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Ecosystems are intrinsically linked, such that management actions in one ecosystem can influence adjacent
ecosystems. However, adequate data, and even protocols, for monitoring cross-ecosystem responses to conser-
vation initiatives are lacking. Here, we evaluate potential indicators, operating on different spatial, temporal, and
biological scales, for measuring the effects of island-based restoration on coral reef ecosystems. We show that
island restoration status had consistent effects on populations of tropical seabirds across spatial scales from 100
m to entire islands. Seabirds, in turn, provided nutrient subsidies that were incorporated by marine algae and
coral-reef fishes, with the most pronounced effects closer to shore, at leeward sites, and at low trophic levels.
Microbes and macroalgae exhibited assemblage-level responses to seabird-derived nutrients entering the marine
environment, but there were few differences in coral reef benthic and fish assemblages. By identifying and
focusing on specific indicators such as macroalgal nutrients, managers can better monitor cross-ecosystem re-
sponses to conservation interventions with limited resources.

1. Introduction

Marine and terrestrial ecosystems have been largely siloed in both
ecological literature and current management practices, often treated as
if they are not connected. However, ecosystem boundaries are porous,
with marine and terrestrial ecosystems connected by the movement of
material and organisms to form ‘meta-ecosystems’ (Polis et al. 1997;
Loreau et al. 2003). As such, threats, or conversely conservation actions,
in one system can have substantial cross-realm impacts (Carlson et al.
2021). Therefore, conservation planning that jumps this gap to explicitly
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incorporate cross-ecosystem connections should be most effective
(Alvarez-Romero et al. 2011; Schiesari et al. 2019; Tulloch et al. 2021).

Although conservation interventions that re-connect ecosystems
have the potential to provide wide-ranging benefits, we lack monitoring
data and protocols to evaluate the efficacy of such efforts. Restoration in
particular is increasingly prioritized as a necessary conservation inter-
vention (Perring et al. 2015; United Nations Environment Agency 2019),
and there is growing recognition that restoration activities should
consider links among habitats and ecosystems (Hjaltén et al. 2016;
Bullock et al. 2022; Vozzo et al. 2023). Despite considerable progress in
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developing standardized indicators for restoration outcomes, and the
inclusion of external exchanges with other ecosystems as a key attribute
of ecological recovery, monitoring the impacts of these connections on
recipient ecosystems is overlooked (Gann et al. 2019). Comprehensive
monitoring of restoration outcomes is difficult even within ecosystems
(Wortley et al. 2013; Prach et al. 2019), and cross-ecosystem monitoring
is more challenging — recovery times are longer, effects are more
diffuse, and multi-disciplinary collaboration is required to quantify any
impacts. Thus, there is an urgent need to develop efficient ways to
monitor cross-ecosystem responses to restoration activities.

Islands are an ideal focus for restoration actions, as their smaller size
and relative isolation mean that terrestrial biodiversity is dispropor-
tionately unique and threatened, but also that island restoration is often
highly successful (Kier et al. 2009; Tershy et al. 2015; Jones et al. 2016;
Wood et al. 2017; Russell & Kueffer 2019). For example, eradicating
invasive species is one component of island restoration programs that
provides extensive benefits for native species and ecosystems (Jones
et al. 2016; Graham et al. 2024). As a result, invasive vertebrate eradi-
cations have now been attempted on nearly 1000 islands worldwide
(Spatz et al. 2022). Moreover, island restoration, including eradicating
invasive species, is now also recognized for its potential to provide cross-
ecosystem benefits to nearshore marine systems (Sandin et al. 2022;
Dunn et al. 2024; Graham et al. 2024). However, a limited under-
standing of land-sea nutrient pathways in island systems may hamper
the identification of critical connections and diminish efforts to restore
key ecosystem functions (Delevaux et al. 2018b).

Tropical coral reefs, in particular, are situated to gain much-needed
benefits from island restoration initiatives, as they are highly vulnerable
and rely on cross-ecosystem linkages to support high biodiversity in
nutrient-poor tropical waters. One way that island restoration can
benefit coral reefs is by promoting recovery of tropical seabird pop-
ulations. Tropical seabirds are threatened by the presence of invasive
rats and non-native coconut palms on islands via direct predation and
replacement of preferred habitat, respectively (Jones et al. 2008; Young
et al. 2010; Benkwitt et al. 2022). Where abundant, seabirds connect
multiple ecosystems as they deliver essential nutrients from their
offshore pelagic feeding grounds to island and coastal systems when
they return to breed or roost (Mulder et al. 2011). This nutrient pump is
particularly important on tropical atolls, where seabirds deposit an
average of 65,000 kg of nitrogen per atoll per year across the Indo-
Pacific (Steibl et al. 2024). On nearby coral reefs, seabird-derived nu-
trients are assimilated by various organisms (Graham et al. 2018),
leading to faster growth rates of coral and fish (Graham et al. 2018;
Savage 2019; Benkwitt et al. 2021b; Benkwitt et al. 2023), greater fish
biomass, productivity, and ecosystem functioning (Graham et al. 2018;
Benkwitt et al. 2020), and more resilient reefs (Benkwitt et al. 2023).
However, these benefits have primarily been documented by comparing
coral reefs near rat-free versus rat-infested islands, with only one study
additionally examining these dynamics on rat-eradicated islands
(Benkwitt et al. 2021a). Moreover, there is no information on how island
restoration affects coral reefs in an integrated way across multiple re-
sponses and levels of biological organization.

