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Abstract

The Tahiti petrel (Pseudobulweria rostrata) is a rare and declining seabird whose breeding
biology and nest-site selection are poorly known. Nest-site selection is critical to seabird
population fitness, and understanding the factors driving it is essential for designing effective
conservation measures. Here, we measured several variables (topographical, physical and
environmental) to characterize Tabhiti petrel nesting habitats and burrows (i.e., width, height,
depth and type: rocky cavity, dug into the soil or under a root) on Nemou Island in New Cale-
donia. The data were clustered using the HCPC (Hierarchical Clustering on Principal Com-
ponent) method to identify principal habitat groups. This method was combined with logistic
regressions to examine the influence of the variables on nest-site selection and breeding
success. Our results showed that nest-site selection is linked to habitat groups (a combina-
tion of substrate and vegetation data), slope, orientation and soil depth, while breeding suc-
cess is only influenced by nest characteristics (i.e., burrow type and width). Tahiti petrels
prefer to nest on steep slopes in mature forests with rocky substrate and deep soil. Burrows
were scatterred in small sub-colonies or isolated pairs, suggesting that nest-site selection
depends on habitat quality rather than conspecific density. The study also revealed that
breeding success is lower in rocky cavities and increases in burrows with wide entrances.
Our nest-site selection survey is the first for the genus Pseudobulweria, and provides critical
information for designing effective conservation programs in New Caledonia and the Pacific.

Introduction

Many seabird populations are declining due to invasive alien species (cats Felix catus, rats Rat-
tus spp. and pigs Sus scrofa), fisheries bycatch and various anthropogenic pressures (e.g., nest-
ing habitat destruction, light and noise pollution, egg collection, disturbance and climate
change) [1-3]. Over the past 60 years, these threats have contributed to an overall decline of
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70% in the global seabird population [3]. Seabirds are considered bio-indicators of marine
environmental health [4] and ecosystem engineers on land [5]; therefore, limiting this decline
is essential to preserve their natural habitats. On land, conservation and restoration programs,
including predator control and nesting habitat improvement, can reduce this decline by
expanding existing colonies or restoring historical populations [6]. However, basic knowledge
about the biology, ecology and nesting habitat selection (i.e., nest-site selection) of the species
is often limited [7-9].

Johnson [10] ranked habitat selection into four category: selection of the physical or geo-
graphical range of a species (first-order selection), selection of a home range of individual or
social group (second-order selection), selection of various habitat patches within the home
range (third-order selection), and selection of specific resources within a habitat patch (fourth-
order of selection) [11]. Nest-site selection corresponds to the fourth-order selection, in which
habitat characteristics are used as specific resources. Studies based on habitat characteristics
generally examine nesting site preference by comparing the sites used with available sites [11,
12]. Thus, nest-site selection relies on several factors, including local and micro-climate [13],
conspecific social attraction [14, 15], vegetation and topography (i.e., soil type, slope, aspect,
elevation) [16-18] and predation [19]. Most seabirds are faithful to their breeding site [20],
providing fitness advantages over the years [21]. Thus, understanding the mechanisms of nest-
site selection in declining species is essential to plan adapted conservation strategies.

Monitoring breeding success is critical for determining the status of populations and their
responses to anthropogenic and environmental stressors. The selection of good-quality nest-
sites is a significant predictor of breeding success [22, 23], along with the quality of breeders
based on their breeding experience [24]. Besides, for burrow-nesting seabird species like
petrels (i.e., order Procellariidae), burrow characteristics including depth, orientation and sin-
uosity impact breeding success by modulating the birds’ exposure to predation, flooding, high
temperature or collapse [17, 23]. However, the relative contribution of nest-site selection and
burrow characteristics to breeding success is still understudied in seabirds [25-27].

