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Abstract

Tropical insular ecosystems face escalating, cumulative impacts of land- and sea-based eco-
logical threats that jeopardize the long-term sustainability of their native communities. This
joint vulnerability is epitomized by reef island seabirds, which are exposed to reef decline
and coastal erosion driven by climate change, reduction in prey availability, human distur-
bance, and predation by invasive non-native species. Using site monitoring data acquired
from 2000 to 2023, we investigated drivers of species presence and abundance for 15
seabird species (nine Laridae, three Sulidae, two Fregatidae, and one Procellariidae) on
100 coral reef islands around New Caledonia, South Pacific. We established presence and
abundance estimates using a compendium of 2805 observations and tested the relative
influence of onsite breeding habitat area, characteristics of neighboring marine environ-
ments, human visitation, and rodent presence. Responses to ecological drivers varied across
species and highlighted distinct functional and taxonomic groups. The presence and abun-
dance of pelagic-feeding species with high site fidelity were predominantly determined
by the availability of breeding habitat, whereas the presence of coastal foragers, includ-
ing most gulls and terns, appeared constrained by resource availability near breeding sites.
Human disturbance had a significant negative influence on the presence of brown noddy
(Anous stolidus; [−3.41; −1.20]), masked (Sula dactylatra; [−3.85; −1.21]), and brown (Sula

leucogaster; [−4.57; −1.46]) and red-footed booby (Sula sula; [−9.58; −1.20]) and a significant
positive influence on the abundance of the commensal silver gull (Larus novaehollandiae;
[0.03; 0.09]). Our results emphasize the importance of habitat restoration and mitigation
of human disturbance for preserving breeding sites of pelagic-feeding species. However, it
may be difficult to sustain populations of coastal seabirds whose presence is mostly driven
by small-scale prey distribution. Thus, a comprehensive approach that fully considers the
functional diversity of target seabird communities is needed.
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INTRODUCTION

Conservation at the land–sea interface has gained increased
attention in recent years due to developing evidence of the
reciprocal benefits of cross-system environmental management
(Álvarez-Romero et al., 2011; Carlson et al., 2021; Harris
et al., 2019). Coral reefs and tropical islands are natural tar-
gets for such initiatives due to their combined vulnerability
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to anthropogenic impacts, such as climate change, overfishing,
invasive non-native species, and artificialization (Fernández-
Palacios et al., 2021; Hughes et al., 2020, 2017), and to the
variety of ecological linkages between their marine and ter-
restrial ecosystems (e.g., nutrient and groundwater fluxes and
coastal erosion) (Clay et al., 2020; Gilby et al., 2016; Paytan
et al., 2006). The interaction between seabirds and islands and
reefs has received increasing attention after guano deposition
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was shown to contribute to the biogeochemical cycles of ter-
restrial (Espíndola & Carlo, 2024; Grant et al., 2022) and reef
ecosystems (Honig & Mahoney, 2016). Seabird colonies adja-
cent to coral reefs participate in nitrogen and phosphate transfer
at the land–sea interface, which indirectly influences the func-
tioning of reef communities by enhancing nutrient availability
and coral growth rates (Graham et al., 2018; Lorrain et al.,
2017). Consequently, land-based management of seabird pop-
ulations in tropical environments also yields conservation gains
in marine ecosystems, which highlights the relevance of man-
agement strategies (Benkwitt et al., 2021; Gunn et al., 2023)
that consider all aspects of the circular seabird economy (Jones
et al., 2025). This is especially true on coral reef islands (CRIs),
which are low-lying, sedimentary structures formed by the
accumulation of carbonated materials (coral debris and inver-
tebrate shells) in shallow waters adjacent to reef ecosystems
(including atolls and other reef islands adjacent to rocky land
masses) (Perry et al., 2011; Stoddart & Steers, 1977). Because
CRI accretion relies on reef activity (i.e., growth and mainte-
nance of CRIs require functioning coral reefs [Steibl, Kench,
et al., 2024]), there is a positive feedback loop between seabirds,
reefs, and CRIs. Seabirds rely on CRIs for breeding while indi-
rectly favoring island sustainability by improving the functioning
of neighboring reefs (Benkwitt et al., 2023; Berr, Dias, et al.,
2023).

At least 52 seabird species (∼15% of all seabirds) breed on
CRIs within the intertropical area. Populations of these species
will expectedly face multiple hazards due to future effects of
climate change (Berr, Dias, et al., 2023; Steibl, Kench, et al.,
2024). As low-level islands, CRIs are exposed to future sea
level rise (SLR), which threatens to accelerate coastal erosion
(Pang et al., 2023; Woodroffe, 2008). Although CRIs exhibit
some degree of resilience (Aslam & Kench, 2017; Masselink
et al., 2020), projected rates of SLR will likely overcome their
adaptation potential and cause substantial CRI decline (Kane
& Fletcher, 2020). Furthermore, the expected alteration of reef
functioning caused by ocean warming and acidification (Kleypas
et al., 2021; Pandolfi et al., 2011) will disrupt sedimentary and
geomorphological processes that are key to CRI preservation
(Cornwall et al., 2021; Perry et al., 2011). Although the extent
to which CRIs may disappear over the coming decades is uncer-
tain, their long-term sustainability is thus of significant concern
(Steibl, Kench, et al., 2024). Therefore, one may expect a rar-
efaction and degradation of breeding sites and breeding habitat
available to CRI seabirds, which will make it difficult for man-
agers to effectively conserve their populations and underlying
influence on reef ecosystems (Berr, Dias, et al., 2023; Hatfield
et al., 2012). This issue extends throughout the entire intertrop-
ical area because most CRI-dependent species are pantropical
and occupy large areas worldwide (Berr, Dias, et al., 2023; Steibl,
Steiger, et al., 2024).

