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ABSTRACT: Without insights into the threats affecting species across their distributions and through-
out their annual cycles, effective conservation management cannot be applied. The Whenua Hou
diving petrel Pelecanoides whenuahouensis (WHDP) is a Critically Endangered small seabird whose
offshore habits and threats are poorly understood. We tracked WHDPs year-round in 2015/16, 2017/18,
and 2018/19 using global location-sensing immersion loggers to identify offshore distribution, move-
ments, behaviour, and overlap with commercial fishing effort. During the breeding period, WHDPs
ranged from southern Aotearoa (New Zealand) to Maukahuka (Auckland Islands). After breeding,
WHDPs migrated southwest towards the Polar Front south of Australia, exhibited clockwise move-
ments, and returned to their breeding grounds via the Subantarctic Front. During the non-breeding
period, WHDPs exhibited extreme aquatic behaviour and spent >95 % of their time on, or under, water.
The core areas used consistently during breeding and non-breeding periods warrant listing as Impor-
tant Bird and Biodiversity Areas. Spatiotemporal overlap of commercial fishing effort with breeding
distributions was considerable, in contrast with non-breeding distributions. Spatiotemporal manage-
ment of anthropogenic activity around the breeding colony during the breeding period could help pro-
tect WHDPs, but measures should be subjected to a structured decision-making framework. Our results
illustrate the importance of year-round studies to inform conservation of marine species.

KEY WORDS: Biologging - Conservation - Global Fishing Watch - Important Bird and Biodiversity
Areas - Pelecanoides whenuahouensis - Whenua Hou diving petrel

Maori abstract

TUHINGA WHAKARAPOPOTO: Ki te kore e matau i nga ahuatanga morearea e patahi ai ki nga momo
kararehe i a ratou nohoanga huhua, i ia tau ranei e kore e whakatau ai tetahi ara whakauka e whai hua
ana. He manu paku o te moana e ngaro haere ana tona whare ora te Kuaka Whenua Hou Pelecanoides
whenuahouensis e kore e matau pai ana i ana whanonga ki tai, i nga ahuatanga morearea ranei e patahi
ai ki a ia. Na te purere whakaroki-mahi puoko-wahi matou i whaia ai nga Kuaka i nga tau 2015/16,
2017/18 me te tau 2018/19 ki te tutohu i a ratou horapa ki tai, nekehanga, whanonga me ta ratou tutaki
ki nga pakihi hi ika. I te wa o te whakatipu, i noho ai nga Kuakas ki te tonga o Aotearoa tae rawa atu ai
ki Maukahuka. Ka mutu te whakatipu, i heke whaka-te-mauru-ma-tonga ki te Hauaitu kei te tonga o
Ahitereiria, i rere whakatekaraka kia hoki atu ai ki te whenua whanau ai nga hua kei te Hau-nui-o-
Tonga. I te wa kaore ratou i te ai i noho roa nga Kuaka ki te moana, nui ake i te 95 orau o te wa, kei te
kawara, kei roto ranei i te moana. Ko nga wahi matua ai te noho, te hokihoki atu ai hoki o énei manu
ahakoa whakatipu ranei, ahakoa kai ranei me noho ki te rarangi Wahi Manu, Wahi Rerenga Rauropi
Whakahirahira. He nui hoki ta ratou tutaki a wa, a wahi ki nga pakihi hi ika i te wa whakatipu e karekau
ite wa kai noa. Ka whai hua pea he herenga a wahi i te mahi o te tangata ki 0 nga purei kohanga i te wa
whakatipu, engari me whai anga whakatau kia whakatauhia ai tenei. Matua tohua ai a matou putanga
i te whakahirahira o te ata whai, i te aromatawai a-tau kia matau ai te whakaukahanga o tétahi momo
kararehe o te moana.

Resale or republication not permitted without written consent of the publisher

*Corresponding author: johannesfischer@live.nl © Inter-Research 2021 - www.int-res.com



https://crossmark.crossref.org/dialog/?doi=10.3354/meps13586&amp;domain=pdf&amp;date_stamp=2021-02-18

Author copy

172 Mar Ecol Prog Ser 660: 171-187, 2021

1. INTRODUCTION

Assessing the threats species face across their dis-
tributions and throughout their annual cycles is cru-
cial for effective conservation management. Seabirds
are among the most threatened taxa on the planet,
and a variety of threats across terrestrial and pelagic
ecosystems affect these birds during various stages
of their annual cycles (Dias et al. 2019). Offshore
threats impacting seabirds during their breeding,
migratory, and non-breeding periods include acci-
dental bycatch in fisheries and attraction to artificial
lights at night (Dias et al. 2019, Rodriguez et al.
2019). The impacts of offshore threats on large sea-
birds (e.g. albatrosses) are more often quantified
than the impacts on smaller seabirds (i.e. <0.3 kg;
Paiva et al. 2018, Bolton 2020, Rotger et al. 2020). For
example, it has been estimated that hundreds of
thousands of large seabirds annually are killed as
accidental bycatch in commercial fisheries (e.g.
Anderson et al. 2011). However, small seabirds also
suffer from offshore threats throughout their annual
cycle, including from bycatch in long-line (Anderson
et al. 2011), trawl (Rodriguez et al. 2019), purse-seine
(Oliveira et al. 2015), and gill net fisheries (Zydelis et
al. 2013), as well as deck strikes (collisions with ves-
sels due to disorientation caused by offshore artificial
lights at night; Black 2005).