Previous studies have described the nest-site selection of some burrow-nesting Procellarii-
dae species [18, 28-32], but quantitative information for the genus Pseudobulweria, the world’s
most threatened seabird genus, remains scarce [33]. Pseudobulweria includes one extinct spe-
cies (Pseudobulweria rupinarum) and four extant species. The Beck’s petrel (Pseudobulweria
becki), the Fiji petrel (Pseudobulweria macgillivrayi) and the Mascarene petrel (Pseudobulweria
aterrima) are all considered Critically Endangered by the IUCN. The last species, the Tahiti
petrel (Pseudobulweria rostrata), is a cryptic species currently listed as Near-Threatened,
under suspected decline and in lack of quantitative data [34]. The Tahiti petrel faces two major
threats: predation by introduced vertebrates (mainly cats and rats) at their breeding sites and
destruction of the breeding sites by mining activity [1, 35, 36]. Minor other threats often
occur, such as light pollution induced by mining activity and cities, plastic ingestion and
bycatch at sea [2, 37]. Its world population is estimated between 10,000 and 20,000 breeding
individuals [34, 38], with colonies distributed over several tropical Pacific islands: American
Samoa, Fiji, French Polynesia and New Caledonia, for a estimated terrestrial area about 6 850
000 km?. However, the exact area for occupancy is not known [34]. The current lack of basic
knowledge about the biology, ecology and population distribution of the Tahiti petrel prevents
the implementation of efficient conservation or restoration strategies that could reverse popu-
lation decline. Villard et al. (2006) and Rauzon & Rudd (2014) pioneered the monitoring of
Tahiti petrel and provided preliminary data about the vocal repertoire and the breeding biol-
ogy of the species [39, 40]. Nest site management and threat mitigation actions dedicated to
Tahiti petrel are currently confronted with an urgent need for quantitative assessments of its
population distribution, nest-site selection, and burrow characteristics [6, 41].
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We investigated the Tahiti petrel nest-site selection, burrow characteristics and their influ-
ence on breeding success at a New Caledonian breeding colony. Our study specifically aimed to
determine: (i) the habitat characteristics that influence the location of the Tahiti petrel nesting
sites, and (ii) the main burrow features influencing Tahiti petrel breeding success. We moni-
tored and surveyed Tahiti petrel for the first time in a colony isolated from the most direct
human pressures present on the mainland. The set of habitats naturally available on Nemou
Island represents the diversity of breeding habitats present in New Caledonia. The Tahiti petrel
is a nocturnal and cryptic species. The data collected will help conservation managers identify
the most suitable habitats to preserve the Tahiti petrel population, especially before starting min-
ing activities at a new site. This study also intends to improve the general species knowledge.

Materials and methods
Ethics statement

This study was conducted with the approval and authorization of the legal authority in charge
of the environment and biodiversity of the South Province of New Caledonia: Direction de
I’Environnement de la Province Sud, permit n° 836-2019/ARR/DENV. The Tahiti petrel is a
legally protected species under the environmental legislation of the South Province. No contact
or handling of animals was made during the study.

Study site and species

This study was carried out on Nemou Island (20.38°S, 164.04°E South-West Pacific Fig 1a),
located off the eastern coast of New Caledonia (1 km from Grande Terre) (Fig 1b), between
May 2018 and July 2020. Nemou is an island of 125 hectares (Fig 1c), rising to 168 m above sea
level. It is uninhabited but occasionally visited for the day or camping activities. Invasive spe-
cies present on the island include rats (Rattus rattus and Rattus exulans) and Rusa deers (Cer-
vus timorensis russa). A feasibility study for rat eradication showed low rat population
abundance (catch rate approximatively 1.5% for a total of 556 trap nights [42]). Before this
study, the Tahiti petrel population on the island was estimated to be a few tens of breeding
pairs. No other Procellariform species are known to nest on this island. Nemou Island is under
the customary authority of Petit Borendi tribe. Customary formalities were carried out with
Radji Kainda, the island owner, to gain access to the study site. Radji Kainda himself organized
transportation to the study site.

The species is known to breed in two types of habitats: most nest-sites are located in moun-
tainous areas (up to 1,200 m) or high rocky islands (between 40 m and 200 m), while only a
few burrows are found in backshore sandy areas. Besides, on mountainous areas, Tahiti petrel
nest in forests and maquis [36] but not in the rainforest (personal observations). They also nest
on some islets in the lagoon [39]. Like many procellariid species, Tahiti petrels spend most of
their time foraging at sea, except during their breeding period, when they depend on terrestrial
environments to reproduce. New Caledonian populations breed asynchronously (i.e., breeding
cycles extend throughout the year) [43], an atypical feature in Procellariidae [38]. Villard et al.
[39] estimated incubation and chick rearing periods to last 55 and 120 days, respectively [39].
Individuals are considered philopatric, with high nest fidelity, as they return to the same breed-
ing site each year and breed in the same burrow for several years [39, 44].