Past examples of seabird management on CRIs mostly
involve invasive rodent eradications, which have benefited
seabird colonies (Le Corre et al., 2015; Philippe-Lesaffre et al.,
2023; Russell et al., 2015; Samaniego et al., 2020). However,
few studies have documented the biogeography of CRI seabirds
or examined the basal determinants of seabird presence. Such

approaches are nevertheless key to future seabird management
on CRIs because site suitability will limit how species can remain
or relocate on a given site under aggravated coastal erosion
(Carr, Trevail, et al., 2021; Reynolds et al., 2015). In the face of
likely CRI decline, the uninformed selection of target sites for
management efforts may negate long-term effects of localized
conservation measures such as species eradication, mitigation
of human disturbance, or habitat restoration (Reynolds et al.,
2015).

For Cuba and New Caledonia, Berr, Millon, et al. [2023] and
Garcia-Quintas, Roy, et al. [2023], respectively, found that breed-
ing site (i.e., island) selection in CRI seabirds is influenced by
a mixture of terrestrial (site shape and area and plant cover)
and marine drivers (proportion of adjacent reefs and pelagic
waters, sea surface temperature, and chlorophyll-a concentra-
tion). Berr, Millon, et al. (2023) highlight a negative impact
of human visitation on the species richness and biomass of
seabird communities. In larids, nest-site selection can be deter-
mined by microhabitat patterns (e.g., plant distribution and
distance to the shore), which further constrain seabird distri-
bution (Garcia-Quintas, Roy, et al., 2023). Although seabird
restoration initiatives (translocation of breeding colonies, social
attraction, and habitat restoration) have gained traction with
managers, they are still underused for CRI seabirds. In 2023,
only ∼150 of the 852 documented restoration projects at the
global scale (https://www.seabirddatabase.org/) had been con-
ducted in the intertropical area, most of which occurred on
volcanic islands (Spatz et al., 2023). This relative paucity of con-
servation evidence for CRI seabirds reinforces the need for
prospective assessments of species responses to environmen-
tal and anthropogenic drivers to identify relevant conservation
targets and orient future management strategies (Berr, Millon,
et al., 2023; Carr, Trevail, et al., 2021).

Using New Caledonia, South Pacific (21.2◦S, 165.9◦E), as a
case study, we built on the previous analysis of Berr, Millon,
et al. (2023) to evaluate the effects of ecological and anthro-
pogenic drivers on site selection in 15 seabird species that
breed on CRIs. We used seabird monitoring data collected on
100 CRIs to assess individual species’ responses (i.e., changes
in presence likelihood) to habitat availability (proxy of a site’s
carrying capacity), typology of neighboring marine environ-
ments, human visitation, and invasive rodent presence. We also
measured the influence of breeding habitat area and human vis-
itation on abundance (i.e., colony size), including only sites that
hosted breeding populations. We then considered the impli-
cations of our results for the conservation and restoration of
CRI seabird populations in the context of possible future CRI
decline.

METHODS

Study area

The set of CRIs we considered was included in a previous
work by Berr, Millon, et al. (2023) and encompasses 100 indi-
vidual sites (one site = one CRI) from four subregions of

https://www.seabirddatabase.org/
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FIGURE 1 Geographic distribution of study sites in New Caledonia waters used in an examination of drivers of the distribution of breeding seabirds on coral
reef islands. Bathymetry and administrative boundaries from Data Source: Government of New Caledonia. Adapted from Berr, Millon, et al. (2023).

New Caledonia (Chesterfield-Bampton archipelago, 32 CRIs;
d’Entrecasteaux reefs, four; northern mainland lagoon, 24; and
southwestern lagoon, 39) (Figure 1; Table 1; Appendix S1).
New Caledonia is in the southeastern Coral Sea, approximately
1300 km to the east of Australia and 1000 km to the west of
Fiji. The archipelago is composed of 700–800 islands, among
which ∼160 are CRIs (Data Source: Government of New
Caledonia). Its 270,000 inhabitants live predominantly on the
mainland and the three Loyalty islands: Ouvéa, Maré, and Lifou.
The CRIs from the Chesterfield–Bampton and d’Entrecasteaux
subregions (36 sites) (hereafter remote CRIs) are uninhabited;
however, they had temporary human settlements in the 19th
and early 20th centuries for guano mining and whaling (Borsa
& Vidal, 2018; Garrigue et al., 2018). The remaining sites (64)
(hereafter mainland CRIs) are in the mainland’s lagoon and
are close to the coast (<15 km) except for the most south-
ern CRIs that are distributed up to 50 km from the mainland
(Figure 1). Among mainland sites, only two CRIs located close
to the capital city Nouméa are permanently inhabited due to
the presence of tourist infrastructure (∼10 permanent residents
each). Platform and barrier islands were present in roughly equal
proportions among the study sites.

Out of the 28 species known to breed in New Caledonia, 18
seabird species breed on at least one CRI within the study area
(Berr, Millon, et al., 2023; Spaggiari et al., 2006). Their com-
bined populations amount to >500,000 breeding pairs, of which
93% belong to three species: wedge-tailed shearwater (Ardenna

pacifica) (250,000 breeding pairs), sooty tern (Onychoprion fuscatus)

(140,000), and black noddy (Anous minutus) (70,000) (Appendix
S2). Three species with fewer than 10 confirmed breeding
sites (red-tailed tropicbird [Phaethon rubricauda], three sites; Tahiti
petrel [Pseudobulweria rostrata], seven; and black-winged petrel
[Pterodroma nigripennis], five) were dropped from subsequent
analyses because they offered limited statistical power to dis-
criminate drivers of site selection. We considered the remaining
15 species (Table 1). All are classified as least concern by the
International Union for Conservation of Nature except the
fairy tern (Sternula nereis), which is listed as vulnerable (BirdLife
International, 2026). We further categorized species by forag-
ing behavior, based on foraging distances compiled by Tobias
et al. (2022). Five species were classified as neritic feeders (typi-
cal foraging range <10 km), three as offshore (<50 km), and the
remaining seven species as pelagic (>50 km).