Understanding the offshore threats affecting
smaller seabird species is limited in part by a lack of
year-round insights into their distributions, move-
ments, and behaviour. With advancing tracking tech-
nologies, opportunities to gain insights into offshore
distributions and behaviours of small seabirds have
increased. Yet, the distributions and behaviours of
the smallest seabird species remain poorly under-
stood (Paiva et al. 2018, Rotger et al. 2020). For exam-
ple, only 29% of the smallest Procellariiformes
(families Hydrobatidae, Oceanitidae, and Pelecanoi-
didae) have been tracked for a portion of their annual
cycles (Adams & Takekawa 2008, Navarro et al. 2013,
Rayner et al. 2017, Halpin et al. 2018, Paiva et al.
2018, Pollet et al. 2019, Bolton 2020, BirdLife Interna-
tional Seabird Tracking Database 2020, Dunphy et al.
2020, Rotger et al. 2020, Wikelski & Kays 2020). Year-
round studies covering >1 annual cycle are virtually
absent for any of these species (Pollet et al. 2019). Yet,
these small Procellariiformes include 4 Data Defi-
cient, 4 Vulnerable, 4 Endangered, and 2 Critically
Endangered species (BirdLife International 2020) and
are thus of considerable conservation concern.

Identifying year-round distribution, movements,
and behaviour is key to the conservation of small

seabird species. If the spatial distribution of species
has not been quantified, the threats faced in rele-
vant areas cannot be identified, and conservation
management cannot be applied effectively (Adams
& Takekawa 2008, Bolton 2020). Combining tempo-
ral information and spatial insights increases the
efficiency of conservation management. For in-
stance, species may be at risk from certain threats
during their breeding period, but not during their
non-breeding period, or vice versa (Halpin et al.
2018, Clay et al. 2019). Such insights are important,
as migratory bird species are more vulnerable than
residents (e.g. Hardesty-Moore et al. 2018). There-
fore, objective and clear delineations of breeding
and non-breeding periods and the associated areas
of use are crucial to spatiotemporal conservation
management (Spitz et al. 2017). However, such
delineations are not always straightforward, as sea-
birds can exhibit exploratory movements prior to
actual migrations (Orben et al. 2018). In addition,
offshore behaviour (i.e. flying vs. resting or forag-
ing) should also be considered when assessing
threats. Such behavioural information adds addi-
tional details that are important for conservation
management. For example, Endangered Peruvian
diving petrels Pelecanoides garnotii lose their ability
to fly during the non-breeding period due to the
complete moult of their flight feathers (Murphy &
Harper 1921, BirdLife International 2020), poten-
tially rendering birds less at risk from deck strikes,
but more at risk from bycatch in purse-seine or
trawl fisheries and environmental pollution.
Offshore distribution, movements, and behaviour
can be subject to variation between demographic
groups (e.g. between failed and successful breeders
or sexes) and among years (e.g. due to environmental
stochasticity), and insight into this variation is crucial
when implementing conservation management. If
different demographic groups are exposed to annu-
ally varying threats, population dynamics could be
affected (e.g. Pardo et al. 2017, Clay et al. 2019).
Underlying drivers of offshore distribution and be-
haviour have been studied extensively in larger sea-
bird species (e.g. Gonzdles-Solis et al. 2000, Clay et
al. 2016, Schultz et al. 2018). For example, failed
breeding grey-headed albatrosses Thalassarche chry-
sostoma use different, less productive areas during
the non-breeding period compared to successful
breeders (Clay et al. 2016), and male wandering
albatrosses Diomedea exulans exploit areas at higher
latitudes than females to take advantage of higher
winds to offset their larger wing loadings (Weimer-
skirch et al. 2014). Such detailed insight for smaller
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seabird species remains largely absent
(Paiva et al. 2018), impeding compre-

Table 1. Sample sizes of Migrate Technology geolocators deployed, geolo-
cators retrieved, and year-round data sets obtained

hensive assessments of conservation

implications. Year Model n deployed n retrieved n data sets
The Whenua Hou diving petrel P. (%) obtained (%; ¢; o)

whenuahouensis (WHDP) is a small, | 5515/16 Intigeo-W6549-SEA 10 7 (70) 4(57,1; 3)