Nest-site selection

Systematic ground surveys, searching for and mapping Tahiti petrel burrows, were conducted
for the first time at Nemou Island throughout 2018. Adult Tahiti petrels return on land at
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Fig 1. Map of Nemou Island. Location of the island in the Pacific region (a) and New Caledonia (b), and location of Tahiti petrel burrows (n = 116),
sub colonies (n = 13) and vegetation classification (c). The anthropized area is where some of the vegetation has been cut down to allow visitors to come
ashore and camp in an articficial structure. Republished from the New Caledonia Government and South Province under a CC BY license, with
permission from Déborah David and Justin Pilotaz respectively, original copyright 2011.

https://doi.org/10.1371/journal.pone.0267408.9001

night only to breed, incubate the egg or feed the chick. They display high vocal activity at the
beginning of the night. Nocturnal vocal activity monitoring preceded each survey at the begin-
ning of the night when vocal activity peaks (i.e., between 6 pm and 9 pm) [36]. Two observers
climbed the two highest ridges of the island (western ridge and eastern ridge of Nemou, Fig 1)
to do call counts and listen to the Tahiti petrel activity during the first few hours of 10 nights
(see S1 Fig). Positioned simultaneously on each ridge, the observers were able to identify areas
of highest vocalization activity over the whole island (> 100 calls / 5 min). These areas were
then visually searched to map the breeding burrows. While this approach allowed for mapping
all petrel sub colonies, remote and isolated burrows may have been missed.

We recorded the coordinates of each burrow using a GPS (Garmin®™ GPS 64 S, mean accu-
racy: + 3 m). After producing the burrows distribution map from field prospections, we
recorded Tahiti petrel nest-site characteristics through a set of biotic and abiotic variables mea-
sured in 102 quadrats (8 m x 8 m) [28]. Quadrats were randomly positioned using the search-
ing function for random locations in a polygon in Qgis (3.2, v3.2.3-Bonn, gaussian
distribution) so that only half of them included Tahiti petrel nesting areas (n = 51), and all hab-
itats on the island were represented (S1 Fig). Burrow patches in Fig 1 represent a circular
buffer of 15 m radius around the GPS locations recorded on top of monitored burrows. Each

PLOS ONE | https://doi.org/10.1371/journal.pone.0267408  April 27, 2022 4/17


https://doi.org/10.1371/journal.pone.0267408.g001
https://doi.org/10.1371/journal.pone.0267408

PLOS ONE

Nest-site selection, burrow characteristics and breeding success in a declining seabird

patch encompasses closely related burrows and surrounding landing/take-off areas. Within
each quadrat, 14 topographical, physical and environmental variables were collected [28]
(Table 1). Physical variables were measured at the centre of each quadrat, while substrate and
vegetation variables were visually estimated (in percent) over the whole surface of each quad-
rat. We established and oriented all quadrats (North-South and East-West) using a 30 m tape
measure and a compass. Elevation, orientation and slope were determined at the center of
each quadrat using a GPS (GpsMap 64s), with a hand-held compass and an inclinometer.
Because orientation is a circular variable, the mean orientation was calculated using the func-
tion mean.circular of the R package “circular” v.0.4-93 [45, 46]. Soil depth was calculated as
the average of the maximum penetration of a metal bar into the soil based on 5 measurements:
4 measurements at 1 m from each corner towards the centre of the plot, and one at the centre
[47]. The metal bar was pushed into the ground as far as possible until it encountered an
obstruction or was buried. Distance to the coastline was determined using Qgis for each quad-
rat, and trunk (i.e., the main stem of a living tree) diameter was assessed using a 30 m tape
measure at 1 m above the ground.

Breeding success

Burrows were monitored every two months between May 2018 and July 2020 (14 field sessions
of 5 consecutive days each) to account for breeding asynchrony. We used a "burrowscope”, i.e.,
a minjature endoscopic camera (Adult Tortoise Camera System) connected with virtual reality
glasses (Fatshark Dominator V3) and LCD screen (fat Screen 7" diagonal display LCD colour
monitor). Each burrow was monitored (empty, eggs, chicks, adults). Only the burrows actively
used by Tahiti petrels for breeding (i.e., burrows with eggs, chicks, adults) were included in the
analyses. Active breeding burrows were considered successful or unsuccessful based on
whether the egg laid led to a fledgling or not. Breeding success was determined by the percent-
age of eggs that gave a fledgling.

We used 16 variables describing the burrows and their environment to account for burrow
characteristics as potential predictors of breeding success (Table 1). Physical, substrate and
vegetation variables were measured within a 1 m radius of each burrow. Burrow dimensions
were measured using a 30 m tape measure, except for the depth of the burrow, which was
obtained by measuring the length of the burrowscope tube that could be inserted into the bur-
row. Roots and/or stones at the burrow entrance were considered as burrow entrance protec-
tion from predators (e.g., rats). Tahiti petrels used three types of burrows: 1) dug under a root
or a boulder (BB), 2) dug in the soil (BS), and 3) a rocky cavity that they did not need to dig
©.