Local threats to seabirds include human disturbance (visita-
tion of CRIs by tourists, campers, and local fishers), which is
mostly concentrated on mainland CRIs (Gonson et al., 2016),
and introduced animals and plant species (Caut et al., 2009;
Gargominy et al., 1996). Fifteen of the 100 considered CRIs
currently host rodent populations, among which six host black
rats (Rattus rattus), four host house mice (Mus musculus), two
host Polynesian rats (Rattus exulans), and four host unidentified
rodent species (Appendix S1). Rodents were originally present
at a larger set of sites (30–40 CRIs) but were successfully erad-
icated in the 1990s and 2000s (Baudat-Franceschi et al., 2008;
Bell, 1998). However, the scarcity of long-term monitoring data
on New Caledonia seabirds has historically impeded the assess-
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TABLE 1 List and number of breeding sites in the study area for the 15 seabird species in a study of drivers of the distribution of breeding seabirds on coral
reef islands.

Family and scientific name Common name Foraging rangea

No. of breeding sites

Percentage of total

population on mainland

islands

Remote

islands Mainland islands

CB EN NL SWL

Total 32 4 25 39

Laridae

Anous minutus Black noddy Offshore 13 2 0 9 51.7

Anous stolidus Brown noddy Offshore 20 4 0 14 11.1

Larus novaehollandiae Silver gull Neritic 0 0 12 21 100

Onychoprion anaethetus Bridled tern Neritic 0 2 3 22 97.2

Onychoprion fuscatus Sooty tern Pelagic 9 2 0 4 <0.1

Sterna dougallii Roseate tern Neritic 1 0 7 26 99.9

Sterna sumatrana Black-naped tern Neritic 7 2 10 24 67.9

Sternula nereis Fairy tern Neritic 3 0 10 8 82.6

Thalasseus bergii Greater-crested tern Offshore 3 3 6 17 82.0

Procellariidae

Ardenna pacifica Wedge-tailed shearwater Pelagic 8 4 15 32 87.1

Fregatidae

Fregata ariel Lesser frigatebird Pelagic 8 2 0 0 0

Fregata minor Great frigatebird Pelagic 12 2 0 0 0

Sulidae

Sula dactylatra Masked booby Pelagic 16 4 1 1 0.3

Sula leucogaster Brown booby Pelagic 17 4 1 1 1.7

Sula sula Red-footed booby Pelagic 15 3 0 2 1.2

Number of different species 13 13 9 15

Species richness (mean ± SD)
4.09± 3.559.25± 0.962.6± 1.6 5± 2.66

Abbreviations: CB, Chesterfield–Bampton archipelago; EN, d’Entrecasteaux Reef; NL, northern lagoon; SWL, southwestern lagoon.
aInferred from foraging distance categories summarized by Tobias et al. (2022): <10 km (neritic), <50 km (offshore), and >50 km (pelagic).

ment of demographic trends on CRIs from which rodents
were eradicated, with Surprise Island (d’Entrecasteaux reefs)
being the exception (Philippe-Lesaffre et al., 2023). Seabirds—
especially procellariids—are also exposed to plastic ingestion,
although less severely than in neighboring Australia (Berr et al.,
2020). Negative impacts of other potential threats, such as light
pollution, bycatch, and egg harvest, have not been quantified
precisely in New Caledonia, although they are mentioned in
gray literature. Finally, for all CRIs, future erosion risks are a
growing concern, even if past assessments show differing sedi-
mentary dynamics across monitored sites (Garcin et al., 2016).
Because most of the existing information on threats remains
qualitative, their relative impacts or local management impor-
tance are broadly unknown, which does not allow managers to
build hierarchized conservation frameworks.

Collection and curation of seabird census data

The seabird census data we used were similar to those used by
Berr, Millon, et al. (2023). We collected information on seabird
presence and abundance from the available literature (includ-
ing gray literature) published from 2000 to 2023 and conducted
new surveys within the four subregions of interest from 2018 to
2023 (Appendix S3). The complete dataset contains 2805 obser-
vation entries. We characterized species as present on a CRI if
there was at least one confirmed breeding record during the
considered period. Species were deemed absent if they were not
observed during surveys or if their breeding status was uncer-
tain. For each site, the list of breeding species consequently
included species with high site fidelity (e.g., wedge-tailed shear-
water) and species with occasional presence (e.g., fairy tern). We
then produced abundance estimates for each species and site



CONSERVATION BIOLOGY 5 of 16

by averaging count data across surveys (one value per breeding
season during which the species was surveyed). When multiple
counts of a colony occurred within the same breeding sea-
son, we selected the highest estimate as reference. For species
with occasional breeding, years during which the species was
absent were included as zero counts to avoid overestimating the
overall population size. The resulting estimates of presence and
abundances were used as response variables in the subsequent
analyses.

To assess dissimilarity between species assemblages across
subregions, we produced a visual summary of the community
matrix (presence–absence data, 100 sites × 15 species) with
nonmetric dimensional scaling (NMDS). We also tested for
significant differences with a pairwise analysis of similarities
(ANOSIM) between all pairs of subregions.