Critically Endangered seabird whose 2017/18 Intigeo-C65-SUPER 26 21 (81) 20 (95; 11; 9)

offshore distribution, movements, 2018/19 Intigeo-C65-SUPER 18 14 (78) 14 (100; 9; 5)

behaviour, and associated threats

remain unknown. The WHDP popula-

tion was once widespread, occupying coastal dunes
throughout southern Aotearoa (New Zealand; Taylor
2000). However, after humans introduced invasive
predators, all breeding colonies except one were
extirpated. Now, WHDPs survive in low numbers
(194-208 adults) at 1 breeding colony on Whenua
Hou (Codfish Island; Fischer et al. 2018b, 2020).
While Whenua Hou has been free of invasive preda-
tors since 2000 (McClelland 2002), terrestrial threats
affecting WHDPs during the breeding period remain
(e.g. storms and interspecific competition with com-
mon diving petrels P. urinatrix; Fischer et al. 2017,
2018b). Due to a lack of data, no offshore threats
affecting WHDPs during their breeding and/or non-
breeding periods have been identified. Common and
South Georgian diving petrels P. georgicus are
among the taxa most commonly suffering from deck
strikes (Ryan 1991, Black 2005, Abraham & Richards
2019). Diving petrels are also caught as bycatch in
trawl, gill net, and longline fisheries, including in
waters around southern Aotearoa (Zydelis et al.
2013, Abraham & Richard 2019). As diving petrels
are notoriously cryptic, at-sea observations (includ-
ing records of bycatch events) are often not species-
specific (Fischer et al. 2018a, Richard et al. 2020) and
are thus of limited use to assess offshore distribution,
movements, behaviour, and corresponding threats.
Therefore, we tracked WHDPs for 3 full annual
cycles to identify (1) offshore distributions, (2) move-
ment patterns, (3) offshore behaviour, and (4) overlap
with commercial fishing effort. In addition, we inves-
tigated the effects of potential underlying drivers on
distribution, movements, and behaviour (i.e. breed-
ing success, sex, and interannual variation).

2. MATERIALS AND METHODS
2.1. Deployment and retrieval of geolocators
We deployed global location-sensing immersion

loggers (geolocators; Migrate Technology; Table 1)
on breeding adults (>2 yr old) at Whenua Hou

(46.766° S, 167.645° E), Aotearoa. We captured WHDPs
by hand or with custom-made burrow traps (see
Fig. S1in the Supplement at www.int-res.com/articles/
suppl/m660p171_supp.pdf) and attached geolocators
to plastic wrap-around leg bands using cable ties and
superglue. The combined weight of geolocators and
attachment materials was <1.5 g, equating to <1.1%
of adult WHDP body weight (average = 133 g), below
the commonly accepted 3 % threshold (Phillips et al.
2003). Geolocators are non-transmitting devices and
thus we recaptured WHDPs in subsequent years to
retrieve devices. We obtained a total of 38 datasets
from 24 individuals providing year-round insights
(mean geolocator deployment: 317 d). While we can-
not discount potential negative effects (Quillfeldt et
al. 2012, Bodey et al. 2018), WHDPs equipped with
geolocators were in good condition upon recapture
and had weights that did not clearly differ from indi-
viduals without geolocators (we compared 34 WHDPs
carrying geolocators with 136 non-equipped WHDPs
using a generalized linear model with a Gaussian
error distribution and an identity-link function: & =
—0.02 = 0.09 SE, B = 0.07 + 0.19 SE). WHDPs equipped
with geolocators also did not show clear deviations
from natural breeding phenologies or breeding
success (66 % of equipped WHDPs fledged a chick,
compared to the multi-year average of 55 %; Fischer
2020).

We set geolocators to record light levels (lux) every
min and save the maximum value every 5 min. We
also programmed geolocators to record saltwater-
immersion every 30 s (0 or 1, corresponding with
'dry' or ‘'wet’, respectively) and to save the cumula-
tive wet count every 10 min. Recorded values thus
ranged from 0 (dry) to 20 (fully immersed). Geoloca-
tors deployed after 2015 recorded sea surface tem-
perature (SST) when immersed in saltwater for
>20 min and saved temperature every 8 h (mean,
minimum, and maximum in °C). Finally, we collected
4 contour feathers during geolocator attachment and
used these for genetic sex determination (using PCR
primers specific to the CHD-W gene; Norris-Caneda
& Elliott 1998).
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2.2. Light level analyses