Statistical analyses

All statistical analyses were conducted using the R software version 4.0.3 [48]. We replicated
the same analytical framework on two datasets to determine the best predictors of (i) nest-site
selection and (ii) breeding success of Tahiti petrels. The binary response variable of the first
dataset was presence (1) and absence (0) of burrows for each of the 102 quadrats, so the unit of
replication in the model is the quadrat. The second dataset consisted of 87 active burrows
monitored throughout the study (May 2018 to July 2020). With this second dataset, we consid-
ered breeding success as a binary response variable (i.e., success (1), failure (0)), so the burrow
is the unit of replication of the model. Variations along the North-South and East-West axes
were included in the models using the cosinus and sinus of the orientation angle) [46]. Multi-
collinearity among explanatory variables was assessed using the function cor of the R package
Stats v.4.0.3 [48]. Variables correlated beyond 50% (e.g., substrate and vegetation cover
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Table 1. Variables measured in 102 quadrats (51 within and 51 outside nesting areas) and around 87 burrows (48 successful and 65 unsuccessful).

Variables Units Nest site selection (14 variables) Breeding success (16
variables)
Quadrats (mean + se) Burrows (mean * se)
Within nesting areas | Outside nesting areas Successful | Unsuccessful
Physical orientation degree X 168.6 + 19.4 158.4 + 14.7 x| 216.6+19.8| 165.7+17.6
elevation meter X 47.5+ 4.8 55.4+53 x| 435+5.0 494+ 49
slope degree X 33.1+14 253+1.5 x| 16.5+1.6 179+ 1.5
distance to coastline meter X 94.0 + 8.6 107.4 + 11.1
Substrate outcrop cover percent X 13.6 +2.8 34+1.0
block cover percent X 16.0 +2.4 12.1+2.4 x| 19.7+43 28.6+4.2
scree cover percent X 23.5%29 27.8+3.3 x| 15.0+23 143 +2.4
loose soil percent X 472 £4.1 60.0 £ 4.6 x| 65.0+4.1 58.5+4.2
soil depth cm X 243+1.8 18.0+22
Vegetation tree cover percent X 83.9+4.3 68.6 + 5.2 x| 753%5.1 78.3+4.6
shrub cover percent X 31.7+£2.9 450+ 4.4 x| 348+35 38.3+4.0
grass cover percent X 41.9+45 250+2.3 x| 27.1+3.0 258+2.5
trunk count - X 415+6.7 27.2+3.0
(diam > 20cm)
trunk count - X 26+03 23+04
(diam < 20cm)
Burrow entrance width cm x| 195+09 22.0+1.0
entrance height cm x| 13.7+14 12.5+0.7
burrow depth cm x| 1053 +6.2 119.7 5.3
tunnel shape no, straight, winding X - -
entrance protection without, with X - -
type root, boulder (BB), soil (BS), rocky X - -
©
Conspecifics | burrow density (3m radius) - x| 05+0.1 0.5+0.1

x indicates variables considered predictors in nesting habitat selection and/or breeding success models of the Tahiti petrel.

https://doi.org/10.1371/journal.pone.0267408.t001

variables) were considered highly correlated with a risk of multicollinearity. Because substrate
and vegetation cover variables were highly correlated, the following three-step analysis was
designed: 1) a Hierarchical Clustering on Principal Component (HCPC) to cluster the multiple
and non-independent habitat predictors, 2) a logistic regression including clusters assignments
as categorical variables with the other available predictors and, 3) a downward stepAIC to
select the best of all available and non-independent predictors [49, 50].

In step 1, an HCPC method was applied to reduce the number of vegetation and substrate
cover variables to a smaller set of uncorrelated components using the "FactoMiner" v.2.3 and
"Factoextra" v.1.0.7 R packages [51, 52]. The number of clusters was chosen based on the “Fac-
toMiner” package’s suggested optimal level. Using Ward’s minimum variance criterion, the
HCPC method clusters variables into groups based on the distance (i.e., inherent similarity)
between them to minimize the total within-cluster variance. As a result, the vegetation and
substrate cover variables were merged into 3 clusters for the two analyses, depending on their
position along the two dimensions of a Principal Component Analysis (PCA). The first two
components of the PCA extract the most important information from the dataset. The main
variables associated with the PCA are indicated with their contribution (i.e., c). The PCA func-
tion scaled and normalized each variable with a zero mean and a unit standard deviation.
Thus, using HCPC to develop a typology based on the first two components of the PCA
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provides a more consistent and accurate classification because noise is reduced in the analysis.
For each cluster, three values represented the contributions of the variables: the Overall Mean
of the variable (OM), the Mean value In the Cluster (MIC) and a value-test (v.test) represent-
ing the sign and significance of the MIC-OM difference. A v.test value greater than 1.96 indi-
cates a significant contribution of the variable to the cluster at a 95% confidence level [53].

