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Investigations into niche dynamics and interspecific interactions are crucial to assess the
vulnerability of threatened species to competition and environmental change. The Whe-
nua Hou Diving Petrel Pelecanoides whenuahouensis is a critically endangered seabird,
specializing in breeding in sand dunes in Aotearoa (New Zealand). The species is at risk
from competition for burrow sites with the abundant, habitat-generalist Common Diving
Petrel Pelecanoides urinatrix chathamensis, among other terrestrial and near-shore threats
(storm-induced erosion and vessel-based light pollution). However, Whenua Hou Diving
Petrel foraging niches at sea and associated threats are poorly understood. We sampled
blood and feathers from both species on Whenua Hou (Codfish Island) during 2017-19
and used stable isotope (8'°N and '3C) analyses to quantify foraging niche dynamics
and interspecific interactions. During incubation periods, when birds are restricted by
central place foraging, diving petrels exhibited clear niche segregation. Whenua Hou
Diving Petrels were more generalist feeders with wider isotopic niches than Common
Diving Petrels, which exhibited restricted isotopic niches and fed in neritic waters. Dur-
ing non-breeding periods, foraging niches expanded, and segregation was reduced, as
both species dispersed into the Southern Ocean. These patterns were largely consistent
among years, despite varying climatic conditions. However, Common Diving Petrel for-
aging niches appeared to shrink during El Nifio conditions, suggesting environmental sen-
sitivity. In contrast, the consistently stable, generalist foraging niches of Whenua Hou
Diving Petrels suggested potential limited sensitivity to competition and impacts of envi-
ronmental change at sea. Recovery efforts should, therefore, focus on addressing the pre-
viously identified terrestrial and near-shore threats.

Keywords: diet, foraging habitat, interspecific interactions, niche overlap, Pelecanoides, stable

isotope analyses, trophic ecology.

The theory of ecological niche segregation posits
that coexisting species partition resources, to
reduce competition, in either temporal, spatial or
trophic  dimensions, which in combination
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delineate a species’ niche (Hutchinson 1959).
Niche segregation is important for community sta-
bility, particularly in densely populated communi-
ties of central place foragers sharing breeding
grounds (Croxall & Prince 1980, Navarro
et al. 2013, 2015). Seabird communities exemplify
niche segregation, allowing ecologically similar spe-
cies to breed in sympatry (Cherel et al. 2008,
Jones et al. 2020, Bedolla-Guzman et al. 2022).
These species coexist by breeding in different
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habitats, at different times of the year, and by for-
aging at different times of the day, in different
parts of the surrounding ocean, at different depths
of the water column, or by targeting different prey
species (Croxall & Prince 1980, Phalan et al. 2007,
Masello et al. 2010, Navarro et al. 2013, 2015,
Ravache et al. 2020).

For threatened species, it is crucial to investi-
gate niches and interactions with other species to
assess vulnerability to competition (Barger &
Kitaysky 2012, Ravache et al. 2020) and pressures
from environmental changes (Grecian et al. 2016,
Ramirez et al. 2021, Rayner et al. 2021). Seabirds
are among the most threatened species on the pla-
net (Croxall et al. 2012, Dias et al. 2019) and spe-
cies exhibiting narrower niches (i.e. specialists)
may be more at risk than species with wider
niches (i.e. generalists) (Richard et al. 2021).
Specifically, if a threatened species, already under
pressure from various threats, also exhibits a small,
inflexible niche, it may be considerably more vul-
nerable to future changes in the environment, and
therefore more at risk of extinction (Barger &
Kitaysky 2012). As anthropogenic pressures and
impacts continue to accelerate (e.g. climate change
or overfishing; Sydeman et al. 2012, Gremillet
et al. 2018), characterizing niches and segregation
among species is crucial to understanding the vul-
nerability of species.