Here, we integrate multitrophic terrestrial and marine data at a
single time point to evaluate potential indicators of effective island
restoration on coral reef ecosystems. Using a space-for-time substitution,
we first determine whether differences in island restoration status
correspond to differences in the density and biomass of breeding and
roosting seabirds across multiple spatial scales. We then determine
whether seabird-derived nutrients enter coral-reef ecosystems, how far
offshore they persist, and which seabird metrics best predict these cross-
ecosystem nutrient flows. Finally, we test whether seabird-derived nu-
trients influence microbial, macroalgal, and fish assemblages, as well as
benthic composition. Combined, these findings can be used to focus
future coral reef monitoring efforts on metrics that best predict cross-
ecosystem responses to land-based restoration.
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2. Methods
2.1. Study sites

This study was designed to capitalize on the unique ecosystems of
Tetiaroa, an atoll consisting of 12 motu (small islets) in the tropical
South Pacific Ocean (Fig. 1). We conducted a comparative study across
three motu to emulate different stages of island management: 1)
Rimatu’u — Polynesian rats (Rattus exulans) are still present and planted
coconut palms are abundant (78 % cover along the coastal margin
adjacent to marine sampling sites) to represent pre-recovery and pre-
restoration dynamics (“unrestored”), 2) Reiono - Polynesian rats and
coconut palms were both introduced, but rats were recently eradicated
(2018) and there are few remaining palms (6 % cover along the coastal
margin adjacent to marine sampling sites) as they have been replaced by
native Pisonia, to represent a restoration site and show short-term re-
covery dynamics (“recovering”), and 3) *A’ie — historically rat-free and
palm-free as a proxy for a restoration target and long-term recovery
dynamics (“reference™) (Russell et al. 2011) (Guillaume Molle, personal
communication). Minimal contemporary human impacts on Tetiaroa,
aside from the historical introductions of rats and coconut palms, allow
us to examine the impacts of island restoration initiatives without the
confounding effects of other local disturbances.

On each motu, we sampled both leeward and windward sides for a
total of six sites. We targeted leeward and windward sites to account for
wind-driven differences in mixing and water flow that may affect
dissipation of nutrients (e.g., Steven & Atkinson 2003). At each site, we
surveyed seabirds and marine nutrients, as well as microbes, macroalgal,
broad benthic, and fish assemblages. All fieldwork occurred from
October to November 2021, with the exception of fish nutrient sam-
pling, which occurred from July to December 2021. Importantly, these
marine metrics represent different time scales of nutrient response and/
or integration, from immediate (i.e., microbes) to long-term (i.e.,
benthic communities). While Tetiaroa is characterized by consistent
south-east trade winds over most of the year, we confirmed similarity
among wind regimes and island exposure across affected time scales
according to each marine metric (Table S1, Fig. S1). A full description of
the methods is provided in the Supplemental Material, with a brief
overview below.

2.2. Seabirds

The number of breeding seabirds and total seabirds (breeding +
roosting) were counted within 100x5 m transects along the coastal
margin of the three motu. From these surveys, we calculated four met-
rics — breeding seabird density, breeding seabird biomass, total seabird
density, and total seabird biomass. To further test which measures are
most relevant for understanding marine outcomes, we also aggregated
data at four different spatial scales — the 100-m transect immediately
adjacent to marine sampling sites (‘100 m’), the two 100-m transects
closest to marine sampling sites (‘200 m’), the entire side of the motu
adjacent to marine sampling sites (‘side’), and both sides of the motu
(‘motu’).

2.3. Nutrients

To capture the cross-system flow of seabird-provided nutrients, we
quantified nitrogen stable isotope values in macroalgae and reef fishes.
Seabird guano has high 5'°N values relative to other nutrient sources, so
enhanced §'°N values are a reliable indicator of seabird-derived nutri-
ents within coral-reef organisms (Lorrain et al. 2017; Graham et al.
2018; Benkwitt et al. 2021a). To explore nutrient loading integrated
over timescales of 1-3 months (Donovan et al. 2020), we analyzed the
5N in macroalgae (Turbinaria ornata leaflets) collected at 10-, 20-, 30-,
and 40-m from shore along triplicate transects at each site (see Sup-
plemental Methods for details). We also analyzed the §!°N in dorsal
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Fig. 1. Locations of field sampling sites on the windward and leeward sides of the three focal motu on Tetiaroa atoll (17°0'S 149°33'W), located 53 km (33 mi) north
of Tahiti within the Society Islands of Te Ao Ma’ohi (French Polynesia; blue star). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

muscles of fishes representing several feeding and taxonomic groups
collected at one site per motu, and expected to reflect diets over time-
scales of approximately 3-8 months (Vander Zanden et al. 2015).
T. ornata leaflets and dorsal white muscle from fish were dried at 60 °C
for 48 h, and analyzed for bulk §'°N at Lancaster University using a
Vario MICRO cube Elementar Analyzer coupled with an Isoprime 100
Isotope Ratio Mass Spectrometer.

2.4. Microbes

Microbial communities of coral and seawater can respond quickly to
changes in nutrients (hourly to daily) and can have large implications
for organismal and ecosystem health. Seawater and small (<2 cm?)
tissue samples of Porites lobata (stony coral) were collected using aseptic
technique at 10-, 20-, 30- and 40-m from shore on triplicate off-shore
transects at each site (Fig. 1), paired with T. ornata isotope samples as
described above. One liter of collected seawater was run through a 0.22
um Sterivex ™ filter cartridge (Millipore) using a Masterflex peristaltic
pump (Cole-Parmer). Coral fragments were rinsed and preserved in
RNA/DNA shield (Zymo Research Corporation). Both water filters and
coral samples were frozen for storage and transportation. DNA was
extracted using the ZymoBiomics MiniPrep DNA extraction kit (Zymo
Research Corporation) and the V4 region of the 16S rRNA gene was
amplified. Sequencing libraries were prepared using Nextera (Illumina)
dual-index barcodes and sequenced by the Center for Quantitative Life
Sciences (Oregon State University). All raw sequencing data are avail-
able on the NCBI Sequence Read Archive (SRA) under accession
PRJNA11146751. Downstream bioinformatic processing and taxonomic
identification of amplicon sequence variants (ASVs) were performed
using  QIIME2 (Boleyn et al 2019) (https://github.
com/hannaheps/TARP_motu_comparison). Further details of collec-
tion, sequencing and bioinformatic processing can be found in the
Supplementary Methods. Microbial alpha diversity metrics (ASV rich-
ness, shannon diversity, evenness and phylogenetic diversity), commu-
nity composition, and top abundant taxa were tested against nutrient
data.