To infer offshore locations of WHDPs from re-
corded light levels, we applied the threshold method
to quantify twilight events, followed by an iterative
forward step selection to reduce location errors with
(1) a twilight model, (2) a movement model, and (3)
several spatial masks using the package 'ProbGLS’
in R version 3.5.3 (Merkel et al. 2016, R Core Team
2019). We selected a light threshold of 1.5 for twilight
events (Schultz et al. 2018) and a solar angle window
of -7 to —1° for the twilight model (Taylor et al. 2020).
We used a bimodal movement model for dry periods
(i.e. bird in flight; mean + SD =14 + 0.5 m s™!, max =
10 m s7!) and wet periods (i.e. bird on water; 0.5 +
0.25 m s7!, max = 1.7 m s7!) (Rayner et al. 2017). We
defined wet periods as periods during which the 10
min cumulative wet counts were ‘wet’ for 21 min. We
applied 2 binary spatial masks: land and sea ice
(0.25° x 0.25°; NOAA OI SST V2 high-resolution
dataset, https://psl.noaa.gov/data/gridded/data.noaa.
oisst.v2.highres.html). We thus assumed that WHDPs
completely avoided land and sea ice and set the sea
ice concentration threshold at 1%. For geolocators
deployed after 2015, we also applied a continuous
SST spatial mask. Specifically, we cross-referenced
the minimum SST values recorded by geolocators
with satellite-recorded SST values (daily mean + SE;
0.25° x 0.25° NOAA OI SST V2 high-resolution data-
set; Reynolds et al. 2007). We used the minimum SST
values recorded by geolocators to avoid artefacts
caused by the bird's body temperature and allowed
the satellite-derived SST values to differentiate from
the geolocator records by 0.5°C. We subsequently
estimated the median geographic tracks by (1) calcu-
lating the weighted probability for a cloud of possible
locations (1000 locations per step), (2) selecting the
most likely location, and (3) repeating this process for
100 iterations (Merkel et al. 2016). This iterative for-
ward step selection allowed for estimation of loca-
tions during the equinox periods. Double-tagging
with GPS loggers at similar latitudes revealed that
this method had an error of 145 km during the
equinoxes (Merkel et al. 2016). Using this method,
we inferred a total of 22372 offshore locations of
WHDPs from the collected light data (accessible at
www.seabirdtracking.org/mapper/index.php).

2.3. Spatiotemporal analyses

To objectively identify and quantify the timing of
migratory movements in WHDPs and consequently

delineate breeding and non-breeding periods, we fit-
ted a range of models to the net squared displace-
ment (NSD: the square of the distance between the
starting point and each subsequent point) of individ-
ual WHDPs tracks using the R package 'MigrateR’
1.1.0 (Spitz et al. 2017). Specifically, we fitted the
NSD of each year-round track to models represent-
ing (1) residency, (2) nomadism, (3) dispersal, (4)
migration, (5) mixed migration, and (6) multi-range
migration (equations are provided in Text S1; D.B.
Spitz et al. unpublished). We compared the fit of
these models to the NSD of each track using Akaike's
information criterion (AIC; Burnham & Anderson
2002) and selected the best supported model. The
NSD of all WHDP tracks was best explained by
multi-range migratory models, and we used the
model-estimated migration phenology to objectively
delineate the 4 annual phenophases for each track:
breeding period, outbound migration, non-breeding
period, and homebound migration.

We used generalized linear mixed-effects models
(GLMMs) with a Gaussian error distribution and an
identity-link function within the R package ‘lme4’
(Bates et al. 2015) to test for effects of breeding suc-
cess, sex, and interannual variation on WHDP move-
ments (departure from the breeding distribution,
arrival at the non-breeding distribution, departure
from the non-breeding distribution, arrival at the
breeding distribution, length of the outbound migra-
tion, length of the stay at the non-breeding distri-
bution, and length of the homebound migration). We
z-transformed all numeric variables. We treated
breeding success, sex, and year as fixed effects and
individual ID as a random effect in these models.

To quantify year-round WHDP distribution and
investigate the underlying drivers, we calculated ker-
nel utilization distributions (UDs) per individual per
breeding and non-breeding period using the R pack-
age 'adehabitatHR' (Calenge 2006). Specifically, to
calculate the 50% UDs (core area of use) and the
95% UDs (full extent of distribution), we projected
WHDP locations on a 50 km grid using a Lambert az-
imuthal equal area projection and a kernel smoothing
factor (h) that corresponded with the geolocator error
during the equinoxes (145 km; Merkel et al. 2016). As
some individuals were recaptured immediately after
their return to the breeding colony, we did not calcu-
late UDs for individuals with <30 breeding distribu-
tion locations. Subsequently, to create overall distri-
bution maps, we merged individual breeding and
non-breeding UDs into overall UDs, which accounted
for unequal number of locations among individuals
(Clay et al. 2017). We then calculated spatial overlap
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among individual breeding and non-breeding UDs,
overall breeding and non-breeding UDs, UDs of dif-
ferent sexes, and UDs of failed and successful breed-
ers (defined as successfully fledging a chick). Spe-
cifically, to quantify spatial overlap, we calculated
Bhattacharyya's affinity (BA), which is a function of
the product of 2 UDs, under the assumption that ani-
mals use space independently of each other (BA =0
indicates no overlap, BA = 1 indicates complete over-
lap; Fieberg & Kochanny 2005).