The use of stable isotope ratios of carbon
(6'3C) and nitrogen (8'°N) has greatly improved
our understanding of foraging niches among dif-
ferent seabird species (Peterson & Fry 1987, Hob-
son et al. 1994, Bearhop et al. 2004, Cherel
et al. 2005, Newsome et al. 2007). Carbon iso-
tope ratios reflect foraging location, when carbon
isoscapes exist throughout the environment
(Kelly 2000, Quillfeldt et al. 2005, Jaeger
et al. 2010). In marine habitats, the heavier '*C
isotope is enriched in neritic food webs compared
with oceanic food webs. Similarly, in the South-
ern Ocean, the heavier '3C isotope is enriched at
lower latitudes compared with higher latitudes
(Peterson & Fry 1987, Cherel & Hobson 2007).
Nitrogen isotope ratios increase predictably with
the trophic position at a rate of 8'°N ~ 3-5%o
per trophic level (Minagawa & Wada 1984,
Post 2002). Together, foraging areas, as inferred
from carbon isotope ratios, and trophic positions,
as inferred from nitrogen isotope ratios, compose
a species’ foraging niche. As different tissues have
different turnover rates, temporal variations in a
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species’ foraging niche can be detected by sam-
pling multiple tissue types (Bearhop et al. 2004).
For example, whole blood stable isotope ratios
are representative of the isotopic ingestion over
the previous ~ 30 days (Hobson & Clark 1993),
whereas feathers are inert once formed and their
isotopic composition reflects isotopic ingestion at
the time of feather growth (Nisbet et al. 2002,
Cherel et al. 2006, Gladbach et al. 2007). Stable
isotope analyses have distinct advantages over
other methods investigating trophic positions and
foraging areas. Tracking technologies have revolu-
tionized seabird ecology (Bernard et al. 2021),
but these studies only provide insights into forag-
ing areas and not diet or trophic positions. Tradi-
tional methods investigating diet and trophic
positions include the sampling of faeces or stom-
ach contents, but these methods are inherently
biased to certain species groups (e.g. larger prey
items) and can be highly invasive (Cherel
et al. 2005). DNA analyses, e.g. of faeces or
stomach contents, are less biased (Mclnnes
et al. 2017), but these methods still cannot pro-
vide insights into diet during the non-breeding
period when birds are out at sea. In contrast, car-
bon and nitrogen isotope ratios can provide stan-
dardized and year-round insights into foraging
areas as well as trophic positioning of species.

The trophic positions and foraging areas of spe-
cies can be subject to variation within populations
and among years, and accounting for these sources
of variation is crucial to understanding the under-
lying patterns of foraging niche dynamics. A com-
mon source of intraspecific variation is sex, as
different sexes may vary in foraging strategy, habi-
tat or prey species to avoid intraspecific competi-
tion (Hobson et al. 1993, Bearhop et al. 2006,
Schultz et al. 2021). Many external drivers can
also cause variation in trophic positions and forag-
ing areas. Most prominently, oceans are under the
influence of various climatic cycles such as the El
Nifio Southern Oscillations (ENSO), resulting in
fluctuations of food availability (Schreiber &
Schreiber 1984, Yasunari 1987). Seabirds can
adapt to these changing seascapes by {flexibly
adjusting their foraging habits and feeding areas
from year to year (Bourgeois et al. 2022). Conse-
quently, to effectively characterize the trophic
positions and foraging areas that compose foraging
niches, intraspecific and interannual variation
should be taken into account (Navarro et al. 2013,
Ravache et al. 2020).
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The Whenua Hou Diving Petrel Pelecanoides
whenuahouensis is a critically endangered seabird
in need of an assessment of its foraging niche to
inform vulnerability to competition and future
environmental change. The Whenua Hou Diving
Petrel is restricted to Whenua Hou (Codfish
Island), Aotearoa, where the entire world popula-
tion (~ 200 adults) breeds in fragile foredunes
<20 m from the tideline (Fischer et al. 2018a,
2018b, 2020b, 2022b). The species is at risk dur-
ing the breeding period from terrestrial threats,
including storms and storm surges that erode their
breeding habitat, and competition for burrow sites
with the abundant congeneric Common Diving
Petrel Pelecanoides urinatrix chathamensis (Fischer
et al. 2017, 2021c). At-sea threats are poorly
understood, but birds are at risk from deck strikes
(light-pollution-induced collisions with vessels)
near shore during the breeding period (Fischer
et al. 2021a, 2021b). Competition with Common
Diving Petrels at sea and vulnerability to environ-
mental changes, during either the breeding or non-
breeding periods, has not been assessed to date.
Anecdotal evidence and tracking with geolocators
indicated that Whenua Hou Diving Petrels forage
south of Rakiura (Stewart Island) near the Snares
Shelf and the Subtropical Front during the breed-
ing period (September—January) (Imber & Nil-
sen 1980, Fischer et al. 2021a, 2021c). After the
breeding period, birds migrate ~3500 km to the
Polar Front southwest of Australia. Although the
breeding and non-breeding foraging areas of several
Common Diving Petrel subspecies (P. u. urinatrix
and P. u. exsul) are known (Navarro et al. 2013,
2015, Rayner et al. 2017, Zhang et al. 2019, Dun-
phy et al. 2020, Fromant et al. 2020, 2022), the
foraging areas of the subspecies in Southern
Aotearoa (P. u. chathamensis) during both breed-
ing (September—February; Richdale 1945) and
non-breeding periods remain unknown. Prey com-
position of both species in Aotearoa also remains
largely unknown, but anecdotal evidence suggests
that Whenua Hou Diving Petrels feed on
euphausiids, small fish and small cephalopods dur-
ing the breeding period (Imber & Nilsen 1980).
Previous studies have shown niche segregation
between sympatric populations of diving petrels
through diet, tracking and isotopic investigations
(Croxall er al. 1997, Bocher et al. 2000, Navarro
et al. 2013, 2015, Fromant et al. 2020, 2022).
However, no study has investigated the foraging
niches of diving petrels on Whenua Hou or the

