of both basal food sources and hetero-
trophs. These models were run using 4 Markov chain Monte
Carlo chains for 5000 iterations, following a warm-up of
2000, using the weakly informative priors provided by the
‘brms’ package (Biirkner 2017). We confirmed model con-
vergence and fit via visual inspection of the chains, posterior
predictive checks (to compare the observed data in compari-
son with the simulated data distributions) and by checking
that the Gelman—Rubin convergence statistic (__) was close

to 1 (Biirkner 2017; McElreath 2020). We examined patterns
of the models’ residuals to ensure good model specification
and visualised the posterior distributions to verify that they
had been meaningfully updated by the data, indicating that
the priors had not dominated inference. Model results are
presented as effect estimates and 95% credible intervals,
unless stated otherwise, and the influence of year is explored
within the Supporting Information (Fig. S1). Evidence of an
effect was determined via the direction and magnitude of the
posterior distribution, as well as the proportion that lay away
from zero (McElreath 2020).

To quantify the contribution of passive vs active nutri-
ent sources to the two heterotroph taxa across the two reef
habitats, we ran four Bayesian mixing models (Moore and
Semmens 2008) following the MixSIAR model framework
(Stock et al. 2018). For the sources, we calculated mean
and standard deviation values for i) sponge as a proxy for
passive, oceanic nutrients (Van Duyl et al. 2018) and ii) turf
algae as a proxy for actively transferred, seabird-enriched
nutrients due to higher 9N values near seabird islands,
indicative of seabird-derived nutrient uptake (Graham
et al. 2018). We restricted these analyses to data collected
within Salomon atoll (Fig. 2) due to sources overlapping in
isospace at the other atolls (see Fig. S2 for isospace plots
of the Salomon atoll samples). The trophic discrimination
factors were set to 0.1 +2.2 %o and 2.6 +2.0 %o for 3'°C
and 0N, respectively, based on a literature review on dis-
crimination factors for aquatic invertebrates (Brauns et al.
2018). The models were run with two process and residual
error terms, and whether seabirds were present or absent
on the adjacent island was included as a fixed factor. For
these analyses, we used ‘normal’ Markov chain Monte Carlo
parameters, i.e. a chain length of 100,000, with a burn of
50,000 and a thin of 50 for three chains. As before, model
convergence was assessed using Gelman—Rubin as well as
Geweke diagnostic tests.

Results
Nutrient pathways and sources

The different taxa generally occupied different core niche
spaces (Fig. 3a) as well as different amounts of core niche
space, demonstrated by differences in the areas of their
sample size-corrected standard ellipses: macroalgae =4.4;
turf algae = 14.4; sponge = 12.2; hermit crab =6.8; and gas-
tropod = 10.4. Values of 3'°N were higher in hermit crabs
(mean =7.2 +0.9 %o sd) and gastropods (10.0 + 1.5 %o) than
in macroalgae (5.5 +0.8%o), turf algae (5.8 +1.1%o), and
sponge (6.1 +1.2%c) and 8'C values also varied between
taxa (macroalgae =—19.7 +2.0%o; turf algae =—-13.6
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Fig. 3 Isotopic biplots of 2

8'3C and 8'°N for macroalgae,

turf, sponge, hermit crabs, and

gastropods sampled across reefs

within the Chagos Archipelago.

Ellipses are drawn using the

normal distribution at a 50%

confidence level, and large cir- 10
cles and squares represent mean
values, and error bars represent
standard deviation. Panel a
illustrates the means and stand-
ard deviations of each taxon,
with small open points repre-
senting individual samples, and
b shows the means and standard
deviations of each taxon from
each reef habitat type (lagoonal
or seaward) grouped by seabird
presence and by depth for the
basal food source samples
(macroalgae Halimeda sp., turf
algae, and sponge Spheciospon-
gia spp.) and by seabird pres-
ence for the heterotroph samples
(hermit crabs and gastropods) as
these samples were aggregated -30
by depth. Axes scales differ

between the panels
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il Y
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[[] Seabirds present [[] Seabirds present x shallow [I] Seabirds present x deep