2.4. Behavioural analyses

We inferred offshore behaviour of WHDPs using
the recorded saltwater immersion records (10 min
cumulative wet counts) and the online tool
Actave.net (Mattern et al. 2015). Actave.net provides
automatic computation of daily (24 h) aggregates of
activity parameters based on time-stamped immer-
sion data. We defined cumulative counts that were
‘wet' for 21 min as ‘on or under water' and counts
that were 'wet’ for <1 min as 'in flight’. We quantified
time spent ‘on or under water’ per day per individual
per phenophase. We also quantified the daily num-
ber of flight bouts (consecutive data points catego-
rized as 'in flight'), duration of flight bouts, and time
spent in flight per diel category (dawn, day, dusk,
and night) per individual per phenophase. However,
we refrained from quantifying flight behaviour
during the breeding period, as we could not differen-
tiate between WHDPs in flight and WHDPs on land
at the breeding colony (Schultz et al. 2018). We
then investigated the influence of phenophase,
breeding success, sex, and interannual variation on
offshore behaviour using GLMMs with a Gaussian
error structure and an identity-link function. We z-
transformed all numerical variables. We treated
phenophase, breeding success, sex, and year as fixed
effects and individual ID as a random effect in these
models.

2.5. Overlap with commercial fishing efiort

To infer the year-round threats from commercial
fisheries to WHDPs, we quantified the spatiotempo-
ral overlap between the breeding and non-breeding
distributions and commercial fishing effort. We
sourced data on daily commercial fishing effort (fish-
ing hours at 0.1° cell resolution) from 2012 to 2016
from Global Fishing Watch (dataset available at:
https://globalfishingwatch.org/data-download/data

sets/public-fisshing-effort-10:v20200316). Global
Fishing Watch uses satellite tracking of commercial
fishing vessels equipped with automatic identifica-
tion systems (AIS) to derive fishing effort (McCauley
etal. 2016, Kroodsma et al. 2018, Taconet et al. 2019).
This dataset equates to 50-70 % of the global fishing
effort (n > 70000 vessels; Kroodsma et al. 2018). We
did not differentiate between vessel types (i.e. based
on fishing gear) and summed daily fishing effort from
all tracked vessels per breeding and non-breeding
period per year. We delineated the breeding and
non-breeding periods using the means of the model-
estimated migration phenologies. We then calculated
the average fishing effort per breeding and non-
breeding period to account for interannual variation.
Subsequently, we overlaid the 50 and 95% UDs of
WHDP breeding and non-breeding distributions and
calculated the mean fishing effort per 0.1° cell, the
sum of fishing effort, and the percentage of cells with
fishing effort within WHDP breeding/non-breeding
distributions during the breeding/non-breeding peri-
ods. All analyses and calculations were conducted in
R 3.5.3 (R Core Team 2019) and ArcMap 10.7.1.

3. RESULTS
3.1. WHDP movements

WHDPs showed consistent clockwise migratory
movements (Figs. 1 & 2). After the breeding period,
WHDPs left Whenua Hou and migrated southwest
past Macquarie Island towards the Polar Front
(December/January—March). Subsequently, WHDPs
moved north-west towards and along the Subantarc-
tic Front (April-June). Ultimately, WHDPs returned
to their breeding colony via the Subantarctic Front
(July—September). On average, WHDPs departed
their breeding distribution on 27 December, spent
8.9 d on their outbound migration, arrived at their
non-breeding distribution on 5 January, spent
235.0 d at their non-breeding distribution, departed
their non-breeding distribution on 28 August, spent
14.0 d on their homebound migration, and arrived at
their breeding distribution on 11 September.

Breeding success influenced WHDP movements
(Table S1). On average, failed breeders departed
their breeding distribution earlier (6 December vs. 7
January), arrived earlier at their non-breeding distri-
bution (15 December vs. 16 January), and spent more
time at their non-breeding distributions (255.8 vs.
224.2 d). Sex had little influence on WHDP move-
ments, but males exhibited slightly more prolonged



Mar Ecol Prog Ser 660: 171-187, 2021

176

SIUOI UBBI()

NOH BnuaYA uﬁ an %se6 9

an %S6 aN:

-y

%S6

091 N dt 021 3,001 09} Ot : 3,004 09+ Ok 02} 3,00+
. e . T T 11 R — . T R — . T T
T WMO000Z000'L O | TN T T wpf 0002 000°} : T UM000'Z 000°L 09
....... 0S8
...................... S
(b1 =u) {0z = u) .ﬁ (v =u) [0
610¢ das-nr 810¢ das-nr ~ 910z das-Inr
.................. . T T B T [
h =) unj 000'z 000} o . wn 000'Z 000k
M oO@
..... .06
..................... .
(T =u) (0z=u) .ﬁ o (y=u) [OF
6102 unf-ady 8T0Z unr-idy 7 910z unf-1dy
T ] o A . : —
....... - wy 000'Z 000°L o . wy 0002 000°}
.09
..... Fo0S
...................... S
(vT=v) a (0z =u) (p=u) [O¥
610T JeN-uer Pi 8107 JeN-uer 910z Je-uer
................... ) L _ . T . _ T
w0002 000°L O | T~ LT T wnj 0002 000k
- . coo
.05
.A, , (sT=v) (sT=v) (p=u) [0
: 8102 234-1°0 £10Z 290-AON ST0T 220-AON