vulnerability of the critically endangered Whenua
Hou Diving Petrel to at-sea competition with con-
generics and future environmental change.

We collected blood and feather samples from
Whenua Hou Diving Petrels and Common Diving
Petrels over three consecutive years (2017-19)
and used stable isotope analyses to quantify forag-
ing niches, investigate intraspecific and interannual
variation, infer interspecific competition, and
investigate their vulnerability to environmental
changes.

METHODS

Study site and species
Whenua Hou (46.8°S, 167.6°E) is a 14-km? island

free of invasive predators, 3 km west of Rakiura
off Aotearoa, with a single small sand dune
(~ 0.02 km?) located in Waikoropupa (Sealers
Bay). The sole remaining population of the Criti-
cally Endangered Whenua Hou Diving Petrel
(~ 200 adults) breeds in this sand dune (Fischer
et al. 2018a, 2018b, 2020b, 2022b). Approxi-
mately 40 adult Common Diving Petrels also
breed in the dune. In contrast to Whenua Hou
Diving Petrels, Common Diving Petrels are not
habitat specialists; they breed in a wide variety of
coastal habitats, including forests, and their popu-
lation numbers in the 100s or 1000s on Whenua
Hou and in the 100 000s across southern Aotearoa
(Taylor 2000, Fischer et al. 2020a).

Sample collection

We captured up to 30 Whenua Hou Diving Pet-
rels and Common Diving Petrels each per year by
hand or with custom-made burrow traps for whole
blood and primary covert feather sampling in mid-
to late November in 2017-19 (Table 1). Whole
blood isotope ratios reflect the diet and distribu-
tion over the previous ~ 30 days (Hobson &
Clark 1993). To provide insights into foraging
niches during the incubation period, we collected
blood samples late in the incubation period (which
lasts from mid-October to early December for
both species; Richdale 1945, Fischer et al. 2021c¢).
We collected blood samples (~ 0.1 mL) from birds
by venepuncture of the metatarsal vein following
standard operating procedures (Taylor et al. 2010).
We then stored blood samples in 0.9 mL of 70%
ethanol and subsequently refrigerated them at
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Table 1. Number of blood and feather samples collected from Whenua Hou Diving Petrels and Common Diving Petrels on Whenua

Hou.

Species Sample type 2017 n (9; 3) 2018 n (9; 3) 2019 n (9; 8; u®) Total n (9; &; u%)

Whenua Hou Diving Petrel Blood 0 (15; 15) 6 (13; 13) 0 (14; 16) 6 (42; 44)
Feathers 0 (15; 15) 6 (13; 13) 0 (14; 16) 6 (42; 44)

Common Diving Petrel Blood 9(12;7) 0 (20; 10) 0 (15; 14; 1%) 79 (47; 31; 19)
Feathers 1 (13; 8) 0 (20; 10) 0 (15; 14; 1) 1 (48; 32; 19)

#The sex of one Common Diving Petrel could not be determined (u, unknown) and it was excluded from analyses.