B Seabirds absent

+4.8%0; sponge =—15.4 +3.4%0; hermit crab =—11.6
+2.36%0; and gastropod =—11.9 +2.2; Fig. 3a-b%o).
When pooled across the basal food source samples (mac-
roalgae, turf algae, and sponge), values of 3'3C were not
strongly impacted by the individual effects of reef habi-
tat (estimate of the effect of seaward reefs =—0.22, CIs
=-0.62, 1.07) or depth (estimate of the effect of deeper reefs
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[l Seabirds absent x shallow [E Seabirds absent x deep

=-1.07, CIs =-2.64, 0.56), though deeper seaward reefs
generally had lower values, indicating increased reliance on
passive, oceanic nutrients (estimate of effect of the interac-
tion between seaward reefs and deeper depths =—1.83, CIs
=-3.65, —0.01; Fig. 4a). Despite there not being an overall
effect of just reef habitat on '°C values when pooled across
sample types, a difference in the passive nutrient pathway
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Fig. 4 Predicted conditional effects and 95% uncertainty intervals
of a) basal food source 8'>C values under the effect of the interac-
tion between sample type (macroalgae Halimeda sp., turf algae, and
sponge Spheciospongia spp.), seabirds (present or absent), habi-
tat (lagoonal or seaward reefs), and depth (‘shallow’ ca. 1-2 m and
‘deep’ ca. 6-8 m), and the fixed effect of year and b) heterotroph 8'3C

between lagoonal and seaward reefs (implied via lower 3'C
values at seaward reefs) was more evident within turf and
sponge (estimate of effect of turf and seaward reefs =—3.46,
Cls =-5.07, —1.87; estimate of effect of the interaction
between sponge and seaward reefs =—1.9, CIs =-3.14,
—0.67). Turf and sponge both had higher 8'3C values than
macroalgae overall (estimate of effect of turf =6.96, ClIs
=5.75, 8.19; sponge =4.12, CIs =3.19, 5.05; Fig. 4a). The
absence of birds did not influence 8'3C values (effect esti-
mate =—0.7, CIs =—1.8, 0.45).

Gastropods and hermit crabs had similar 8'C values to
each other (effect estimate =0, CIs =—1.04, 1.0). Values
were generally lower (possibly indicative of a passive nutri-
ent pathway) within samples from seaward reefs (effect esti-
mate =—1.07, CIs =0.04, —2.2; Fig. 4b), although credible
intervals overlapped with zero, indicating uncertainty (Fig.
S3a). As was observed within the basal food sources, the
absence of seabirds did not influence 3'>C values within the
heterotroph samples (effect estimate =0.14, CIs =—-2.34,
2.50).

Within the basal food source samples, values of 3N
were higher in samples from around islands where seabirds
were present, indicating an active nutrient pathway via the
input of seabird-vectored nutrients (estimate of effect of sea-
birds being absent =—1.38, CIs =-2.27, —0.53; Fig. 3b;
Fig. 5a). Basal food source 3'°N values were also higher
within lagoonal reefs (estimate of the effect of seaward
reefs =—0.69, CIs =—-0.96, —0.43; Fig. 5a), but were not
influenced by depth (effect estimate =0, CIs =—0.49, 0.50).

W2

+ Shallow +

Sponge Hermitcrab ~ Gastropod

$+ o ! l
-12.5 } |

3 &
PN ol
8) ]
Q»o 56‘3‘\‘

Reef habitat

Deep

values under the effect of the interaction between sample type (hermit
crabs and gastropods), seabirds, and habitat, and the fixed effect of
year. Conditional effects are displayed, with predictions marginalised
over the effect of seabird presence and year. Translucent dots repre-
sent raw data

Values of 3'°N were highest within turf algae (effect esti-
mate =0.81, CIs =0.43, 1.18) and in sponge (effect estimate
=0.73, CIs =0.43, 1.02), in comparison with macroalgae.