Adoo Joyiny




Author copy

Fischer et al.: Endangered petrel distribution and fisheries overlap 177

Fig. 1. Year-round movements and distributions of Whenua Hou diving petrels during 2015/16, 2017/18, and 2018/19
illustrated by 50-95% utilization distribution isopleths (UDs). NB: non-breeding distribution; B: breeding distribution.
Approximate location of fronts based on Harris & Orsi (2006)

-
-

homebound migrations than females (17.1 vs. 11.4 d).
Interannual variation influenced WHDP movements,
and birds in 2015/16 departed earlier from their
breeding distribution (10 December vs. 2 January in
2017/18 and 22 December in 2018/19), exhibited
more prolonged outbound migrations (15.9 vs. 7.9 d
in 2017/18 and 8.4 d in 2018/19), and spent more time
at their non-breeding distributions (249.4 vs. 229.0 d
in 2017/18 and 240.7 d in 2018/19). Additionally,
birds in 2018/19 arrived later at their non-breeding
distributions than birds in 2015/16 (18 January vs. 26
December).

3.2. WHDP offshore distribution

The core breeding distribution of
WHDPs (~159 000 km?) ranged from Te
Tai-o-Réhua (Tasman Sea) west and
south off Te Waipounamu (South Island)
to Maukahuka (Auckland Islands) and
appeared concentrated around the Sub-
tropical Front and the Snares Islands
shelf (Figs. 1, 3A, & 4A). The total
breeding distribution (~890 000 km?) ex-
tended further northwards in Te Tai-o-
Réhua and further south towards Motu
Thupuku (Campbell Island). The WHDP
breeding distribution was consistent
among years (95% UD BA = 0.85, 50%
UD BA = 0.34; Fig. 1) and individuals
(95% UD BA =0.81, 50% UD BA =0.31).
There was no evidence for spatial segre-
gation of WHDPs during the breeding
period between sexes (95% UD BA =
0.92, 50% UD BA = 0.41; Fig. 3A) or
failed and successful breeders (95 % UD
BA =0.94, 50% UD BA = 0.48; Fig. 4A).

Both the core area of use (~1521000
km?) and the total non-breeding distri-
bution (~6 069 000 km?) encompassed a
vast area in the Southern Ocean. The
core non-breeding distribution of
WHDPs was centred in the Southern
Ocean south of Australia and ranged
from south of the Polar Front to north of

Nov

Oct

ranged from the Polar Front south of Macquarie
Island to seas north of the Subantarctic Front south-
west of Western Australia. Average maximum dis-
tance from the WHDP breeding colony was 3791 km.
While the number of birds tracked in 2015/16 (n = 4)
appeared insufficient to capture the full extent of the
non-breeding distribution, WHDP total non-breed-
ing distribution was consistent among years (95 %
UD BA =0.72), with some interannual variation in the
core area (50% UD BA = 0.24; Fig. 1). The total non-
breeding distribution was also reasonably consistent
among individuals (95 % UD BA = 0.35), but not the
core area of use (50% UD BA = 0.06). There was no
clear evidence for spatial segregation of WHDPs dur-
ing the non-breeding period between sexes (95 %
UD BA = 0.87, 50% UD BA = 0.37; Fig. 3B). There
was also no clear evidence for spatial segregation

. Feb
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%
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Fig. 2. Estimated year-round Whenua Hou diving petrel movement phe-
nology. Start and end dates of each phase are represented by means + 95 %

CI. Grey triangles represent individual estimates of arrival dates. Grey cir-

the Subantarctic Front (Figs. 1, 3B, &
4B). The total non-breeding distribution

cles represent individual estimates of departure dates. Dotted lines repre-
sent mean lay (10 October) and hatch dates (27 November; Fischer 2020)
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between the total non-breeding distributions of
failed and successful breeders (95% UD BA = 0.74).
However, core areas of use differed somewhat (50 %
UD BA = 0.25; Fig. 4B) due to failed breeders that
moved further west.

3.3. WHDP ofifshore behaviour

At their non-breeding distribution, WHDPs spent
on average 95% (22.8 h d™!) and up to 99% (23.7 h

* Whenua Hou

d‘l) of their time, with at least their legs immersed
in saltwater (Fig. 5). During the breeding period,
WHDPs spent on average only 66% (15.7 h d™!) of
their time immersed. Thus, phenophase had a con-
siderable influence on offshore behaviour (Table 2,
Fig. 6). During the non-breeding period, WHDPs
exhibited little, predominantly nocturnal, flight ac-
tivity (2.9 bouts d™! lasting 33 min per flight bout).
During the rapid outbound migrations, WHDPs
exhibited more frequent and more diurnal flight
activity (8.7 bouts d~! lasting 37 min). During the
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slower homebound migrations, WHDPs did not
exhibit such elevated diurnal flight activity, but flight
bouts were longer (3.9 bouts d! lasting 46 min).
Despite their flight efforts during their migrations,
WHDPs still remained largely on, or under, water.
Breeding success had little influence on offshore
behaviour, but, on average, successful breeders
spent more time immersed than failed breeders (19.4
vs. 18.5h d7!). Sex had no clear influence on offshore
behaviour. Interannual variation had a limited influ-
ence on offshore behaviour. Compared to birds in

2015/16, birds in 2018/19 exhibited fewer (5.6 vs. 4.7)
and shorter flight bouts (39 vs. 36 min), and spent less
time in flight at night (45 vs. 40%). Additionally,
birds in 2015/16 spent less time flying at dawn (11 vs.
16 % in 2017/18 and 17 % in 2018/19).