In step 2, we modelled nest-site selection with the physical variables measured in the quad-
rats (i.e., orientation, slope, elevation and distance to the coastline, Table 1) and the HCPC
habitat clusters using logistic regression. We then modelled breeding success using burrow
characteristics (Table 1), density, orientation, elevation, slope and HCPC habitat clusters using
logistic regression as well.

In step 3, after constructing full logistic regressions models, we conducted a downward
stepwise predictors selection based on corrected Akaike’s Information Criteria for limited
sample sizes (AICc) using the R package "MASS" v.7.3-53 [53, 54]. This method determines
which explicative variable removal would result in the most significant AICc reduction begin-
ning with the full model for each response variable. These explicative variables were then
removed, and the procedure repeated until no AICc reduction was possible. Models with the
lowest AICc were ranked with the aictab function of the R package "AICmodavg" v 2.3-1 [55],
using Akaike’s Information Criterion for limited sample sizes (AICc), the difference between
the model AICc and the lowest AICc (AAICc) and AICc weights (WAICc). Models with
AAICc < 2 and 95% confidence intervals not overlapping zero were selected [56] (see S1 and
S2 Tables). Models with AAICc < 2 were then averaged with the "MuMin" R package v.1.43.14
[56, 57]. To avoid any overestimation of averaged estimates, we provide estimates from the
full-model averaging, meaning that parameters estimates were set to 0 when not included in a
model [58].

We built and tested our logistic regressions, the best model for binary response variables,
using the R package "stats" v.4.0.3 [48]. Model assumptions and predictive performances were
checked statistically [59, 60]. The overdispersion index validated the absence of overdispersion
in our data. Odds ratios represent the ratio of the probability of the event of interest occuring
(i.e., burrow presence (1) or success (1)) to the probability of it not occurring. The pseudo R?
estimated the predictive performance of our models [61, 62]. Values are shown with a
mean + standard error.

Results
Burrow distribution and nest-site selection

A total of 116 burrows were found across the whole island. Among these burrows, 113 showed
evidence of occupation by Tahiti petrels (i.e., feather, fresh guano), of which 87 showed evi-
dence of breeding (i.e., egg, chick or adult). Burrows were relatively distant from each other,
with a burrow density of 0.03 + 0.01 per m? (i.e., within quadrats) (Table 1) and an average dis-
tance to the nearest burrow of 7.4 + 0.8 m. The study detected 13 sub-colonies of 9 + 1.6 bur-
rows, and five isolated burrows, totalising 87 breeding pairs (Fig 1).

The first two principal components given by the PCA performed on vegetation and sub-
strate cover variables explained 28.9% and 20.0% of their total variation, respectively. The first
principal component was mainly associated with grass (c = 24.2%), tree (c = 18.5%) and shrub
(c = 15.7%) cover. The second principal component was mainly linked to loose soil
(c =35.8%), scree (c = 18.6%) and tree (c = 13.5%) cover (Fig 2a). The HCPC analysis classified
vegetation and substrate variables into three "habitat" groups (Fig 3). Group 1 (G1) represented
“open” habitats, characterized by loose soil (69%), grassy (mean in category (MIC) = 3.4) and
shrubby vegetation (MIC = 3.2). In contrast, group 2 (G2) represented “closed” habitats with
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Fig 2. Classification of habitat groups based on Principal Component Analysis (PCA) and Hierarchical Clustering on Principal Components
(HCPC) (i.e., dimensions) applied to substrate and vegetation data in (a) the 102 quadrats characterized for the analysis of Tahiti petrel nest-site
selection and (b) the 87 1-m radius plots around burrows used to identify factors influencing Tahiti petrel breeding success. Axes represent scores
for every 102 quadrats and 87 1-m radius plots from variables included in the PCA. The percentage in brackets is the variation of the variables explained
by each dimension. Plots were classified into three groups for both the Tahiti petrel nest-site selection and breeding success. Each group represented a
specific habitat type, as described in the results section. For nesting habitat selection (a): G1 = open habitats, G2 = closed habitats and G3 = rocky
habitats. For breeding success (b): GA = habitat mainly with tree and scree, GB = habitat mainly with rocky substrate and GC = habitat with low
vegetation.

https://doi.org/10.1371/journal.pone.0267408.9002

mature forest (Tree: MIC = 4.9; Trunks: MIC = 3.2) and 78% of loose soil. The last group (G3)
represented "rocky" habitats with rocks (blocks, outcrops and scree) and trees (MIC = 4.3)
(Fig 3).