To a lesser extent than in the basal food source samples,
d'>N values in the heterotrophs tended to be higher in sam-
ples from around islands with seabirds (estimate of effect of
seabirds being absent =—0.53, CIs =—1.74, 0.7; Fig. 5b),
although the 95% credible interval included zero, indicating
uncertainty around this result (Fig. S3b). Contrary to basal
food sources, values of 3'°N were not influenced by whether
samples were from seaward or lagoonal reefs (estimate of
effect of habitat =—0.01, CIs =—0.64, 0.66; Fig. 5b).

For the most part, our Bayesian stable isotope mixing
models showed that gastropods and hermit crabs were pri-
marily sustained by a nutrient pathway that we had hypoth-
esised was a proxy for active nutrient transfer (Fig. 6). Both
hermit crabs and gastropods sampled from seaward reefs
surrounding islands where seabirds were present had a
slight increased reliance on passively transferred nutrients
than on seaward reefs when seabirds were absent (Fig. 6a
& c). Within lagoonal reefs, there was very little difference
in the contribution of active vs passive nutrients to hermit
crabs between islands with seabirds vs those without sea-
birds (Fig. 6b). However, within gastropods from lagoonal
reefs, there was a shift from the proxy for a passive, oce-
anic nutrient pathway (mean contribution estimate where
seabirds were absent of the passive pathway =0.59 and the
active pathway =0.41) to the proxy for a more active nutri-
ent pathway when adjacent to islands where seabirds were
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Fig. 5 Predicted conditional effects and 95% uncertainty intervals
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present (mean contribution estimate where seabirds were
present of the passive pathway =0.39 and the active pathway
=0.61; Fig. 6d).

Nutrient enrichment

Whilst there was no evidence of an effect of seabird presence
on basal food source %N values (estimate of the effect of
seabirds being absent =—0.25, CIs =—0.57, 0.07), nutrient
levels were generally higher within lagoonal reefs (estimate
of effect of seaward reefs =—0.39, CIs =-0.60, —0.19)
and at deeper depths (effect estimate =0.71, CIs =0.33,
1.1; Fig. 7a). Values of %N were highest within samples of
sponge (effect estimate =0.89, CIs =0.66, 1.12) and lowest
within samples of turf algae (effect estimate =—0.95, CIs
=-—1.24, —0.66).

Fig. 7 Predicted conditional E
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There was minimal impact of the presence of seabirds
or habitat type (lagoonal vs seaward reef) on %N values
within the heterotroph taxa (estimated effect of seabirds
being absent =—0.48, CIs =—1.91, 0.96; estimated effect of
seaward reefs =0.12, CIs =—0.92, 1.16). Nitrogen percent-
ages were higher within gastropods (effect estimate =2.79,
CIs =1.81, 3.76) than in hermit crabs (Fig. 7b).

Lower carbon-to-nitrogen ratios can be indicative of
higher nitrogen availability, and the ratio of C:N in basal
food source samples was generally lower on reefs surround-
ing islands where there were seabird populations in com-
parison with those without seabirds (estimate of the effect
of seabirds being absent =0.2, CIs =0.04, 0.37). For mac-
roalgae, C:N ratios were lower within samples from lagoonal
reefs (estimate of the effect of seaward reefs =0.3, Cls
=0.18, 0.42) and at deeper depths (effect estimate =—0.27,
CIs =-0.5, —0.04; Fig. 7c), though they were higher within
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turf from lagoonal reefs (estimate of the effect of the interac-
tion between turf and seaward reefs =—0.68, CIs =—0.91,
—0.46). Ratios of C:N were similar within sponge from
both reef habitats (estimate of the effect of the interaction
between sponge and seaward reefs = —0.36, CIs =—0.54,
—0.18; Fig. 7¢), although sponges collected from shallower
depths had lower C:N ratios (estimate of the effect of the
interaction between sponge and deeper depths =0.55, ClIs
=0.24, 0.87).