Assessment of environmental predictors

Gridded habitat maps (5 × 5 m) had previously been pro-
duced for the 100 study CRIs through the interpretation of
aerial imagery (drone and satellite photography) (Berr, Millon,
et al., 2023). We measured breeding habitat area for each species
by assigning preferred habitat categories to each species and
summing the area of the corresponding categories to produce
an area estimate per species and per CRI. We partly derived
habitat categories based on the methodology of Carr, Tre-
vail, et al. (2021), who characterized habitat use by seabird
species in the Chagos archipelago, Indian Ocean. In the near
absence of wetlands and non-native forests (coconut groves),
we reduced the number of categories from six to five: beach or
bare substrate, savanna or low plant cover, mixed shrub (octo-
pus bush tree [Heliotropium arboreum] or Pisonia grandis), bay cedar
(Suriana maritima), and other (i.e., a priori unfavorable habitat,
mainly composed of undifferentiated forest areas and rarely
mangrove). Preferred habitat categories were assigned to each
species according to observations by Carr, Trevail, et al. (2021)
and local expert opinion (Appendix S4).

To test the influence of a site’s surroundings on site selec-
tion, we measured the surface of land, lagoon, reefs, and pelagic
waters in eight areas of varying radius (0.5–200 km) around each
CRI. We then summarized the resulting matrix (100 sites × 32
categories of marine habitats) with principal component anal-
yses (PCAs) and subsequently kept the first two dimensions
as predictors in a manner consistent with Berr, Millon, et al.
(2023): marine.1, 42.8% of overall variance, and marine.2, 20%
of overall variance. This approach was derived from similar
work conducted on reef fish communities (D’agata et al., 2014)
in the absence of high-resolution data on ocean productivity
and island mass effects in New Caledonia’s exclusive economic
zone. The underlying assumptions were that reef, lagoon, and
pelagic waters offer distinct foraging resources for seabirds
(Catry, Ramos, Jaquemet, et al., 2009) and that land acts as a
passive obstacle to feeding. Marine.1 could be approximated
as a measure of a site’s geographic isolation from the main-
land because its values strongly differed between mainland and
remote CRIs (Appendix S5). Marine.2 was positively correlated

to the proportion of lagoon marine habitats up to 50 km from
the shoreline and of pelagic waters beyond (Appendix S5).

The level of human disturbance was evaluated by aggregating
multiple measures of site accessibility (distance to the closest
harbor and to the capital city Nouméa) and exposure to human
visitation (number of inhabitants in neighboring cities), as well
as categorical descriptions of tourist infrastructure and nature
reserve status (Appendix S6). The combined variables were
synthetized through multifactorial analyses (MFAs) to reduce
the number of predictors and prevent model overfitting. We
chose MFA because it provides an extension of PCA that
allows the inclusion of categorical variables. The first dimen-
sion, hereafter human visitation, captured >50% of the overall
variance and was kept as a proxy for disturbance. Its lowest
values were associated with the remote CRIs of the Chester-
field archipelago, which are inaccessible to most tourists and
whose access is restricted. Conversely, the highest values were
found on CRIs closest to the capital city Nouméa, some of
which host permanent tourism infrastructure (Appendices S5
& S7).

Finally, information on rodent presence was included as a
predictor; however, due to the limited number of sites that had
rodent populations (15 out 100), only a binary characterization
was used (0, absence of rodents; 1, one or more species among
black rat, Polynesian rat, and house mouse).

Model design and selection

Species-wise variations in site selection were tested against a
set of six predictors: log-transformed area of breeding habi-
tat, marine.1 and marine.2, visitation, rodent presence, and islet
shape (Polsby–Popper score of shape compactness [score close
to 1 indicates shape is nearly a circle]). The area of breeding
habitat was correlated with total islet surface (Pearson’s corre-
lation coefficient >0.7); therefore, the latter was not considered
because it was deemed less informative. Marine.1 and visitation
were also correlated; thus, they were considered mutually exclu-
sive when comparing models. With the exception of habitat
area, all predictors were z standardized prior to analyses.

Site selection was modeled with a generalized linear model
(GLM) with a logit link and additive effects only to pre-
vent model overfitting (100 sites × 6 predictors). Predictor
contributions to the response variable were first evaluated by
calculating Akaike weights associated with each predictor rather
than performing a standard Akaike information criterion (AIC)
comparison of models. Akaike weights measure the proportion
of total predictive power associated with each tested model (48
possible combinations), and individual predictor weight can be
evaluated as the sum of the weights of all models in which the
predictor is retained (Wagenmakers & Farrell, 2004). Predictor
weights can then be used to compare predictor influence across
species, regardless of effect size, with values close to 1 indicating
a strong influence and 0 an absence of measurable effect.

Following the prior evaluation of predictor weights, we
produced individual species models for site selection with
AIC-based model averaging (Burnham & Anderson, 2004;



6 of 16 BERR ET AL.

Lukacs et al., 2010). Islet shape was discarded from the pre-
dictor set because its contribution was not significant in any
of the considered species. Due to the correlation between
site isolation (marine.1) and human visitation, only the pre-
dictor with the highest Akaike weight among the two was
retained for model averaging. We observed no spatial auto-
correlation in the residuals of the final models (Moran’s I,
p > 0.05); p values were adjusted for multiple testing, using the
Benjamini/Hochberg method to control the false discovery rate
(Benjamini & Hochberg, 1995).