4°C, which has no known effect on stable isotope
ratios (Hobson et al. 1993, Bugoni et al. 2008). In
contrast to whole blood samples, isotope ratios in
feathers reflect diet and distribution during feather
synthesis and are inert thereafter (Cherel
et al. 2014a, 2014b). As diving petrels moult dur-
ing the non-breeding period, feather samples pro-
vide insights into foraging niches during the
preceding non-breeding periods, and so we sam-
pled the distal 2 cm from the sixth primary cov-
erts of each wing (ensuring consistency). We
stored feather samples in zip-lock bags at room
temperature. Samphng years were subject to con-
siderable climatic variation due to varying ENSO
conditions (Table 2; NOAA 2022). We also sam-
pled four contour feathers from flanks for genetic
sex determination (using polymerase chain reac-
tion primers specific to the CHD-W gene; Norris-
Caneda & Elliott 1998).

Sample preparation

We dried whole blood samples using an evaporator
(Genevac Ltd, Ipswich, UK) until a stable dry
weight was reached. Subsequently, we ground
dehydrated blood samples into a homogeneous
powder and stored this at room temperature. We
suspended feathers in chloroform:methanol (2:1
solution) in an ultrasonic bath for 5 min to remove

Table 2. Oceanic Nino Index (ONI) values for Diving Petrel
non-breeding and breeding periods. Data sourced from
NOAA (2022).

ONI during incubation
Year period (Oct-Dec)

ONI during non-breeding
period (Feb-Aug)

2017 —0.832 0.10
2018 0.83° -0.29
2019 043 0.50°

20Nl values < —0.5 indicate La Nifia conditions. PONI values
> 0.5 indicate El Nifo conditions.

dust and dirt (Cherel et al. 2018). We repeated
this step wusing fresh chloroform:methanol to
ensure complete removal of surface contaminants.
We then passed the samples through a solution of
pure methanol and dried samples in an oven at
50°C overnight. Once dry, we cut the feathers
into very small fragments to homogenize them,
which we stored at room temperature.

Stable isotope analyses

In 2017 and 2018, we weighed whole blood and
feather samples out into ~ 0.8-mg aliquots into tin
containers for stable isotope analysis at Isotrace
(Otago University, Dunedin, Aotearoa). We deter-
mined relative abundance of C and N isotopes
using a continuous flow isotope ratio mass spec-
trometry (CF-IRMS) system consisting of a Carlo
Erba NA1500 (Thermo Fisher Scientific, Rodano,
Italy) elemental analyser interfaced with a Europa
Scientific ‘20/20 Hydra' (Sercon, Cheshire, UK)
mass spectrometer. Two laboratory standards
(EDTA-OAS and IAEA MP153) were analysed for
every 12 samples to check analytical precision and
accuracy and to correct instrumental drift when
required. The measurement error was < 0.18%o
for 8'°N and < 0.27%o for §'°C.

In 2019, we weighed whole blood and feather
samples into ~ 0.3-mg aliquots into tin containers
for stable isotope analysis at the Littoral Environ-
nement et Sociétés laboratory (LIENSs, La
Rochelle Université, France). We determined rela-
tive abundance of C and N isotopes with a
Thermo Scientific Flash EA 1112 (Thermo Scien-
tific, Rodano, Italy) elemental analyser coupled to
a Thermo Scientific Delta V Advantage (Thermo
Scientific, Dreieich, Germany) continuous-flow
mass spectrometer. Two laboratory standards
(USGS-61 and USGS-62) were analysed for every
20 samples. The measurement error was < 0.15%o
for both 8'3C and 8'°N values.
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We present results in the § notation relative to
the standard reference materials (Vienna PeeDee
Belemnite for C and atmospheric N, for N). We
express results in 8-notation using:

85X = [( Rsunsle > _1} x 1000
RStandard

where X is the heavy isotope (>N or 1*C), Rsample
is the ratio of heavy to light isotope in the sample,
and Rsiandard is the ratio of heavy to light isotope
in the reference standard (Peterson & Fry 1987,
MacNeil er al. 2005). We tested for confounding
factors due to the use of two laboratories by re-
analysing 10% of the 2018 samples at LIENSs.
Results indicated that samples analysed at different
institutions with varying protocols produced con-
sistent ratios, allowing comparison of results across
all 3 years (paired t-test 8'3C: r = —1.56, df = 19,
P=0.13;8"N:t=0.21,df = 19, P = 0.84).