Finally, C:N ratios in heterotroph samples were similar
between islands with and without seabirds (effect estimate
=0.02, CIs =-0.12, 0.16), as well as between seaward and
lagoonal reefs (effect estimate =—0.01, CIs =—0.07, 0.08).
Ratios of C:N were lower within gastropods than within
hermit crabs (effect estimate =—0.19, CIs =—-0.26, —0.12).

Discussion

Coral reefs are subsidised from a range of nutrient sources.
Our study explores the relative contributions of different
nutrient pathways to coral reef taxa by using the 3'°C, 3'°N,
%N, and C:N values of samples collected from different
coral reef habitats as proxies for passive and active nutrient
transfer. Whilst patterns varied across taxa, we show that
oceanic nutrients, moved via passive abiotic mechanisms
such as currents and upwelling, may underpin elements
of coral reef food webs, particularly at deeper depths on
seaward reefs, whilst ‘mobile link’ organisms (i.e. seabirds
that actively transport nutrients) can influence shallow and
lagoonal coral reef food webs when present.

Lower 8'3C values were found in both basal food source
samples and heterotrophic samples from seaward reefs, in
comparison with those from lagoonal reefs (Fig. 4), indicat-
ing variation in the baseline carbon sources underpinning
these habitats (Le Bourg et al. 2018), although the signal
was weaker in heterotrophic taxa (Fig. S3a) and not evi-
dent in macroalgae. Plants and pelagic phytoplankton that
inhabit high turbulence systems generally have low 3'°C
values (France 1995), therefore influencing the 013C val-
ues of turf algae, sponge, and potentially other consum-
ers that feed on phytoplankton and turf algae (Fig. 4a, b).
Despite a lack of habitat effect, values of 3'3C were low-
est within the macroalgae samples, indicative of the genus
(Halimeda) being a fast-growing primary producer that must
rapidly assimilate and photosynthesis carbon (Vogel et al.
2015). Moving forward, carbon isotope analysis of essential
amino acids (a method robust to differing growth rates and
other extrinsic impacts) and other integrative approaches
(such as isotopically informed demographic modelling)
are likely to provide novel insights into the different pas-
sive pathways that subsidise coral reef food webs (Larsen
et al. 2015; Skinner et al. 2022; Brandl et al. 2025). For
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example, these techniques allow the traces of biogeochemi-
cal fluxes through food webs, as well as distinctions between
different planktonic pathways, such as those that are either
nearshore or offshore in origin (Skinner et al. 2021; Brandl
et al. 2025). Compound-specific stable isotope analysis may
also allow for further insights into seasonal variability in
nutrient pathways (Skinner et al. 2022). Indeed, the Indian
Ocean’s complex current systems are influenced by climate,
sea level, and temperature (Hood et al. 2017), and much of
its climatology is dominated by differing monsoon seasons
(Lévy et al. 2007). These cycles have cascading influences
on biological productivity and nutrient pathways (Hood et al.
2017) and, whilst we do not yet know how long it takes for
variation in environmental conditions to reveal changes in
the isotopic values for many coral reef taxa (Skinner et al.
2022), they are likely the reason for interannual differences
in 8'3C across both the basal food source and heterotroph
samples (Fig. S1). In the face of unprecedented environ-
mental change, understanding how passive nutrient path-
ways support coral reef ecosystems, and how this might vary
between years, seasons, and with changing ocean current
regimes, is vital (Hays 2017).