The best model describing nest-site selection by Tahiti petrels for nesting included habitat
groups (as defined by the HCPC analysis), slope, orientation and soil depth (AAICc = 0.0,
wAICc = 0.63, CI = 5.03-12.64, S1 Table). Rocky and closed habitats were the best predictors
of burrow presence, with rocky habitats much more likely to have burrows (Table 2a). Steep
slopes were the model’s second major predictor, with a positive relationship between slope and
Tahiti petrel burrow presence (Table 2a). North and east orientation also had a positive effect.
Finally, Tahiti petrel burrow presence was positively influenced by soil depth (Table 2a). The
model explained 42% of the Tahiti petrel nest-site selection variation (R> = 0.42).

Burrow characteristics and factors influencing breeding success

Burrow entrances were wide (about 20.8 + 0.6 cm) and located on steep slopes, 55.4% (i.e.,
17.2° £ 1.1°) on average across the entire elevation gradient (Table 1). Breeding success was
0.32 + 17.5 on average for the 87 breeding attempts monitored throughout the 26 months of
our study. The first two principal components given by the PCA performed on vegetation and
substrate cover variables explained 33.2% and 31.5% of their total variation, respectively. The
first principal component was mostly correlated to trees (c = 32.5%), grass (c = 21.8%) and
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Variables

G1 = Open habitats

G2 = Closed habitats

G3 = Rocky habitats

Grass

v.test
MIC
oM

Shrubs

v.test
MIC
oM

Loose soil

v.test
MIC
oM

Trees

v.test
MIC
OM

Large trunks

v.test
MIC
oM

Blocks

v.test
MIC
oM

Outcrops

v.test
MIC
oM

Scree

v.test
MIC
OM

3.2

1.9

3.2
69.1
52.0

5.4
78.1
52.0

-3.7
13.3
25.6

34.8
25.6

¥

&

Fig 3. V.test value (positive or negative), mean in category value (MIC) and overall mean value (OM) of habitat selection
groups by Tahiti petrels, based on Hierarchical Clustering on Principal Components (HCPC). Group 1 (G1): habitat
mainly composed of grass, shrubs and loose soil; Group 2 (G2): habitat mainly composed of loose soil, trees and large trunks;

Group 3 (G3): habitat mainly composed of blocks, outcrops, scree and trees with large trunks.

https://doi.org/10.1371/journal.pone.0267408.g003

blocks (¢ = 15.9%). The second principal component was mainly linked to loose soil

(c =41.2%), blocks (c = 33.5%) and grass (c = 14.1%) (Fig 2b). The final typology of the HCPC
results also classified vegetation and substrate variables into three groups, but none was signifi-
cant in the final model. Group A was mainly composed of trees (MIC = 4.3), loose soil and
scree (73.7% and 20.0% cover, respectively). Group B was mainly composed of a rocky sub-

strate (60% of block cover). In contrast, the last group was made of low vegetation, including
grass (MIC = 4.7), shrubs (MIC = 3.7) and loose soil.
The best model included burrow type, width and depth as predictors of Tahiti petrel breed-
ing success (AAICc = 0.00, wAICc = 0.50, CI = 0.3-5.39, S2 Table). Burrow type was the first
predictor of the model and showed a negative effect of rocky cavities (C) on breeding success
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Table 2. Summary tables of logistic regressions explaining the influence of nest-site selection on burrow presence (a) and the factors influencing breeding success

(b) of the Tahiti petrel at Nemou Island.

a) Nest-site selection variables
Intercept

Cos Orientation (North-South)
Sin Orientation (East-West)
Slope

G2

G3

Soil depth

Distance to the nearest coastline
b) Breeding success variables
Intercept

Burrow entrance width
Burrow depth

Burrow Type BB

Burrow Type C

Asterisks indicate significant difference as follows:

* p <0.05,
**p<0.01,
% p < 0.001.

https://doi.org/10.1371/journal.pone.0267408.t002

Estimate Std.error P—value Odds Ratios
-7.76 1.98 1.08e-04 e -
1.15 0.37 0.002 o 3.2
1.36 0.57 0.02 * 4.2
0.09 0.03 0.007 o 1.1
3.42 1.13 0.003 o 42.4
3.85 1.08 0.0004 e 58.4
0.07 0.02 0.004 o 1.1
0.01 0.01 0.07 . -
-2.22 1.35 0.10 -
0.10 0.04 0.02 * 1.1
0.01 0.01 0.08 . 1.0
-0.36 0.52 0.48 . -
-1.75 0.71 0.01 * 0.7

(Table 2b), but there was no significant relationship between burrows dug under blocks or
roots (BB) and breeding success. Burrow entrance width was the second determinant of the
model, with a positive relationship between burrow width and breeding success. Burrow depth
had a slight, yet insignificant, positive impact on breeding success (Table 2b). However, this
model explained only 12% of Tahiti petrel breeding success variation (R = 0.12).