Data analysis

We aimed to compare the foraging niches of Whe-
nua Hou Diving Petrels and Common Diving Pet-
rels during the incubation and non-breeding
periods for each year, while also assessing
intraspecific differences between sexes and interan-
nual variation. First, we retrospectively corrected
8'3C values from whole blood samples for lipid
content using linear models calculating the A8'3C
from C:N molar ratios (Post et al. 2007). To
ensure that results from whole blood and feather
samples were comparable, we also corrected §'3C
and 8'°N from blood samples using linear models
to account for the different enrichment factors
between the tissues (Cherel et al. 2014a, 2014b).
We then used 8'°N to infer trophic position and
8'3C to infer approximate foraging areas (i.e.
water masses). For the latter, we used approximate
positions of Polar and Subtropical Fronts in the
Indian Ocean (Jaeger et al. 2010) to delineate
water masses. Using a univariate analysis approach,
we fitted four generalized linear models (one per
incubation/non-breeding period per isotope ratio)
with Gaussian error structures and identity link
functions to test for effects of species, year and
sex, including all two- and three-way interactions
on the observed stable isotope ratios. In other
words, model structures were fully parameterized
and included species, year and sex, as well as all
two- and three-way interactions as fixed-effects

coefficients (). No model simplification steps
were carried out. For subsequent pairwise compar-
isons, we used Tukey honest significant difference
tests. We removed one extreme outlier using
model diagnostics from the R package performance
(Ludecke et al. 2021). In addition, we also applied
an unbiased Bayesian bivariate analysis approach
to account for the covariance between §'°N and
8'3C (Jackson et al. 2011). Specifically, we com-
pared the foraging niches of male/female Whenua
Hou Diving Petrels and male/female Common
Diving Petrels per year during incubation and non-
breeding periods by calculating Bayesian Standard
Ellipse Areas (SEA; in %o?), rescaled to capture
95% of the data, using the R package SIBER 2.1.6
(Jackson et al. 2011). Through SIBER, we called
JAGS 4.3.0 (Plummer 2003) to fit vague inverse
Wishart priors (R = 1, k = 2, 7, = 0.001) to the
covariance matrix of the isotopic space and simu-
lated 5000 ellipses after a burn-in of 5000 ellipses.
We then made pairwise comparisons of SEAy
using the ellipses generated, and if a 95% probabil-
ity of difference was calculated, we considered this
significant. We also calculated the relative pairwise
overlap per ellipse iteration using:

O — #
v A + A]'—Ai'j ’

in which O;; is the pairwise overlap index, A;; is
the area of overlap in %o®> between SEAy i and
SEAy, j, A; is the area of SEAy, i, and A; is the area
of SEAy, j. O;; is therefore a standardized overlap
estimate ranging from O (no overlap/complete seg-
regation) to 1 (complete overlap/no segregation),
allowing us to assess foraging niche segregation
between species and sexes and among years in an
unbiased fashion, while taking full account of
covariance within the isotopic space. All analyses
were conducted in Program R 4.1.0 (R Develop-
ment Core Team 2021).

RESULTS

During incubation periods (as inferred from blood
samples), clear and consistent foraging segregation
between Whenua Hou Diving Petrels and Com-
mon Diving Petrels was evident (Fig. 1, Table 3;
for model summaries, including B coefficients, see
Table S1). Whenua Hou Diving Petrels exhibited
similar 8'°N values but lower 8'°C values than
Common Diving Petrels (F; 15, = 2.07, P = 0.152
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and F) 151 = 99.10, P < 0.001 for species effects in
generalized linear models, respectively). Foraging
niches of Whenua Hou Diving Petrels were gener-
ally larger (mean SEA; = 0.94%0o% Fig. 2a) than
the foraging niches of Common Diving Petrels
(0.45%0?), aside from the 2017 incubation period,
a result probably caused by sample sizes. The
resulting isotopic overlap during incubation peri-
ods was low (mean O;; = 0.13; Fig. 3a), suggesting
trophic segregation. These patterns appeared lar-
gely consistent across years, as no differences were
found for §'°C (Fy151 = 2.13, P = 0.123 for the
species*year interaction). Yet, 8'°N values showed
some variation (F>15; = 5.57, P = 0.004). Specifi-
cally, Whenua Hou Diving Petrels exhibited
slightly higher 8!°N values during the 2018 El
Nifio incubation period (P < 0.05 in all pairwise
comparisons). In contrast, Common Diving Petrels
occupied a small isotopic niche during the 2018 El
Nifio incubation period (SEA, = 0.23%0?),