Regarding the active transport of nutrients to coral
reefs, the uptake of seabird-derived nutrients was evident
via higher 3'°N values within samples from around islands
where seabirds were present, congruent with previous stud-
ies (Graham et al. 2018; Benkwitt et al. 2021a). This sig-
nal (higher 3'°N values as well as lower carbon-to-nitrogen
ratios) was observed across all basal food source samples,
indicating that the actively transferred seabird guano led to
increased availability and, therefore, absorption of limited
nutrients (i.e. nitrogen) by primary producers such as phy-
toplankton and algae (Figs. 5a and 7c). Though previous
studies have identified evidence of active nutrient transfer
within lagoonal reef taxa (Graham et al. 2018; Benkwitt
et al. 2021a), we now also find higher 3N values in sam-
ples from seaward reefs adjacent to islands with seabirds
in comparison with those without seabirds (Fig. 5). We did
not observe an influence of depth on this signal, suggesting
that the influence of seabird nutrient enrichment extended
to deeper depths. Though the difference in the depth that we
collected samples from was not large (ca. 1-2 m and ca. 6-8
m), the horizontal distance that this related to range from
approximately 100 to 200 m. In previous studies, evidence
of a seabird nutrient pathway has been observed within mac-
roalgae, turf algae, and reef fish at least 300 m from shore
(Benkwitt et al. 2021a). Future work should seek to inter-
rogate the spatial footprint of seabird nutrient transfer, its
pathways from land to sea, and its influence over the extents
and depths of the reefs that surround atoll islands (Choisnard
et al. 2024).

Though less strong than the patterns observed within
the basal food source samples, heterotrophic taxa showed
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a tendency towards higher 3'°N values, consistent with
trophic fractionation (Fig. 5b). Though there was uncertainty
around the strength of this effect (Fig. S3b), gastropods, in
particular, had high 3'°N values (Fig. 5b), particularly in
2023 in comparison with 2022 (Figure S1d), low C:N ratios
(Fig. 7d), and underwent a shift from passive, oceanic nutri-
ent pathways to more active nutrient pathways when inhabit-
ing lagoonal reefs adjacent to islands where seabirds were
present (Fig. 6d). This is likely due to gastropods grazing
directly on enriched algae, similar to herbivorous detri-
tivorous reef fishes which also exhibited higher 8'°N than
omnivorous reef fishes when close to islands with seabirds
(Andrades et al. 2024). The heightened relative reliance of
gastropods on the proxy for the active pathway in lagoonal
reefs where seabirds were present, therefore, likely reflects
the heightened ability of seabird-derived nutrients to accu-
mulate within lagoons in contrast with rapidly-flushed sea-
ward reefs. Furthermore, these inter-habitat differences may
also reflect shifts in gastropod diet between lagoonal and
seaward reefs, indicative of variation in nutrient availabil-
ity, community composition, and competitive interactions.
Influxes of seabird nutrients to lagoonal reefs may therefore
alleviate constraints that may have otherwise limited gas-
tropods to forage on sources sustained by passive nutrient
pathways.

The trophic pathways of omnivorous hermit crabs are
likely longer and more complex than those of herbivorous
gastropods and they, therefore, did not demonstrate the same
switch to a reliance on an active nutrient pathway when in
the presence of seabirds (Fig. 6a, b). Instead, hermit crabs
always relied on the active nutrient pathway, highlighting
the complexity of this system and the likelihood that though
we considered 015N a proxy for active nutrient transfer, the
nutrient signal of the turf algae was also influenced by dif-
fering benthic nutrient sources, such as the substrate that it
grows on (Garcia-Seoane et al. 2023), and other interacting
active mechanisms like fish excretion (Van Wert et al. 2023).
How important the active pathway of seabird-derived nutri-
ent enrichment is for heterotrophic taxa, both in terms of
its overall contribution as well as its influence on their life
histories, abundance, behaviour, and functioning, therefore,
remains to be determined. For example, though increased
seabird nutrients causes heightened growth rates in corals
(Benkwitt et al. 2023; Lange and Benkwitt 2024) and altered
demographic rates in parrotfish (Benkwitt et al. 2021b),
knowledge gaps remain regarding its influence on other
aspects of coral reef food webs. Understanding the influence
of allochthonous nutrient inputs on the ecology of gastro-
pods and hermit crabs is important due to the link that they
provide between primary producers and secondary consumer
invertivorous fishes, a group that composes a high propor-
tion of fish biomass on coral reefs (Robinson et al. 2023).
This is particularly timely during a period where, despite

their importance (Steibl et al. 2024), tropical seabird abun-
dances are in flux, with many species experiencing declines
due to a multitude of threats, such as invasive species (Spatz
et al. 2023). Despite these declines, certain populations are
increasing due to conservation efforts, with the restoration of
native vegetation and eradications of invasive species being
particularly encouraged across atoll ecosystems (Dunn et al.
2024).