Discussion

We provide the first assessment of the most suitable habitats for breeding Tahiti petrels.
Mature trees and rocky substrates appear as critical features in the species breeding behaviour.
We show that the width of the burrow entrances is positively correlated to breeding success.

Habitat suitability

Our results show that habitat groups, slope, orientation and soil depth influence the selection
of nesting sites by Tahiti petrel. Closed and rocky habitats most significantly explained the
occurrence of Tahiti petrel burrows at our study site. These habitats include mature trees (i.e.,
trees with large trunks) on which Tahiti petrels like to climb to take off [63]. Therefore, a plau-
sible hypothesis is that Tahiti petrels favour closed and rocky habitats for nesting because they
offer easy take-off points [18]. Indeed, adult Tahiti petrels can walk up to 50 m away from
their burrow to reach a mature tree from which they can take off, and claw marks have been
observed on several trunks (Pagenaud, pers. obs.). Similar behaviour was observed for Cook’s
petrels, which can walk up to 100 m to take off from a tree [18]. Mature trees could also repre-
sent a landmark for adult breeders to locate their burrows. Mature forests are often preferred
because they provide shelter from intense weather, sun or aerial predators [64] and a more sta-
ble substrate thanks to well-developed root systems. Conversely, Tahiti petrels seem to avoid
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areas without branches, and only one burrow (out of 113) was found in such a situation. Tahiti
petrels also prefer rocky habitats for nesting, especially with scree and blocks. This type of sub-
strate may improve the stability of the cavity [47, 65] and minimize burrow collapse due to
heavy rainfall or large mammals (i.e., rusa deer on Nemou Island) [65]. Moreover, outcrops
can be used as take-off platforms like trees.

Our nest-site selection models revealed that Tahiti petrels prefer northerly or easterly orien-
tated slopes (i.e., facing the prevailing north-east winds), perhaps because they facilitate landing
through drag force and take-off through lift force [44]. Finally, most Tahiti petrel burrows were
found on steep slopes, a characteristic often observed in other seabirds, particularly Procellarii-
formes [19, 64-66]. Steep slopes generally provide better water drainage, preventing water
from entering the burrow [67]. Slopes also facilitate burrow excavation [68] and ease bird take-
off [65, 69]. We also found a link between soil depth and the presence of Tahiti petrel burrows.
Burrowing seabirds usually select soft or deep soil, which is easier to dig in [28, 70, 71].

We recommend that this set of predictors (i.e., habitat groups, slope, orientation and soil
depth) be considered in habitat modelling analyses to identify other potential breeding sites.
Applications include the identification of suitable nest-sites for Tahiti petrels in mining
impacted areas on Grande Terre.

In addition, the overall distribution of Tahiti petrels may be influenced by the availability of
breeding sites (mature forest, rocky habitat, steep slope, soil depth), which can be sought out
in other archipelagos (e.g., Fiji, American Samoa, French Polynesia). Despite Nemou’s small
surface area and generally low altitude, the island hosts a diverse range of habitats, which
match the majority of available known habitats for Tahiti petrels (as previously cited). Thus,
the diversity of habitats on the island has been assumed as representative of habitats on Grande
Terre and of petrel habitats in general in the region.

Determinants of breeding success

Breeding success was lower in rocky cavities but improved when burrow entrances were
wider. However, the environment directly surrounding the burrows seems to have no influ-
ence on breeding success compared to burrow features. Surprisingly, wider burrow entrances
enhance Tahiti petrel breeding success. Indeed, smaller burrow entrances generally limit
access to predators and protect from weather conditions [22, 72]. However, regular monitor-
ing of burrows revealed three dead Tahiti petrel fledgling chicks trapped in burrow entrances
smaller than average (about 10 cm wide). Larger burrow entrances could then be easier to pass
through, with less risk of chicks getting trapped when they come out to exercise their wings
daily or to fledge. A wider entrance could also make it easier for adults’ access to the nest
chamber [73]. Besides, a wide entrance enhances burrow ventilation and thermoregulation,
improving chick survival [74].