We tested the quantitative influence of breeding habitat area
on abundance (i.e., colony size) with a Poisson-link GLM in
which only CRIs where species were present were included. Due
to the limited number of occupied sites (10–59), only habitat
area was used as a continuous predictor to allow for cross-
species comparison. We tested interaction between habitat area
and a simplified visitation estimate (below or above the median
level of visitation for sites hosting each species), excluding six
species only or mostly found on remote CRIs (frigatebirds,
boobies, and the sooty tern) that are exposed to very limited
visitation. We tested a similar interaction for rodent presence
for two species (wedge-tailed shearwater and silver gull) that had
more than three breeding sites with rodents.

Statistical analyses were conducted in R 4.2.2 (R Core Team,
2023) and included the use of the packages FactoMineR (PCA
and MFA construction), MuMIn (model averaging and Akaike
weight estimation), and spdep (analysis of spatial autocorrela-
tion) (Bartoń, 2023; Bivand et al., 2023; Husson et al., 2023). All
GIS analyses were conducted in QGIS 3.16 and 3.28.

RESULTS

Species distribution patterns

Species exhibited contrasted distribution patterns within the
study area (Figure 2). The wedge-tailed shearwater was the most
widely distributed species (total of 59 breeding sites in all four
subregions) (Figure 2a), followed by the black-naped tern (Sterna

sumatrana, 43 sites) and the brown noddy (Anous stolidus, 38)
(Figure 2b). Although 12 of the 15 species were present in both
remote (Chesterfield archipelago and d’Entrecasteaux reefs)
and mainland CRIs (northern and southwestern lagoons),
most concentrated the majority of their breeding sites and
populations in only one of the two groups of islands (Table 1;
Figure 2b,c). Among the remaining three species, the silver
gull was only found on mainland CRIs, and both the great
and lesser frigatebirds (Fregata ariel and Fregata minor) bred
exclusively on remote islands (Table 1; Figure 2d). The spatial
segregation of species assemblages was further confirmed by
the statistical comparison of breeding communities, which
showed significant differences between mainland and remote
CRIS (ANOSIM, p < 0.05) (Figure 3). Differences were also
observed between subregions because the southwestern lagoon
had a set of breeding species distinct from the other three
subregions, which included all nine species of Laridae present
in the study area (Figure 3; Appendix S8).

Influence of habitat availability on species
presence and abundance

Among all tested predictors, the area of breeding habitat had
the highest overall influence on species occurrence and dis-
played a significant effect in eight of the 15 considered species
(Figures 4a,b and 5a). Greater habitat availability was associated
with increased probability of presence (p < 0.05) for the two
species of noddies, the three species of boobies (masked booby
[Sula dactylatra], brown booby [S. leucogaster], and red-footed
booby [S. sula]), the great frigatebird, the wedge-tailed shear-
water, and the silver gull (Figure 5a; Appendix S9). However,
breeding habitat area did not appear to influence the pres-
ence of most Laridae species outside noddies. Akaike weights
of the predictor were much lower (Figure 4a), and its effect
on presence was evaluated as nonsignificant in the averaged
model (Figure 5a; Appendix S9). Among species whose pres-
ence responded to habitat availability, black and brown noddies
displayed lower inflexion thresholds (habitat area above which
the probability of presence increases) than masked and brown
boobies (Figure 5a).

On sites hosting breeding populations, abundances were sig-
nificantly influenced by the area of breeding habitat for a higher
proportion of species (14 of 15), displaying a positive effect for
11 taxa (all noddies and boobies, great frigatebird, sooty and
bridled [Onychoprion anaethetus] terns, greater-crested tern [Tha-

lasseus bergii], black-naped tern, and the wedge-tailed shearwater)
(Figure 6; Appendix S10). For lesser frigatebird, roseate tern,
and silver gull, increase in breeding habitat area was linked to
lower abundances, albeit with the smallest effect sizes among all
species. Consequently, although site selection for the silver gull
was favored by habitat availability (Figure 5), its abundance was
not. For seven species (all noddies and boobies, great frigate-
bird, and wedge-tailed shearwater), habitat availability positively
influenced presence and abundance. Conversely, neither the
presence nor the abundance of fairy terns appeared to be
influenced by breeding habitat area (Appendices S9 & S10).

Influence of neighboring geographical features

Geographical isolation from the mainland (approximated by
marine.1 predictor, which effectively separates mainland and
remote sites) outweighed the influence of human visitation on
species presence in nine taxa (Appendix S11), for which only
the former predictor was retained in the final averaged models
(Appendix S9). A significant effect of isolation was observed
in five species, among which most species of neritic Laridae
(bridled, black-naped, and fairy terns and silver gull) were more
likely to be present on mainland CRIs (Figure 4a). Conversely,
sooty terns were significantly more likely to breed on remote
sites. The synthetic marine.2 predictor ranked second in overall
influence on species presence (Figure 4b) and was the only pre-
dictor that had a positive effect across all species (Figure 4a). It
significantly influenced the presence probability of most neritic
species of terns, except the fairy and greater crested tern, and
of the brown noddy and wedge-tailed shearwater (Figure 5b;
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FIGURE 2 Distribution of breeding sites for (a) wedge-tailed shearwater, (b) brown noddy, (c) roseate tern, and (d) lesser frigatebird on New Caledonia coral
reef islands.

FIGURE 3 Seabird species assemblages on remote (blue) and mainland (orange) coral reef islands across the four considered subregions obtained through
nonmetric dimensional scaling (NMDS) applied to the presence–absence matrix (100 sites × 15 species; stress estimate 0.155).

Appendix S9). For these taxa, high predictor values, corre-
sponding to sites with a high proportion of lagoon up to 50 km
from the shoreline, were associated with increased probability
of presence. Apart from the greater-crested and fairy terns, all
species whose presence was not significantly influenced by the
area of breeding habitat responded to at least one of the two
geographical predictors.