3.4. Overlap with commercial fishing effort

Considerable commercial fishing effort was pres-
ent within the breeding distribution during the
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Apr

Time spent immersed in saltwater (%)

Fig. 5. Time Whenua Hou diving petrels spent immersed in saltwater (% d};
mean + 95% ClIs). Dashed lines indicate model-estimated means of departure
from the breeding distribution (27 December), arrival at the non-breeding
distribution (5 January), departure from the non-breeding distribution (28
August), and arrival at the breeding distribution (11 September). Dotted lines
represent mean lay (10 October) and hatch dates (27 November; Fischer 2020)

breeding period (11 September to 27
December; Fig. 7A). Concentrations
of commercial fishing effort within
the WHDP breeding distribution
were evident within the exclusive
economic zone (EEZ) south of
Aotearoa, along the Snares shelf,
and east of Maukahuka. Average
fishing effort within the breeding
distribution (95% UD) during the
breeding period equated to 0.59 fish-
ing hours per 0.1° cell. Average
summed fishing effort equated to
4399 fishing hours. Fishing effort
occurred within 10.92% of the
WHDP breeding distribution. Aver-
age fishing effort within the WHDP
core area of use (50% UD) during
the breeding period equated to 2.72
fishing hours per 0.1° cell. Average
summed fishing effort equated to
2948 fishing hours. Fishing effort
was recorded within 34.51% of the
WHDP core area of use during the
breeding period.

There was almost no recorded
commercial fishing effort within the
non-breeding distribution during
the non-breeding period (5 January
to 28 August; Fig. 7B). The only

Table 2. Estimates of intercepts (6 + SE) and changes of the fixed-effects slopes (B + SE) of Whenua Hou diving petrel offshore
behaviour. Intercepts and slopes are reported on the link scale. migl: outbound migration; NB: non-breeding distribution;
mig2: homebound migration. Bold indicates that § + 2 SE does not intersect 0

mig2 = 1.39 + 0.14

Number of flight 1.48 £ 0.18 NB =-1.97 + 0.11 -0.14 £ 0.11
bouts mig2 = -1.63 = 0.11

Duration of flight -0.21 £ 0.33 NB =-0.28 = 0.21 0.07 £0.19
bouts mig2 = 0.54 + 0.21

Flight time at -0.96 + 0.17 NB =1.76 £ 0.11 -0.09 £ 0.10
night mig2 = 1.98 + 0.11

Flight time at 0.06 = 0.35 NB =-0.67 x 0.20 —-0.02 £ 0.20
dawn mig2 = -0.90 = 0.20

Flight time during 1.06 £ 0.19 NB =-1.74 £ 0.11 0.11 £ 0.11
the day mig2 =-1.93 = 0.11

Flight time at -0.79£0.29 NB=-1.39 £ 0.16 -0.08 £ 0.18

dusk mig2 = -1.43 = 0.16

Offshore behaviour Intercept (&) Phenophase (B) Breeding Sex (Bfemle) Year (B)

variable success (B)

Time spent -1.29 £ 0.30 migl = 0.73 £ 0.14 0.26 = 0.10 -0.13+0.09 2016=0.35+0.34
immersed NB =1.87 £ 0.14 2017=0.19+0.32

2018 =0.22+£0.31
2019 =0.59 £ 0.32

0.08 £0.10 2018=-0.14 £0.16
2019 =-0.42 £ 0.17
0.34+£0.18 2018=-0.51+0.29
2019 =-0.73 £ 0.31
0.04 +0.10 2018 =-0.25+0.15
2019 = -0.37 = 0.16

-0.27+0.21 2018 =0.64 = 0.30
2019 = 0.85 = 0.32

-0.001 £0.10 2018=0.11+0.16
2019=0.12+0.18

0.02+0.17 2018=0.13+0.25
2019 =0.41 = 0.27
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hotspot of commercial fishing effort within the
WHDP non-breeding distribution was near Mac-
quarie Island within the Australian EEZ. Average
fishing effort within the WHDP non-breeding distri-
bution (95 % UD) equated to 0.004 fishing hours per
0.1° cell. Average summed fishing effort equated to
166 fishing hours. Fishing effort was limited to
0.08 % of the WHDP non-breeding distribution. No
fishing effort was recorded within the WHDP core
area of use during the non-breeding period (50 %
UD).