Though we hypothesised that samples from around
islands with seabirds might have higher nutrient levels, sea-
bird presence did not influence %N values. Instead, nitro-
gen levels were higher within lagoonal basal food source
samples, and those collected from deeper depths (Fig. 7a).
Perhaps, instead of being indicative of a seabird fertilisa-
tion signal, increased %N within this context was reflective
of more passive nutrient enrichment mechanisms such as
wave-driven circulation and sediment recycling (Adam et al.
2021), although these factors can interact (Thibault et al.
2022; Appoo et al. 2024b). It could be due to these interac-
tions and our lack of ability to model this ecological vari-
ability, that our fitted values sometimes deviate from the raw
data (Fig. 7a). Of the basal food sources, values of %N were
highest within sponge (Fig. 7a), likely due to its high effi-
ciency at taking up dissolved organic material together with
planktonic food sources (de Goeij et al. 2013). Furthermore,
macroalgae samples collected in 2022 had higher %N values
than those collected during other years (and consequently
lower C:N ratios; Fig. 7a, c; Figure S1), possibly due to
heavier than normal rainfall inputting nutrients to the sys-
tem (5 days of > 30 mm precipitation; www.meteoblue.com,
Basel, Switzerland) or temporal variation in the reproductive
ecology of Halimeda sp. (Clifton 1997; Clifton and Clifton
2002). Though these sources of ecological variability likely
had consequences for variation in isotope values, we were
only able to account for the effect of year as an additive term
within our modelling (although see Supporting Information
Fig. S1), which may have led to discrepancies between our
model predictions and the raw data (Fig. 7a & c¢). Gastropods
and hermit crabs also differed in their %N values (Fig. 7b),
due to differences in their diet, nitrogen retention, and other
aspects of their ecologies (Davis et al. 2015). Ultimately,
it is likely that different taxa apportion different quantities
of nutrients to a range of different avenues (e.g. into rapid
growth). Though %N values did not seem to provide a good
indicator through which to disentangle active vs passive
nutrient transport within this context, it has been useful
within other more vegetation-dominated ecosystems such
as tropical mangrove and seagrass habitats, likely due to
plants having more predictable and direct nutrient require-
ments (Appoo et al. 2024a).

Overall, we have highlighted that allochthonous nutri-
ents are supplied to coral reef ecosystems via a combi-
nation of both active and passive pathways. Values of
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8'3C indicated that passive pelagic nutrient transfer has
an important role in sustaining elements of deeper, sea-
ward coral reef food webs, whereas active pathways of
nutrient transfer, namely that from nutrient-rich seabird
guano, are more likely to influence coral reef organisms
within lagoonal reefs. This being said, lagoonal reefs
provide nursery habitat for a diversity of fishes which,
later in their life cycles, migrate to seaward reefs, there-
fore potentially extending the benefits of active nutrient
transfer across multiple reef habitats (Adams and Ebersole
2002). Further investigation into the ecological implica-
tions of variation in nutrient supply to various taxa will
likely provide insights into how coral reefs might respond
to environmental changes. Values of 3PN, 8'3C, and car-
bon-to-nitrogen ratios, but perhaps not %N, provide useful
tools through which to answer these questions. Human
activity can lead to excess nutrients entering coral reef
ecosystems (D’Angelo and Wiedenmann 2014) and dis-
rupt natural nutrient pathways with wide-reaching con-
sequences (Gunn et al. 2023). We, therefore, encourage
continued research into the mechanisms behind these path-
ways as well as their impacts on ecosystem function. This
is especially pertinent at a time when habitat restoration
and eradications of invasive species are being encouraged
as a way of restoring seabird populations across tropical
island ecosystems, with potential benefits for nutrient con-
nectivity and coral reef ecosystems (Dunn et al. 2024).
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