Effects of human disturbance and rodent
presence

A high level of human disturbance, as approximated by the
Visitation predictor, significantly decreased the probability of
presence for all species of boobies and noddies (five species)
(Figures 4a and 5a; Appendix S9) but did not appear to influ-
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FIGURE 4 (a) Comparison of Akaike information criterion weights for
six predictors used to model seabird site selection (presence is the binomial
response variable in logit link, generalized linear model; value near 1, strong
effect of corresponding predictor; value near 0, absence of effect; blue-green,
overall positive effect on the response variable; red, overall negative effect on
the response variable; effects, based on weighted average of each predictor’s
coefficients across all tested models) and (b) Akaike weights of each predictor
averaged across all species (overall weight) (n = 15; FR, Fregatidae; PR,
Procellariidae; marine.1 and marine.2, first and second dimensions of a
principal component analysis of neighboring geographic features in a 200-km
radius around study sites).

ence site selection for the remaining taxa. Visitation had a more
varied influence on abundance: four species (black-naped, bri-
dled and roseate terns, and brown noddy) displayed decreased
abundances in highly visited sites and two (black noddy and sil-
ver gull) showed the opposite trend (Figure 6; Appendix S10).
Effect of visitation on wedge-tailed shearwater abundances dif-
fered between small (negative influence of visitation) and large
CRIs (seemingly positive influence) (Figure 6).

Rodent presence appeared to have little influence on site
selection but did negatively affect wedge-tailed shearwater abun-
dance (p < 0.001) (Appendix S10). Because the latter was
present on 13 of the rodent-infested islets, we compared breed-
ing densities (in number of breeding pairs per surface unit of
breeding habitat) between sites with or without rodent popula-
tions. Breeding density was noticeably lower in rodent-infested
sites (mean [SD] = 4.5 breeding pairs/100 m2 [3.4], n = 13)
than in rodent-free sites (8.0 ± 6.8, n = 45) and minimal in
CRIs that hosted black rats (2.7 ± 2.2, n = 4) (Appendix
S12), although without significant differences (Wilcoxon test,
p > 0.05).

DISCUSSION

Species responses as they relate to taxonomic
and ecological traits

Differences in species assemblages across mainland and remote
CRIs broadly reflected the concentration of short-range ner-
itic foragers (silver gull and all terns except the sooty tern
and noddies) near the mainland and pelagic foragers (boo-
bies and frigatebirds) in isolated CRIs (Catry, Ramos, Jaquemet,
et al., 2009; Weimerskirch et al., 2005). Although the diet and
foraging distances of tern species has not been previously doc-
umented in New Caledonia, assessments conducted on other
tropical islands suggest that most tropical terns forage in shal-
low waters within 30 km of their breeding sites and conduct
multiple trips per day during the breeding season (McLeay et al.,
2010; Monticelli et al., 2008; Surman & Wooller, 2003). Around
New Caledonia, the observed influence of the geographical
predictors (marine.1 and marine.2) on tern presence suggests
that optimal breeding sites for terns are those with the highest
proportion of lagoon waters within 50 km of their shoreline,
which likely offer the best resource availability for breeders
(Appendix S5). Habitat availability did not affect tern presence,
likely because their preferred habitats (bare ground or areas with
low plant cover close to the shore) are present on most of the
considered CRIs and therefore do not act as a discriminating
factor (Batianoff, 2000; Berr, Millon, et al., 2023; Carr, Trevail,
et al., 2021). This finding is consistent with those from previ-
ous surveys of tern populations in New Caledonia (excluding
noddies) that show low fidelity and high interannual variation
in the selection of breeding sites, except for the bridled tern
(Pandolfi-Benoit & Bretagnolle, 2002). Among neritic feeders,
only silver gull presence was affected by both habitat presence
and resource availability, but this species uses different nesting
habitat (mostly under low-lying shrubs) from most terns, which
favor open, unvegetated areas (Appendix S4).
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FIGURE 5 Observed (dots) and predicted probabilities (black lines) of seabird species presence with (a) area of breeding habitat and (b) marine.2 (second
dimension of a principal component analysis of neighboring geographic features in a 200-km radius around study sites) as predictors (gray shading, 95% prediction
intervals; solid lines, significant effect of the corresponding predictor; when statistically significant, effect of human visitation is shown with predicted presence
probabilities for the 0.75 quantile [high visitation] of the visitation predictor [orange lines and ribbons]).

The distribution of most offshore and pelagic feeders (boo-
bies, frigatebirds, sooty tern, and wedge-tailed shearwater)
appeared to be less constrained by geographic drivers than
neritic species (Figures 4–6; Appendices S9 & S11). The for-
mer have long foraging distances, with typical trips within a
50–100 km range from breeding sites for masked boobies (Som-
merfeld et al., 2015); >100 km for sooty terns, red-footed
boobies, and brown boobies (Jaquemet et al., 2008; Soanes
et al., 2021; Weimerskirch et al., 2005); and up to 1000 km for
frigatebirds and wedge-tailed shearwaters (Weimerskirch et al.,
2004, 2010, 2020). Foraging distances for these last species are
above the range of the areas considered around CRIs (0–200 km
radius), which likely explains the nonsignificance of geograph-
ical predictors in their respective models. Red-footed boobies
and sooty terns can exhibit different foraging strategies or diets
depending on the location of studied populations, which also
suggests they can adapt to diverse food resources and environ-
mental constraints (Jaquemet et al., 2008; Mendez et al., 2017).
Therefore, their presence on CRIs appeared less constrained
by neighboring resource accessibility than that of short-range
foragers within the study area. However, resource availability
influences their distribution at wider geographic scales, where

ocean productivity and environmental drivers vary across larger
ranges (Catry, Ramos, Le Corre, et al., 2009; Mendez et al.,
2017).