2.5. Macroalgae, benthos, and fish communities

We conducted focused surveys of macroalgal communities, as

macroalgae are the benthic group expected to respond most strongly and
rapidly to changes in nutrient regimes. Nearshore macroalgal percent
cover and species-specific community composition were recorded in situ
along four replicate belt transects (20-25 m x 50 cm). At each site,
transects were run parallel to shore at 10- and 40-m from shore,
encompassing the nutrient and microbial transect stations. Observations
included: brown algae (Phaeophyceae), green algae (Chlorophyta), and
red algae (Rhodophyta), along with some benthic, filamentous Cyano-
bacteria genera that were also included as ‘macroalgae’.

Separate to nearshore macroalgal surveys, the total benthic compo-
sition and fish communities were surveyed offshore of each site (45-175
m from shore; Fig. 1) along four replicate 30-m transects spaced at least
10-m apart. These surveys were conducted as close to other marine
sampling stations as possible but were constrained by shallow water
depths. The species and body size (to the nearest cm) of all non-cryptic,
diurnal fishes were recorded by one observer, with all mobile species
counted within a 5-m wide band during a first pass of the transect, and
all site-attached Pomacentridae (damselfishes) counted within a 2-m
wide band during a second pass of the same transect. Structural
complexity along each transect was visually estimated using a standard
scale from O (no vertical relief) to 5 (exceptionally complex) (Polunin
and Roberts 1993), which has been shown to provide a rapid and reli-
able assessment of complexity (Wilson et al. 2007). The benthic cover
was assessed using two methods — in situ point-intercept surveys at 50-
cm intervals and video surveys, because both are commonly used in
coral reef monitoring programs, yet have clear trade-offs between
experience necessary in the field, post-processing time, and ability to
revisit data. Because we found high congruence among video and in situ
estimates of percent cover, with positive correlations among all major
groups (see Supplemental Methods), we present video estimates in the
main text and in situ estimates in the Supplement.

2.6. Statistical analyses

We first examined correlations among our different seabird metrics
and spatial scales to inform appropriate metrics and scales for seabird
censuses. Following our correlation analysis findings (see Supplemen-
tary Methods and Results) and previous literature (e.g., Graham et al.
2018), we then focused on seabird breeding biomass as our response and
tested the effects of island restoration status, exposure, spatial scale, and
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all two-way interactions using multiple linear regression.

To determine which seabird metric(s) was most associated with the
amount of seabird-derived nutrients entering the marine environment,
we then tested for correlations between each seabird metric and algal
51°N. Based on these findings (see Results), we focused on breeding
seabird biomass on the side of the motu adjacent to marine study sites.
The effect of seabird biomass on algal 5'°N was then tested using a linear
mixed effects model (‘LMM’), with site as a random effect. We included
interactions between seabird biomass*distance from shore and seabird
biomass*exposure as fixed effects, as there are a priori reasons to expect
the effect of seabird biomass on marine nutrients to depend on both
distance to shore and wind exposure (e.g., seabird nutrients are likely to
be more evident closer to shore, and on protected reefs). To examine
whether restoration status also influenced seabird-derived nutrient
flows to coral reefs, we ran an LMM with algal 5'°N as the response, but
replaced seabird biomass with restoration status in the fixed effects.

For the remaining analyses, we focused on algal 5'°N as a predictor
because we paired sampling locations of algal nutrients with our other
responses. Thus, algal §'°N better represents the amount of seabird-
derived nutrients in the marine environment in the immediate vicinity
of each metric. We had data on fish 5'°N at only three sites (one per
motu), resulting in complete overlap between site and algal 5'°N values.
Therefore, we analyzed fish 5'°N as a function of offshore algal 5'°N, fish
species, and their interaction using a multiple linear regression rather
than a LMM. To visualize community data (microbial, macroalgal,
benthic, and fish), we ran separate non-metric multidimensional scaling
(NMDS) using Bray-Curtis dissimilarity and algal §'°N fitted as an
environmental overlay. We then used permutational distance-based
redundancy analyses (‘distlm’) to test for an effect of algal 5'°N*expo-
sure on overall community structure. Models for fish communities
included structural complexity as an additional covariate due to its well-
documented effects on coral-reef fishes (e.g., Wilson et al. 2007; Darling
et al. 2017). Finally, because distance-based redundancy analyses
cannot account for random effects, we ran individual linear mixed-
effects models with the same fixed effects but with site as a random
effect on key metrics — microbiome: richness, evenness, Shannon index,
and Faith’s phylogenetic diversity; macroalgae: percent cover, species
richness, evenness, and Shannon index; benthic: hard coral percent
cover; fish: total biomass, species richness, species evenness, and
Shannon diversity.

All statistical analyses were conducted in R (R Core Team 2022),
with associated packages detailed in the Supplement.