(b) Incubation period 2018

Foraging niches of Aotearoa Diving Petrels 895

resulting in minimal overlap between species
(Oy; = 0.08).

During non-breeding periods (as inferred from
feather samples), segregation between Whenua
Hou Diving Petrels and Common Diving Petrels
was less pronounced (Fig. 1, Table 3, Table S1).
Whenua Hou Diving Petrels exhibited slightly
higher 8'°N and 8'3C values than Common Div-
ing Petrels (Fy)s2 =40.16, P <0.001 and
Fi152 =8.92, P = 0.001, respectively). Isotopic
shifts between incubation and non-breeding peri-
ods were pronounced for both species; mean
trophic shifts equated to —3.1 8'°N %o and —4.0
8'3C %o for Whenua Hou Diving Petrels and —4.0
8"°N %o and —5.1 8'3C %o for Common Diving
Petrels. Compared with incubation period foraging
niches, Whenua Hou Diving Petrel non-breeding
period foraging niches were of similar size (mean
SEA;, = 1.25%0% Fig. 2b), but Common Diving

Petrel non-breeding foraging niches increased

(€) Incubation period 2019
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Figure 1. Isotopic (i.e. foraging) niches of Whenua Hou Diving Petrels (WHDP) and Common Diving Petrel (CDP) females and
males during incubation periods (Oct-Dec, inferred from blood; a-c) and non-breeding periods (Feb-Aug, inferred from feathers; d-f)
illustrated by single 95% standard ellipses (as an example for the iterative Bayesian Standard Ellipses used in analyses). Corrections
were applied to account for different enrichment factors between blood and feather tissues (Cherel et al. 2014b). Approximate loca-
tions of Fronts (dotted lines) based on Jaeger et al. (2010). [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 2. Foraging niche area (%.?) of Whenua Hou Diving Petrel (WHDP) and Common Diving Petrel (CDP) females and males
during incubation (a) and non-breeding (b) periods, as estimated with Bayesian 95% Standard Ellipses. Symbols represent posterior
means with 95% credible intervals. [Colour figure can be viewed at wileyonlinelibrary.com]

offshore, including in oceanic subantarctic waters,
whereas Common Diving Petrels foraged closer to
shore, predominantly in subtropical, neritic waters
(Kelly 2000, Quillfeldt et al. 2005, Jaeger
et al. 2010). This pattern suggested foraging niche
segregation between these two closely related spe-
cies when they are bound by central place foraging
(e.g. Navarro et al. 2013, Fromant et al. 2022).
During the non-breeding period, the foraging
niche segregation was reduced, and isotopic niches
of both species increased and overlapped consider-
ably (Peterson & Fry 1987, Cherel & Hobson 2007,
Jaeger et al. 2010). Results further suggested that
both during the incubation period and during the
non-breeding period, females and males of both
species foraged at comparable trophic positions
and in similar waters, which was consistent with
tracking results from geolocators  (Fischer
et al. 2021a). These patterns were consistent
among years, but Common Diving Petrel foraging
niches contracted during El Nifio conditions, sug-
gesting sensitivity to environmental change.