As confirmed by previous observations, substrate type can significantly affect breeding suc-
cess in seabirds [75]. Tahiti petrels prefer digging their burrows near rocky substrates, increas-
ing roof stability during and after building the burrow. However, natural rocky cavities or
crevices, where the nest chamber is made of stones or rocks (i.e., not dug by Tahiti petrels),
could increase the probability of egg breaking. This feature has been reported for other procel-
lariiform species such as the Macaronesian shearwater (Puffinus lherminieri baroli) or Cory’s
shearwater (Calonectris diomedea) [16, 76].

Opverall, this study provides the first data on the breeding success rate for the species. This
breeding success rate was relatively low (32%) compared to other Procellariids which typically
have breeding success rates near or above 50% [77-81]. Breeding success can be affected at any
stage (i.e., egg, chick or fledgling) by invasive predators such as rats, pigs or feral cats [82, 83].
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However, the limited abundance of invasive predators on Nemou Island is unlikely to impact
Tahiti petrel breeding success. A camera trap survey could provide additional data on the
potential effects of rats or other nocturnal predators on the Tahiti petrel demography. Nest
desertion during bad weather could also apply (e.g., storms) [84].

Further studies on the breeding biology of the species are needed to enhance our under-
standing of these interactions and identify potential additional factors impacting breeding suc-
cess. The predictive performance of our breeding success model could be improved by
including other predictors of the Tahiti petrels’ breeder quality. Indeed, age, body size, forag-
ing performance, experience and intra-specific competition could directly affect hatching suc-
cess, fledging success and breeding success [85-87].

Finally, long-term monitoring of Tahiti petrel breeding success would provide additional
data on the interannual variability of hatching, fledging and breeding success and could help
identify the factors driving this variability [88, 89].

Tahiti petrel population distribution

Our results indicate that Tahiti petrel burrows are isolated from each other with a burrow den-
sity of only 0.03 + 0.01 per m”. These results suggest that the species prefers to nest in low den-
sity within a large area. In contrast, most burrowing Procellariidae nest in crowded colonies
like the wedge-tailed shearwater or Cory’s shearwater [16, 90, 91]. Also, Tahiti petrels tend to
nest in small sub-colonies or isolated pairs (i.e., one burrow). This patchy distribution suggests
that nest-site selection is based on habitat quality rather than conspecific density [92]. Conse-
quently, preserving nesting habitat is a critical factor for conservation.

In addition, this uneven distribution means that searching for burrows in large areas
requires more effort and experience. This information can help observers to improve breeding
ground survey strategies: they can identify smaller evidence (e.g., feather, down, guano) rather
than searching for a colony.

Out of all the sites identified in New Caledonia (n = 34), our survey revealed that Nemou
Island was the only accessible site where a large breeding population of Tahiti petrel (between
100 and 200 pairs) can be studied. This population of Tahiti petrels is the largest recorded to
date in New Caledonia.

Implications for conservation and future research

We believe that Nemou Island should be considered a refuge for Tahiti petrels in New Caledo-
nia. The island is free from mining activities or other Procellariform species (e.g., the wedge-
tailed shearwater Ardenna pacifica) that could compete with nesting sites and burrows. It is
also very little impacted by human activities or introduced rodents and is free from feral cats.
Therefore, Nemou Island is a valuable study site for conserving this poorly known, rare and
declining species. Further actions should include raising public awareness of the species,
increasing protection of nesting habitats, and eradicating rodents from Nemou Island.

Our study provides the first data about the Tahiti petrel nest-site selection and burrow char-
acteristics. These data are essential for conservation purposes and can be used to (i) develop
predictive habitat models that identify and map potential nesting areas in New Caledonia or
other islands in the Pacific, (ii) facilitate the search for nesting sites in the vast mountain range
of the main island of New Caledonia, (iii) and improve population recovery [93, 94].

Supporting information

S1 Fig. Map of the quadrats distribution on Nemou Island. The map shows (i) the position
of quadrats whitin and outisde Tahiti petrel (TP) nesting habitat, (ii) the location of the edge
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of the TP sub colonies, and (iii) the vegetation classification. Quadrats are shown to scale. The
black section (Anthropized area) is the area where vegetation was cut out to set up a camping
area.

(PDF)

S1 Table. Predictive habitat models selection for Tahiti petrel based upon corrected
Akaike’s Information Criterion.
(PDF)

$2 Table. Models statistics used to predict the influence of burrow characteristics and envi-
ronmental variables on the Tahiti petrel breeding success.
(PDF)
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