3. Results

3.1. Island restoration status influences seabird populations, with high
correlations across metrics and spatial scales

Seabird metrics (breeding biomass, breeding density, adult biomass,
and adult density) were highly correlated both within and across spatial
scales (100 m closest to marine site, 200 m closest to marine site, side of
motu adjacent to marine site, and both sides of motu) (Spearman cor-
relation coefficients within scales >0.83, across scales >0.84; Fig. S2).
Four species of seabirds were present, with red-footed boobies (Sula
sula) accounting for 88 % of biomass and 57 % of density, brown noddies
(Anous stolidus) accounting for 12 % of biomass and 40 % of density, and
white terns (Gygis alba) and black noddies (Anous minutus) accounting
for <1 % of biomass and <2 % of density (Fig. S3).

Island restoration status was the primary predictor of seabird
breeding biomass, which was estimated to be 278.76, 103.36, and 3.92
kg/ha along the coast of the reference, recovering, and unrestored motu,
respectively (Fig. 2, Tables S2 and S3, p < 0.001). There was also a
marginal interaction between island ecosystem status and exposure (p =
0.07), such that breeding biomass was 2.3 times higher on the leeward
side of the reference motu, but there was no difference between wind-
ward and leeward sides on the other motu (Tables S2 and S3).
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Fig. 2. Effect of island ecosystem restoration status, exposure, and spatial scale
on seabird breeding biomass. ‘Reference’ refers to a historically rat and palm-
free motu representing long-term recovery dynamics, ‘recovering’ refers to a
motu with recent restoration interventions representing short-term recovery
dynamics, and ‘unrestored’ refers to a motu with abundant rats and palms
representing pre-recovery and pre-restoration dynamics. Points represent raw
data, boxplots display median (thick horizontal line), first and third quantiles
(box edges), and range of values no further than 1.5*inter-quantile range
(whiskers). Note the log scale of the y-axis.

3.2. Seabird nutrients enter nearshore marine habitats and coral-reef food
webs

Correlations between algal §'°N values and seabird metrics were
overall positive, with breeding seabird biomass by side of motu showing
the highest correlation with nearshore algal 5'°N (Spearman coefficient
= 0.94; Fig. 54). The effect of seabird breeding biomass on algal 5°N
depended on both distance to shore and exposure (Fig. 3ab, Table S4, p
< 0.001). At leeward sites, there was a positive log-linear effect of
seabird breeding biomass on algal 5'°N at all distances, with the stron-
gest effects occurring closer to shore (Table S5, all p < 0.001). With each
doubling of seabird biomass, algal 5'°N at 10-m from shore increased by
0.95, whereas at 40-m from shore it increased by 0.49. By contrast, at
windward sites there was no significant effect of seabird biomass at any
distance from shore (Table S5, all p > 0.55). Similarly, when using
restoration status rather than seabird biomass as a predictor, algal §'° N
values decreased with distance to shore around both the reference and
recovering motu, but there was no effect of distance to shore around the
unrestored motu (Fig. 3c and d, Tables S4 and S6). Moreover, the
reference and recovering motu had consistently higher algal §!°N than
the unrestored motu at leeward, but not windward, sites (Fig. 3c and d,
Tables S4 and S7). These patterns were driven by high algal 5'°N values
at the exposed side of the unrestored motu (Rimatu’u) across all dis-
tances from shore, potentially due to the existence of large seabird
populations on nearby rat-free Tahuna Iti (Fig. 1). To investigate this
possibility, we incorporated seabird counts from the southwest coast of
Tahuna Iti, which begin <50 m from the exposed side of Rimatu’u, into
the estimates for this side of the motu. When doing so, both seabird
breeding biomass and distance to shore were significant predictors of
algal 5'°N, but there were no longer any significant interactions (Fig. 3e,
Table S4). Algal 5'°N increased by 0.42 with each doubling of seabird
biomass, but decreased with increasing distance to shore.

Seabird-derived nutrients that entered the marine realm were
transferred up the food chain, as indicated by increasing fish 5'°N values
with increasing offshore algal SN (Fig. 4, F = 21.43, p < 0.001).
However, the strength of this pattern varied by fish species (species F =
3.40, p = 0.03, 5*>N*species F = 4.25, p < 0.01), with the strongest
effects on omnivorous damselfish and herbivorous surgeonfish, and the
weakest effect on predatory snapper (Fig. 4, Fig. S5, Table S8).
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3.3. Water column microbes are influenced by both seabird-derived (Alphaproteobacteria), SAR86 (Gammaproteobacteria), and an auto-
nutrients and location trophic marine bacterium of the genus Synechococcus — significantly
decreased with increasing algal §'°N, regardless of exposure

Algal 5'°N significantly impacted water microbial community (Table S11a; Fig. S7b-d). However, the patterns for richness, SAR86 and

dissimilarity, with marginal evidence that this effect varied by exposure Synechococcus appeared to be driven by localized conditions around
(distlm: 5'°N p = 0.03, exposure p = 0.23, §'°N*exposure p = 0.07; "Aie (the reference motu). There was anomalously low richness and
Fig. 4b; Table S9). Water microbial richness also increased with high Synechococcus near the protected side of *A’ie, while SAR86 was
increasing algal 5'°N, with a stronger effect on windward compared to anomalously low on both sides of *A’ie. On removing these samples from

leeward sites (LMM: 5!°N p < 0.001, exposure p = 0.72, 5'°N*exposure the dataset, the pattern for both richness and SAR86 held, but relative
p < 0.001; Fig. 4a; Table S10). By contrast, the relative abundance of abundance of Synechococcus was no longer significantly driven by algal
three of the dominant water column taxa — SAR116 5'5N (Table S11a; Fig. S6, S7a-c). Seabird-derived nutrients had minimal
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effects on other metrics of seawater microbial diversity (Shannon index,
evenness, Faith’s phylogenetic diversity), with patterns instead seem-
ingly driven by location (i.e., restoration status or motu; Fig. S7a;
Table S12a).