During the incubation period, Whenua Hou
Diving Petrels and Common Diving Petrels

exhibited foraging niche segregation and avoided
at-sea competition when both species were bound
by central-place foraging around Whenua Hou.
Our results showed that Whenua Hou Diving Pet-
rels are more generalist foragers, using waters fur-
ther offshore, including oceanic subantarctic
waters, when compared with Common Diving
Petrels, which appeared to be more specialist for-
agers that largely used subtropical, neritic waters
(Jaeger et al. 2010, Fromant et al. 2022). These
patterns match attendance rates observed at the
breeding colony, as Whenua Hou Diving Petrels
change incubation shifts every 2-4 days (Fischer
et al. 2021c), while incubating Common Diving
Petrels change over almost every night (Zhang
et al. 2019, Dunphy et al. 2020). Common Diving
Petrels therefore appear more restricted by central
place foraging than Whenua Hou Diving Petrels,
allowing the latter to exploit more oceanic waters
(Fischer et al. 2021a). These differences in central
place foraging restrictions could also cause the
apparent trophic restriction in Common Diving
Petrels compared with the more generalist Whe-
nua Hou Diving Petrels, which may feed on
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Figure 3. Density plots illustrating interspecific (a, b) and intraspecific (c—f) foraging niche overlap of Whenua Hou Diving Petrel
(WHDP) and Common Diving Petrel (CDP) females and males during incubation (a, c, e) and non-breeding (b, d, f) periods, as esti-
mated through pairwise overlap calculations of Bayesian 95% Standard Ellipses. [Colour figure can be viewed at wileyonlinelibrary.com]

euphausiids, small fish and small cephalopods
(Imber & Nilsen 1980). The observed foraging
niche segregation is unlikely to be explained by
the subtle morphological differences between spe-
cies (Fischer et al. 2018a), as both can travel vast
distances during the non-breeding period (3000-
6500 km for Whenua Hou Diving Petrels, 3000—
5000 km for Common Diving Petrels; Rayner

et al. 2017, Fischer et al. 2021a). Our results mir-
ror the diving petrel niche segregation observed in
the southern Atlantic and Indian Oceans, where
Common Diving Petrels P. u. exsul and South
Georgian Diving Petrels P. georgicus exhibited simi-
lar foraging niche segregations (Bocher et al. 2000,
Navarro et al. 2013, Bost et al. 2022, Fromant
et al. 2022). However, GPS tracking results
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suggested that Common Diving Petrels P. u. exsul
and South Georgian Diving Petrels forage equally
far from their breeding grounds during the incuba-
tion periods, and Common Diving Petrels only
exhibited restricted neritic foraging during the
more energy-demanding chick-rearing period
(Navarro et al. 2013, Fromant et al. 2022). Similar
high-resolution GPS tracking of both Common
Diving Petrels P. u. chathamensis and Whenua
Hou Diving Petrels would be required to provide
further insights into the use of distinct foraging
areas of these species (Bost et al. 2022, Fromant
et al. 2022). Such tracking efforts could also be
used to assess the adequacy of the static carbon
signatures of ocean fronts, which we used to delin-
eate water masses in this study (Carpenter-Kling
et al. 2020).

After the breeding period, Whenua Hou Diving
Petrels and Common Diving Petrels no longer
exhibited foraging niche segregation. Both species
leave their breeding grounds in Aotearoa and
migrate several thousand kilometres to their non-
breeding ranges in the Southern Ocean (Rayner
et al. 2017, Fischer et al. 2021a). During this time,
Common Diving Petrels switched from an appar-
ent specialist foraging strategy during the breeding
period to a more generalist strategy during the
non-breeding period. Fine-scale spatial segregation
between Whenua Hou Diving Petrels and Com-
mon Diving Petrels in non-breeding areas in the
Southern Ocean may still limit competition during
this period (Fromant et al. 2020, 2022). The non-
breeding ranges of Common Diving Petrels of the
chathamensis subspecies remain unknown and fur-
ther tracking is required to confirm fine-scale spa-
tial segregation. Additionally, the &'°N shift
between breeding periods suggested that both spe-
cies fed on a lower trophic level during the non-
breeding period (Minagawa & Wada 1984, Cherel
et al. 2014a). Feeding at higher trophic positions
during breeding periods is expected, because sea-
birds must balance the changing demands of self
and offspring provisioning with the constraints
imposed by central place foraging (Boersma
et al. 2015, Booth et al. 2018). Similar niche shifts
and limited foraging segregation during the non-
breeding period were observed between sympatric
diving petrels breeding in the Atlantic and Indian
Oceans (Bocher et al. 2000, Navarro et al. 2015,
Bost et al. 2022, Fromant et al. 2022).