The observed influence of specific habitat availability on
seabird presence indicated that offshore and pelagic feeders
tended to breed on most sites with sufficient breeding habitat,
and the positive effect of habitat area on abundance showed
that they used most of the available space on their breeding
sites (Figure 4; Appendices S9 & S10). The considered species
used a variety of habitats (Appendix S4): mixed shrubs for black
noddies, red-footed boobies, and great frigatebirds; bare ground
or low vegetation for brown and masked boobies and lesser
frigatebirds and brown noddies; and all habitats except beach
areas for the burrow-nesting wedge-tailed shearwater. For those
species, the strong relationship between breeding habitat area
and species presence and abundance validates the habitat cate-
gories we selected, which have been used in prior assessments
of habitat preferences in CRI seabirds (Batianoff & Cornelius,
2005; Carr, Trevail, et al., 2021). Brown noddies were the only
offshore feeders for which site selection was influenced by both
habitat and geographical drivers, which suggests a higher level
of constraint on their spatial distribution.
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FIGURE 6 Observed (dots) and predicted (lines) values of seabird species abundance with area of breeding habitat as the predictor (shading, 95% prediction
intervals; *, species not tested because almost all sites received comparably low visitation; when significant, the effect of human visitation is shown for [red] ≥median
level of visitation of coral reef islands [CRIs] and for [blue] <median level of visitation of CRIs; predictions obtained from models described in Appendix S10).
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Avoidance of human disturbance

Berr, Millon, et al. (2023) observed a negative influence of
human visitation on the species richness and biomass of seabird
communities in our study area. Our focus on individual species
responses showed that five of the 15 considered species were
less likely to be present on highly visited CRIs, and four
displayed decreased abundances (respectively reducing overall
species richness and biomass). This result suggests that human
disturbance caused by frequent visitation (trips by tourists, local
campers, and fishers) reduces overall site attractivity even with-
out severe impacts (e.g., egg harvesting or poaching), causing
the species most sensitive to regular visitation to be absent from
otherwise suitable breeding sites. When species are present,
disturbance diminishes breeding densities within the available
habitat, leading to fewer breeders compared with more secluded
CRIs with a similar suitable area. The latter can imply that
highly visited sites host colonies that use only the least-disturbed
areas of the available habitat (intrahabitat constraints on nest-
site selection) (Carney & Sydeman, 1999; Devney & Congdon,
2009) or that human disturbance selects against the individu-
als of a species most sensitive to disturbance or both (Thibault
et al., 2020). The absence of a negative impact of visitation on
the remaining set of species could partly reflect a low level of
overall disturbance (only 10 CRIs host permanent tourist infras-
tructure). Such an observation may, however, be specific to New
Caledonia, whose islands are less exposed to anthropogenic
pressure than other tropical insular regions (e.g., Maldives and
Cayman islands) (Cinner et al., 2018; Maire et al., 2016).

Site selection for all three species of boobies (masked, brown,
and red-footed boobies) and both species of noddies (black
and brown noddies) was negatively affected by visitation, as
was the abundance of black-naped, roseate and bridled terns,
and the brown noddy. Masked and brown boobies and the
tern species nest on the ground and are generally concen-
trated in peripheral areas of CRIs (Batianoff & Cornelius, 2005;
Borsa et al., 2010; Weimerskirch et al., 2009), which makes
them especially vulnerable to disturbance by human visitors
(nest trampling, induction of flight response in incubating birds
and chicks, and colony desertion) (Burger & Gochfeld, 1993;
Carney & Sydeman, 1999). Nesting behaviors of brown nod-
dies on remote CRIs, where they mostly nest on the ground
(Baudat-Franceschi, 2011), differ from their nesting behaviors
on mainland CRIs, where they primarily nest atop bay cedar
bushes that are less exposed to visitor-induced disturbances
(Berr, Millon, et al., 2023; Pandolfi-Benoit & Bretagnolle, 2002).
This difference may reflect a behavioral adaptation to a higher
level of disturbance on mainland CRIs but could also be the
result of spatial competition with other ground nesters (e.g.,
roseate and greater crested terns) that are less abundant on
remote CRIs. Negative impacts of disturbance on the presence
of red-footed boobies and black noddies were less straightfor-
ward because both species use octopus bush trees and Pisonia

trees for nesting, which generally puts them out of the direct
reach of visitors (Batianoff, 2000; Carret, Trevail, et al., 2021).
We hypothesize that the local population size of both species

is substantially lower than the carrying capacity offered by suit-
able breeding sites, allowing breeders to occupy CRIs with only
the lowest level of disturbance. Both the red-footed booby and
the black noddy are able to nest on sites exposed to higher visi-
tation in the absence of alternative, secluded breeding locations,
as seen in CRIs from the Wallis-et-Futuna archipelago (Thibault
et al., 2015). The apparent positive influence of visitation on
the abundance of black noddies requires further investigation.
It may be explained by the higher quality of available habitat on
mainland breeding sites (dominated by Pisonia forests), which
artificially link high densities of breeders with increased visita-
tion, than that on remote CRIs (dominated by octopus bush
trees). Finally, the area-dependent effect of visitation observed
for the wedge-tailed shearwater (negative influence in small
CRIs and seemingly positive for large sites) suggests that the
effect of disturbance is strong on small CRIs whose entire sur-
face is accessible to visitors but becomes negligible at large
sites where only a small proportion of island surface is actually
subject to visitation.