3.4. Coral microbiomes are impacted by seabird-derived nutrients

Coral microbial ASV richness increased with increasing seabird-
derived nutrients, with an estimated 10.8 % increase on windward
sides and 17.8 % increase on leeward sides with every doubling of algal
51N (LMM: 615Np < 0.001, exposure p = 0.23, 515N*exposurep =0.06;
Fig. 5a; Table $10). Evenness also increased with increasing algal 5'°N,
but only at windward sites (LMM: 5N p = 0.01, exposure p = 0.01,
5'°N*exposure p = 0.01; Fig. S8b; Table S10). However, neither algal
5N nor exposure significantly impacted overall community dissimi-
larity (distlm: 5'°N p = 0.58, exposure p = 0.26, 5'°N*exposure p = 0.69;
Fig. 5d), Shannon diversity (LMM: 5N p = 0.19, exposure p = 0.59,
5 N*exposure p = 0.34), or Faith’s phylogenetic diversity (LMM: §'°N p
= 0.29, exposure p = 0.70, §'°N*exposure p = 0.88) (Fig. 5¢ and d,
Fig. S8, Tables S9 and S10). In addition, in most cases, algal 5'°N did not
explain variances in the relative abundances of the most dominant taxa
in the coral microbiome, and instead the relative abundance of several
top taxa seemed to be driven by location (Tables S11 and S12b). For
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Fig. 5. Effect of algal 5'°N on a) seawater-associated and c) coral-associated microbial amplicon sequence variant (ASV) richness, where shading represents 95 %
confidence intervals of predicted fit (using a Poisson distribution). NMDS plots of b) seawater microbiomes (stress = 0.035) and d) coral microbiomes (stress =
0.124), colored and rotated by algal 5'°N. The length and direction of the arrow for algal 5'°N indicates the strength and direction of the effect.
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example, relative abundance of Endozoicomonas was lowest at the
reference motu, showing distinct, localized differences (Fig. S9a). In
contrast, an uncultured genus in the family Alteromonadaceae, Litoricola
and Neptunibacter were higher in abundance at the reference motu
compared to recovering and unrestored motu, particularly at exposed
sites (Fig. S9b-d).

3.5. Macroalgal community diversity and composition vary according to
seabird nutrients and distance from shore

Seabird-derived nutrients had strong effects on macroalgal commu-
nities 10-40 m from shore, with decreased algal cover, species richness,
and Shannon diversity with increasing algal 5'°N, regardless of exposure
(LMM: all §*°N p < 0.001, all exposure p > 0.29, all 5*>N*exposure p >
0.28; Fig. 6a and b, Fig. S10, Table S13). For each one unit increase in
algal 6'°N, there was a 22.1 % decrease in richness, 17.4 % decrease in
relative cover, and 0.22 index unit decrease in Shannon diversity.
Macroalgal species evenness also decreased with increasing algal 5'°N,
although this trend was marginally stronger at windward sites compared
to leeward sites (LMM: 5'°N p < 0.001, exposure p = 0.69, 5°N*expo-
sure p = 0.06; Fig. 6¢, Table S13). For each one unit increase in algal
5N, macroalgal evenness decreased by 0.11 on windward sites and
0.03 on leeward sites.

Both algal 5'°N and exposure also influenced the community
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composition of macroalgal species (distlm: 5'°N p = 0.001, exposure p =
0.04, 515N’"'exposure p = 0.001; Fig. 6d). The percent cover of 25 out of
31 species were negatively correlated with NMDS axis 1, corresponding
to algal 6'°N, with two species of calcifying green macroalgae (Halimeda
distorta and H. heteromorpha), two species of cyanobacteria (Schizothrix
minuta and Hydrocoleum coccineum) and one brown alga (Lobophora
spp.) displaying the strongest negative correlations (corr = —0.56,
—0.38, —0.47, —0.39, and —0.37, respectively). All six species positively
related to NMDS1 had relatively weak correlations, with Halimeda
opuntia having the highest correlation coefficient at 0.25, and all other
species having correlation coefficients <0.11. Turbinaria ornata, the
most abundant algal taxon, was more strongly negatively correlated
with NMDS axis 2 than axis 1 (corr = —0.85 and —0.15, respectively),
which appeared to be driven by extremely low Turbinaria cover (<0.1
%) at one location, 40-m from shore on the windward side of *A’ie (the
reference motu), which clustered at the highest values along NMDS2.
Overall, leeward sites were also associated with more negative NMDS2
values, matching the observation that Turbinaria made up a greater
relative percentage of the macroalgal communities at leeward sites
(Fig. S11).
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3.6. Seabird nutrients weakly influence total benthic composition and
coral-reef fish communities

The benthic habitat farther offshore (45-175 m) primarily consisted
of large Porites bommies interspersed among sand channels, such that
sand and rubble dominated percent cover across all sites (Fig. S12). Hard
coral cover increased with increasing seabird-derived nutrients at
windward, but not leeward, sites (LMM, 5'°N p = 0.81, exposure p =
0.96, 615N*exposurep = 0.002; Fig. S13ab, Table S14). However, there
was weak evidence that seabird-derived nutrients and wind exposure
influenced overall benthic community structure (distlm: §!°N p = 0.80,
exposure p = 0.76, 515N*exposurep = 0.09; Fig. 7a, Fig. S13c).