The observed foraging niche dynamics of Whe-
nua Hou Diving Petrels were largely consistent

Foraging niches of Aotearoa Diving Petrels 899

among years, despite varying climatic conditions,
in contrast to Common Diving Petrels, which
showed more fluctuations. Varying ENSO condi-
tions have considerable influences on the waters
surrounding Aotearoa. El Nifio conditions are char-
acterized by cooler waters, whereas La Nifia condi-
tions are characterized by warmer waters
(Mullan 1995, Russell et al. 2022). Common Div-
ing Petrels appeared to be sensitive to ENSO
cycles, as both incubation and non-breeding forag-
ing niches shrank during El Nifio conditions. Com-
mon Diving Petrels in Australia are known to
increase foraging effort, show trophic shifts and
exhibit extreme nest failures during marine heat-
waves, suggesting considerable sensitivity to envi-
ronmental change (Fromant et al. 2021). Yet, in
Aotearoa, El Nifio conditions are characterized by
cooler waters, and as such, further studies are
required to disentangle the underlying mechanisms
of the observed Common Diving Petrel sensitivity.
Further studies might also elucidate the low
trophic levels observed in Common Diving Petrels
during the Nifio-neutral 2018 non-breeding season.
In contrast, despite varying ENSO conditions, the
foraging niches of Whenua Hou Diving Petrels
were largely consistent. Therefore, Whenua Hou
Diving Petrels might be more resilient to fluctuat-
ing ocean conditions than Common Diving Petrels
(Gremillet et al. 2012, Peers et al. 2014), which is
further supported by fairly consistent adult sur-
vival, breeding probability and breeding success,
despite climate fluctuations (Fischer et al. 2022b).
Alternatively, Whenua Hou Diving Petrels may
compensate for sub-optimal climatic conditions
through behavioural plasticity (e.g. increasing for-
aging intensities; Fischer et al. 2021a, 2021c¢). It
should be noted that our stable isotope study only
included three sampling years and that neither this
investigation nor previous demographic studies
(Fischer et al. 2022b) accounted for potential time
lags of climate-related impacts (e.g. Jenou-
vrier 2013). Gaining a more in-depth understand-
ing into the impacts of a changing environment
therefore requires integrating future demographic
and stable isotope studies with more in-depth
environmental data over longer time frames.

Our results suggest that the critically endangered
Whenua Hou Diving Petrel is a reasonably adapt-
able generalist feeder, apparently most at risk from
concurrent terrestrial and near-shore threats. We
showed that alongside the segregation on land
between Common Diving Petrels (habitat
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generalists) and Whenua Hou Diving Petrels (dune
specialists; Fischer et al. 2018b), the segregation at
sea between generalist-feeding Whenua Hou Diving
Petrels and specialist-feeding Common Diving Pet-
rels appears to reduce competition between species
at sea, facilitating their coexistence. Specialists are
more at risk of extinction than generalists and, as
such, it would be disadvantageous for a species to
be a specialist across multiple ecosystems (Barger &
Kitaysky 2012, Richard et al. 2021). The limited
sensitivity of foraging niches of Whenua Hou Diving
Petrel to varying climates suggests the species may
be less vulnerable at sea, which is further supported
by limited pollutant loads (Tocker 2020). Conserva-
tion management of Whenua Hou Diving Petrels
should focus on addressing the immediate terrestrial
threats (e.g. storm-induced erosion and competition
for burrow sites with Common Diving Petrel; Fis-
cher et al. 2017, 2018b) and near-shore threats (i.e.
deck strikes; Fischer et al. 2021b), while continuing
to monitor for indirect, pelagic threats. This is
encouraging, as terrestrial threats and near-shore
threats can be more readily addressed through
tested conservation measures, including best prac-
tice mitigation of light pollution (Commonwealth
of Australia 2020), competition control (Gummer
et al. 2015) and translocations (Fischer et al. 2021c,
2022a, 2022b). Indirect pelagic threats, on the
other hand, are notoriously challenging to address.
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SUPPORTING INFORMATION Table S2. Descriptive statistics of stable isotope
ratios of female and male Whenua Hou and Com-
mon Diving Petrels during incubation and non-
breeding periods in each of the three study years.

Additional supporting information may be found
online in the Supporting Information section at
the end of the article.

Table S1. Model summaries of univariate mod-
els explaining variation in 8'°N and 8'3C.
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