Although we observed no effect of human disturbance on
the presence of most tern species, the human disturbance proxy
we used gives only a broad measure of site exposure to distur-
bance and does not reflect direct impacts on breeding success
or survival of seabirds. The absence of influence in terns indi-
cated that they nest indifferently on sites with high and low
visitation; however, the literature contains no evidence suggest-
ing that they withstand human disturbance better than other
species. On the contrary, prior examples show that human dis-
turbance reduces breeding success in roseate and black-naped
terns, either through direct impacts (Pandolfi-Benoit & Bretag-
nolle, 2002) or through nest predation by gulls or rails after
adults have fled from intruders (King et al., 1992). Because
resource accessibility appeared to strongly constrain site selec-
tion in terns, it is likely that they are less able to relocate to
sites with low disturbance than offshore and pelagic feeders. In
New Caledonia, mitigation of human impacts on terns is ongo-
ing in the southwestern lagoon since 2014 and in the northern
lagoon since 2018. The mitigation involves temporary access
restrictions to sites that host tern colonies during the austral
summer (black-naped, roseate, and greater crested terns) and
winter (fairy tern) breeding seasons. However, the effects of
these restrictions on breeding success have so far not been
monitored.

Significant impacts of rodent presence on colony size were
observed for the burrow-nesting wedge-tailed shearwater. Such
a result is consistent with documented negative effects of
rodents on seabird demography, suggesting that burrow and
ground nesters are the species most vulnerable to predation by
invasive rodents (Marie et al., 2014; VanderWerf et al., 2014).
Although inconclusive due to small sample size, our qualitative
comparison of wedge-tailed shearwater densities between black
rat-infested and rodent-free sites (Appendix S12) is also consis-
tent with known impacts of black rats, whose effects on seabirds
are the most severe compared with those of other rodent species
(Shiels et al., 2014). Rodents had no effect on other seabirds, but
our dataset offered limited power for assessing negative impacts
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of rodents due to the rarity of rodent-infested sites among the
considered CRIs (15 sites); in addition, our lumping of sev-
eral species into a single binary predictor of rodent presence
could have masked species-specific effects. Because long-term
monitoring data were lacking, we could not address possible
long-term demographic consequences of eradications on sites
that previously hosted rodent populations (Baudat-Franceschi
et al., 2008; Bell, 1998).

Lessons for future management

In a context of possible CRI decline and rarefaction of avail-
able breeding sites due to expected SLR and coastal erosion,
our results offer valuable insight into future conservation plan-
ning for CRI seabirds. In particular, management strategies
should separate functional groups of seabirds that have different
vulnerabilities and restoration potential.

Site selection in offshore and pelagic-feeding seabirds
appears to be mostly driven by habitat availability and isolation
from human disturbance. Consequently, one can expect these
species to have high relocation and recolonization potential, as
long as their resources in pelagic environments are not depleted
(Cury et al., 2011) and their breeding habitats are maintained.
They may therefore be at lower risk of demographic decline
than short-range foragers in the event of a partial disappearance
of breeding sites (Reynolds et al., 2015). Habitat management
through the restoration of native plant species (savanna with
low plant cover and mixed shrubs of Pisonia and octopus bush
tree) (Carr, Trevail, et al., 2021; Feare et al., 2015), the eradica-
tion of introduced mammals (Philippe-Lesaffre et al., 2023), and
the mitigation of human disturbance through access restrictions
(Devney & Congdon, 2009) hold great potential for the restora-
tion and possible relocation of seabird colonies, especially in
association with social attraction efforts (Herrera-Giraldo et al.,
2021). However, high levels of philopatry may still hinder or
slow translocation initiatives across CRIs (Danckwerts et al.,
2021; Oro et al., 2011; Spatz et al., 2023).

Short-range foragers that rely on CRIs for breeding and on
lagoon resources for feeding are likely the species most vul-
nerable to the future disruption of reef ecosystems because
they could be threatened simultaneously in their marine and
terrestrial environments (Berr, Dias, et al., 2023; Perry et al.,
2011). Their potential for relocation may be restricted to small-
scale areas in the vicinity of their current breeding sites, which
offers fewer options to managers. Fine-scale characterization
of species biogeography and resource availability and the eval-
uation of projected impacts of coastal erosion are therefore
necessary steps for orienting future conservation strategies.

Prospects

Future development of the type of work we undertook includes
the evaluation of more precise environmental drivers of
resource (ocean productivity, depth, slope, and typology of reef
habitats) and habitat availability (additional habitat categories,

distribution of plant cover, etc.). Short-range foragers respond
to fine-scale ecological cues in the marine environment (Pratte
et al., 2021), and it was recently shown that nest distribution
of tropical Laridae species, whose site selection was not influ-
enced by our broad habitat typology, was shaped by microscale
ecological parameters (Garcia-Quintas, Denis, et al., 2023).
Consequently, we believe that a more accurate understanding
of site selection and onsite distribution in short-range foragers
is a priority for future study of CRI seabirds because they are
likely more sensitive to coastal erosion and submersion hazards.
Developing similar studies at broader geographic scales would
improve understanding of large-scale distribution patterns of
CRI seabirds, which is necessary for international management
efforts (Berr, Millon, et al., 2023; https://www.sprep.org/ioe/
regional-marine-species-programme). New Caledonia seabird
species almost all occur in other tropical archipelagos with
different geographic, environmental, and anthropogenic con-
texts (e.g., Chagos archipelago, Great Barrier Reef, and French
Polynesia), which reinforces the importance of interregional
comparisons of seabird biogeography (Carr, Votier, et al., 2021;
Congdon et al., 2007; Thibault & Bretagnolle, 2007).
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