Fish community structure varied according to offshore algal 5'°N and
structural complexity, but not exposure (distlm: §'°N p < 0.01, exposure
p = 0.69, structure p = 0.45, 515N*exposure p=0.22, 515N*exposure P
= 0.02; Fig. 7b). Piscivores and herbivores were the most positively
correlated with NMDS axis 1, corresponding to higher algal 5'°N, while
planktivores and sessile invertebrate feeders were most negatively
correlated with NMDS1, corresponding to higher structural complexity
(corr = 0.42, 0.39, —0.65, —0.51, respectively). By contrast, there was
no effect of offshore algal 5N on fish total biomass, species richness,
evenness, or Shannon’s diversity (Table S15, Fig. S14). Overall, struc-
tural complexity was highest at low seabird sites and strongly negatively
correlated with algal §'°N, making it difficult to disentangle the effects
of structure versus seabirds on fish communities (Fig. S15, Spearman’s
correlation = —0.68, p < 0.001).

4. Discussion

Effective monitoring is a key component of any management plan.
Here, we integrate metrics operating on different spatial, temporal, and
biological scales to evaluate the impacts of island-based restoration on
tropical coral reefs. We observed clear relationships between island
restoration status and seabird populations, which in turn influenced the
amount of seabird-derived nutrients entering marine ecosystems. As a
result, seabird nutrients had the strongest effects on microbial and
macroalgal communities, with limited effects on broader benthic and
fish communities (Fig. 8). However, the strength of several patterns
varied by wind exposure. Based on our findings, we highlight consid-
erations for future monitoring programs to most efficiently and effec-
tively capture the cross-ecosystem successes, and failures, of island
restoration efforts.

4.1. Seabird nutrients flow from land to nearshore marine habitats and
are taken up by coral-reef organisms

Many of the benefits to islands and reefs following island restoration
stem from an increase in seabird populations (Mulder et al. 2011; Dunn
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et al. 2024). Here, we observed the highest seabird populations on the
historically rat and palm-free reference motu (’A’ie), intermediate sea-
birds on the recovering motu (Reiono), and the lowest seabirds on the
unrestored motu with rats and palms still present (Rimatu’u). This
gradient is consistent with previous studies on the negative effects of rats
and coconut palms on seabirds (Jones et al. 2016; Brooke et al., 2017;
Young et al. 2017; Benkwitt et al. 2021a; Benkwitt et al. 2022; Dunn
et al. 2024), and population sizes on the reference and recovering motu
are within the range observed for other rat-free and rat-eradicated
tropical islands (Benkwitt et al. 2021a). That seabird populations on
Reiono were already higher than those on Rimatu’u may indicate a
relatively rapid recovery, as rats were only eradicated three years prior
to this study. By comparison, in other regions seabirds take decades to
recover following rat eradication and sometimes require additional
active interventions (e.g., translocations) (Jones 2010; Kappes & Jones
2014; Benkwitt et al. 2021a; Graham et al. 2024). The relatively high
seabird densities on the recovering motu may be driven by the existence
of nearby source populations on rat-free motu within 200 m — 3 km. It is
also possible that seabird biomass was relatively high on Reiono even
before the rat eradication due to the high cover of native forest, which
may have contributed to the high prevalence of red-footed boobies
despite the presence of invasive rats. Red-footed boobies strongly prefer
native forest (Young et al. 2010; Young et al. 2017) and are less sus-
ceptible to predation by invasive rats than smaller seabird species, yet
still exhibit population increases following rat eradication (Le Corre
et al. 2015). Although a lack of pre-eradication data precludes dis-
tinguishing between these explanations, it is the current gradient in
seabird populations that is essential to establish before examining
seabird-driven outcomes across ecosystems.

To evaluate the efficacy of island restoration for marine ecosystems,
it is then necessary to establish whether this leads to differences in cross-
ecosystem nutrient flow. Algal §'°N decreased with increasing distance
from shore around the reference and recovering motu, but there was no
offshore gradient near the unrestored motu. This pattern provides
additional evidence that, where abundant, seabirds drive a land-sea link
that is reflected in algal 5'5N values (Lorrain et al. 2017; Savage 2019;
Benkwitt et al. 2021a). Furthermore, given the similarity in algal §'°N
values between reference and recovering motu, this metric may provide
a rapid early indicator of restored cross-ecosystem flows.

However, enhanced algal 5'°N on the reference and recovering motu
compared to the unrestored motu was only apparent at leeward sites.
Similarly, algal 5'°N only increased with larger seabird populations at
leeward sites. Thus, seabird-derived nutrients dissipate more quickly on
exposed sites, likely due to enhanced mixing and water flow. Similarly,
the amount of seabird-derived nitrogen in temperate macroalgae also
decreases with increasing wave exposure (Rankin & Jones 2021).
Importantly, the difference between leeward and exposed sites was also
driven by surprisingly high 5'°N values at the exposed side of the
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Fig. 7. Effect of algal 5'°N and exposure on a) broad benthic community groups (from video surveys) and b) fish feeding groups (log-transformed density). NMDS
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unrestored motu. This pattern suggests that nutrients from another
source and/or location are influencing 5'°N at this site. Here, there is a
large seabird population on another motu immediately adjacent to, and
downwind of, this site. When incorporating information on this seabird
population into models of algal 5'°N, there was a strong effect of seabird
biomass, but not exposure, on algal 5'°N. While seabirds on another
motu offer a parsimonious explanation for the observed §'°N patterns, it
is also possible that additional nitrogen sources are playing a role. For
example, deep oceanic nitrogen, which can be transported to shallower
depths via internal waves, is also enriched in 5'°N and may be more
prevalent at windward sites (Leichter et al. 2003; Williams et al. 2018).
Overall, these results highlight the importance of considering the
broader seascape context when trying to understand cross-ecosystem
nutrient flows.

There was also evidence that seabird-derived nutrients were trans-
ferred up the food chain to coral-reef fishes, as fish 5'°N values were
positively related to algal 5'°N. As for algal 5'°N, fish 5!°N values near
the recovering motu were more similar to those of the reference motu
than the unmanaged motu. Similarly, herbivorous damselfish in the
Indian Ocean also show enhanced §'°N around rat-free and rat-
eradicated islands than rat-infested islands (Benkwitt et al. 2021a).
The weaker effect sizes in fish compared to algae likely reflect that fish
were sampled farther offshore, and thus farther away from seabird
nutrient inputs, as has been previously observed seen in algae, corals,
and herbivorous damselfishes collected at varying distances from shore
in other locations (Lorrain et al. 2017; Savage 2019; Benkwitt et al.
2021a). Effect sizes also decreased with increasing trophic level, such
that seabird nutrients were most pronounced in herbivorous and
omnivorous fishes. Still, this is the first evidence, to our knowledge, that
seabird nutrients persist up coral-reef food webs beyond primary con-
sumers. However, the interpretation of 5'°N values is more complicated

at higher trophic levels, as shifts could indicate not only a change in
reliance on seabird-derived nutrients, but also a change in diet or food
chain length as 5'°N increases with increasing trophic level (Peterson &
Fry 1987; Vanderklift & Ponsard 2003). Thus, focusing on primary
producers (algae) and primary consumers (herbivores) as proxies for
seabird-derived nutrients in coral reef food webs should be prioritized.

4.2. Microbial taxa respond to seabird nutrients, but their use as
indicators may be limited

With any significant changes in nutrient subsidies to nearshore
habitat, we expect to see rapid shifts in microbial dynamics both in the
water column (Gast et al. 1999) and in animal-associated microbiomes
(Zaneveld et al. 2016; Gantt et al. 2019) as a result of microbial roles in
biogeochemical cycling. While seawater bacterial richness was signifi-
cantly impacted by algal §'°N, only a few dominant water column taxa
followed this pattern. For example, the relative abundances of SAR116
(Alphaproteobacteria) and SAR86 (Gammaproteobacteria), which have
both previously been shown to associate with N-deficient, oligotrophic
surface water (Treusch et al. 2009; West et al. 2016; Li et al. 2018),
significantly decreased as algal 5'°N increased. Losses of oligotrophic
taxa such as these from seawater microbial communities may act as
useful indicators of nutrient loading in nearshore habitats. Other relative
abundances of dominant microbial taxa, such as the ubiquitous cyano-
bacterium Synechococcus, appeared to be driven by localized conditions.
Microbial communities can be fast responders and follow “feast and
famine” community dynamics as a result of rapid changes in the avail-
ability and limitation of nutrient resources (Teeling et al. 2012; Buchan
et al. 2014). However, abundances are likely to be highly ephemeral and
communities often exhibit short-term compositional shifts that corre-
spond to processes such as tides (Becker et al. 2020), winds (Iluz et al.
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2009), storms and rainfall events (Angly et al. 2016; Ares et al. 2020),
and photoperiod or diel periodicity (Jacquet et al. 2001), among others
(see Fuhrman et al. 2015), encouraging some caution when relying on
these taxa as indicators of long-term impacts.

Conversely, microbes associated with benthic organisms, such as the
coral microbiomes examined here, are thought to provide a more time-
integrated community to monitor than that of the water column, with
the capacity to directly impact the health of the host organisms with
which they associate. Overall bacterial richness of coral microbiomes
significantly increased with algal 5!°N, but none of the dominant mi-
crobial taxon abundances reflected nutrient input. However, we also
found evidence for localized impacts similar to the water column
microbiome. Increased abundances of putatively beneficial coral-
associated bacteria, like members of the genus Endozoicomonas, were
observed in corals from the unrestored motu, particularly on the pro-
tected side. Association with this bacterial genus is thought to provide
metabolic benefits to the coral host (Bourne et al. 2016; Neave et al.
2017; Tandon et al. 2020) and has recently been suggested to influence
coral growth (Wada et al. 2022). Its role in the coral microbiome on
unrestored reefs may reflect nutrient limitation resulting from low
seabird biomass, where higher abundances of Endozoicomonas are
maintained to support coral homeostasis under unnatural nutrient re-
gimes. It is clear that seabird-derived nutrients entering the marine
ecosystem are impacting coral microbiomes, and monitoring may
benefit from targeting the presence or abundance of microbial indicator
taxa for coral health.

4.3. Macroalgal community dynamics are indicative of nutrient subsidies

The strongest evidence of seabird nutrient impact on marine com-
munities was in the community composition of macroalgae close to
shorelines, with percent cover, species richness, species evenness, and
species diversity all decreasing with seabird-derived nutrients. Inter-
estingly, seabird-derived nutrients have previously been shown to have
the opposite effect on temperate macroalgal richness (Rankin & Jones
2021). More broadly, nutrient enrichment in seawater can both increase
and decrease macroalgal species richness (reviewed by Zubia et al.
2018), likely dependent on a combination of abiotic and biotic pro-
cesses. It is also possible that differences in these processes may
encourage shifts in macroalgal community composition unrelated to
seabird nutrient input. Although not quantified in the present study,
there were visual differences in benthic structure among macroalgal
survey sites. Previous work has shown that higher reef rugosity can lead
to both higher algal biomass and higher species richness (Olsen et al.
2019); however, this may be countered by increased herbivore grazing
in structurally complex reef sites (Vergés et al. 2011). While we saw no
significant difference in fish biomass by site, herbivorous fishes were
more positively correlated with the NMDS axis corresponding to algal
55N, and in other systems seabird-derived nutrients increase herbivo-
rous fish growth and biomass (Graham et al. 2018; Benkwitt et al.
2021b). Beyond population increases, seabird-derived nutrients may
stimulate behavioral responses, as herbivorous reef fishes can target
more nutrient-rich algae (Burkepile & Hay 2009; Shantz et al. 2017).
Thus, seabird-derived nutrients may lead to increased grazing pressure,
which in turn could decrease algal cover and diversity. Overall, the
interplay between the impacts of herbivory and seabird nutrient
enrichment on macroalgal communities should continue to be
investigated.

4.4. Seabird nutrients do not impact marine macro-community dynamics

Despite strong patterns in nutrient flow based on island restoration
status, we observed few consistent differences in broad benthic and fish
communities located greater than 40 m from shore. There are several
non-mutually exclusive possibilities for this finding. First, as discussed
above, seabird nutrients declined with increasing distance to shore,
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suggesting they may play a limited role in structuring reef communities
farther from shore in this system. Second, other differences among sites,
including wave exposure and structural complexity (Graham & Nash
2013; Lange et al. 2021), may be obscuring seabird effects. Still, it seems
that seabirds have weaker effects on these communities than other coral-
reef metrics. In other locations seabirds similarly had no effect on
benthic cover 100-300 m from shore, until seabirds altered recovery
trajectories after a major climate disturbance (Benkwitt et al. 2019;
Benkwitt et al. 2023). Likewise, even where seabirds enhance fish
biomass, the effect sizes are relatively small compared to their effects on
fish growth and behavior (Graham et al. 2018; Benkwitt et al. 2021b;
Gunn et al. 2023). Thus, seabirds likely have a greater influence on
process-based metrics, such as coral and fish growth, than on the
resulting community structure, especially as one moves farther offshore,
and monitoring efforts may need to be prioritized accordingly.

4.5. Considerations for monitoring

(1) Design. This study used a space-for-time substitution (i.e.,
compared across motu with varying restoration statuses at a
single time point). Indeed, most studies do not have a compara-
tive spatial or temporal baseline and, where present, space-for-
time substitution is most common. However, this substitution
can limit the statistical power necessary for results that
contribute to well-informed management decisions, particularly
when working in small geographic areas with limited opportu-
nities for adequate replication and when additional covariates (e.
g., wind exposure) influence results. Where possible, a before-
after-control-impact (BACI) design is the best way to establish
whether any differences are being caused by seabirds (or island
restoration) while accounting for other confounding variables.
This design may further reveal (or rule out) some of the con-
nections that are thus far unresolved between nutrient flow and
the broader marine communities (Fig. 8) that may be crucial in
developing or managing conservation goals and targets.
Resources. Limited resources are a reality for most monitoring
programs, meaning that it will be impossible to monitor all out-
comes. Therefore, it is important to prioritize resources to capture
the most important outcomes at appropriate time scales, and are
efficient in both time and cost. The high correlations among
seabird metrics suggest that monitoring either roosting or
breeding seabirds should reflect overall seabird use of an area,
and the high correlations of seabird estimates across spatial scales
indicate that monitoring programs may be able to reduce effort
by sub-sampling within islands, as long as habitat (native vege-
tation versus coconut palms) is accounted for. For marine re-
sponses, our results show that algal and fish nutrients, along with
microbial and nearshore macroalgal assemblages, are likely to
respond relatively quickly to island-based changes, given that the
most restoration intervention (eradicating invasive rats) occurred
only three years prior to the study. By contrast, broader benthic
and fish communities that are farther from shore likely show
slower response times. We therefore propose focusing initial
monitoring on algal 5'°N levels, given that measurement of lower
trophic level metrics can be temporally and financially efficient
while simultaneously capturing 1) the scale of nutrient impact on
nearshore marine habitats and 2) the possible downstream and
future impacts on the marine environment. Both can inform or
justify whether any further marine monitoring may be appro-
priate at a restoration site.

Incorporate marine systems into island management. Given that
some of the cross-ecosystem effects of island restoration on coral
reefs were more nuanced than simple increases in nutrients,
building teams with expertise across systems should be a priority.
Understanding the interplay between seabirds and marine
ecosystem function is critical to benefit innovative restoration
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methods, yet relies on in-depth knowledge of multiple systems
and species. This, in turn, can lead to further scientific endeavors
such as empirical work to find underlying mechanisms across
microbes to macrobes.

5. Conclusions

Globally, the understanding, protection, and restoration of land-sea
connectivity is a critical challenge to maintaining healthy and resilient
ecological systems (Olds et al. 2018). The importance of these ‘ridge-to-
reef’ linkages have long been recognized in many forms of traditional
knowledge, and has underpinned management on many Pacific islands
for thousands of years (e.g., Richmond et al. 2007; Fitzpatrick & Giovas
2021; Fache & Pauwels 2022). Thus, it is overdue that we develop the
monitoring tools to fully integrate ecosystem connectivity into current
management practices. Incorporating land-sea connections is gaining
momentum in coral reef conservation, although the focus is typically on
limiting negative downstream effects such as reducing pollution and
sedimentation (Jupiter et al. 2017; Delevaux et al. 2018b; Delevaux
et al., 2018a; Wakwella et al. 2023). Here, we highlight the opposite
approach — harnessing positive land-sea connections that can be revi-
talized with restoration activities, such as removing invasive species
from islands. The current UN Decade for Ecosystem Restoration
(2021-2030) provides an ideal opportunity to promote restoration ef-
forts that target the recovery of ecosystem function across the land-sea
interface and focus on reconnecting the ecological linkages and de-
pendencies of different species across multiple habitats and ecosystems
(Wedding et al. 2022; Preston et al., n.d; Wedding et al., n.d). We suggest
that restoration initiatives should promote collaboration between
terrestrial and marine managers to coordinate monitoring programs.
The indicators examined here may be used to begin building a frame-
work for the systematic evaluation and monitoring of island restoration
efforts on coral reefs and thus facilitate the development of effective
cross-ecosystem monitoring programs.
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