4. DISCUSSION
4.1. WHDP movements and distribution
WHDPs exhibited a truly pelagic lifestyle and

spent the vast majority (>71 %) of their annual cycles
at sea. During the breeding period, WHDPs did not

range far from Whenua Hou, as birds were bound by
central place foraging, and travelling distances mir-
rored congeneric species (Zhang et al. 2019, Dunphy
et al. 2020). Rich feeding grounds, characterized by
high productivity (chlorophyll a concentrations), are
located relatively close to Whenua Hou (e.g. the
Snares shelf, the Subtropical Front, and around Mau-
kahuka; Tréguer & Jacques 1993, Orsi et al. 1995).
Our tracking efforts suggested that WHDP foraged
here during the breeding period. These findings
aligned with diet analyses, as the presence of larvae
of Histioteuthis sp. and Chiroteuthis sp. in stomachs
suggested that WHDPs feed at the edge of the conti-
nental shelf (Imber & Nilsson 1980). WHDPs share
these seas with a suite of seabird species including
sooty shearwaters Puffinus griseus (Shaffer et al.
2006), Cook's petrels Pterodroma cookii (Rayner et
al. 2008), Buller's albatrosses Thalassarche bulleri
(Waugh et al. 2017), and white-headed petrels P.
lessonii (Taylor et al. 2020).
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After the breeding period, WHDPs spent their
time around the Polar and Subantarctic Front.
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bound migrations, WHDPs exhibited less concerted
flying efforts and probably exploited the prevailing
westerly winds and currents. The WHDP non-

130° E

45° S

Fig. 7. Spatiotemporal overlap of mean
fishing effort with Whenua Hou diving
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breeding distribution was, similarly to the breeding
distribution, characterized by areas of relatively
high productivity. Both the Polar and the Sub-
antarctic Front exhibit heightened concentrations
of chlorophyll a, providing WHDPs with feeding
opportunities (Tréguer & Jacques 1993, Orsi et al.
1995). Other seabird species, such as white-
headed petrels (Taylor et al. 2020), also use these
areas.
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4.2. WHDP ofifshore behaviour

WHDPs showed extreme aquatic behaviour during
the non-breeding period. WHDPs may even be en-
tirely flightless during the non-breeding period,
because they may moult all flight feathers simultane-
ously, as has been observed in congeners (Murphy &
Harper 1921). In our study, some WHDP behaviour
was classified as ‘in flight' throughout the non-
breeding period. These classifications, however, may
have arisen from birds tucking their legs into their
plumage, causing geolocators to log ‘dry’ records, as
has been illustrated for alcids (Linnebjerg et al.
2014). Therefore, WHDPs may be flightless during
(part of) the non-breeding period. A more detailed
investigation into moult strategies (e.g. through sta-
ble isotope analyses) is required to gain deeper
insights into the seasonal flightlessness of WHDPs.
During the breeding period, WHDPs still showed
extreme aquatic behaviour and were on, or under,
water for approximately two-thirds of their time,
despite spending considerable amounts of time on
land attending their burrows.

The aquatic affinity of WHDPs throughout their an-
nual cycles could be explained by their high wing
loadings. Wings of diving petrels are adapted to
wing-propelled diving, allowing relatively deep dives
(e.g. 11 and 18 m in common and South Georgian div-
ing petrels, respectively; Navarro et al. 2013). Wings
adapted to wing-propelled diving, however, have
high wing loadings (e.g. 67 and 60 N m~2 in common
and South Georgian diving petrels, respectively; War-
ham 1977). As such, diving petrels exhibit an energet-
ically costly flight with fast whirring wings low above
the sea surface, resembling alcids from the Northern
Hemisphere, rather than other Procellariiformes (Ray-
ner et al. 2017, Dunphy et al. 2020). This flight style
may render diving petrels vulnerable to predation by
larger seabirds (e.g. skuas), which may explain the
largely nocturnal flight activity recorded in WHDPs.
However, even compared to alcids, WHDPs are un-
usually aquatic (Mosbech et al. 2012, Dunn et al.
2020). Further investigations into the exact behaviour
(i.e. resting vs. diving vs. leg-tucking) would allow
more detailed insights into the underlying drivers of
their extreme aquatic nature (e.g. high daily energy
expenditures; Dunn et al. 2020).

4.3. Conservation implications

The consistent distribution and behaviour of
WHDPs has considerable conservation implications,

as the regular presence of endangered species is one
of the criteria for the designation of protected areas
(Delord et al. 2014, Lascelles et al. 2016). Of the
intrinsic factors we investigated, none suggested
clear spatial segregation, and WHDP distribution
appeared consistent. The lack of spatial segregation
could indicate an absence of intra-specific competi-
tion at sea (e.g. Clay et al. 2016), which could be
caused the by the low WHDP population size and/or
the lack of sexual dimorphism (Fischer et al. 2018a,
2020). The consistent use of the same areas by the
Critically Endangered WHDP is a justification to list
these regions as Important Bird and Biodiversity
Areas (IBAs). IBA criterion Al requires the regular
presence of a threatened species in an area. Criterion
Adii requires the regular presence of >1% of the
global population of a species in an area (BirdLife
International 2010, Delord et al. 2014, Lascelles et al.
2016). While we did not calculate the true proportion
of the WHDP population within these areas (Las-
celles et al. 2016), we tracked 2.6, 9.7, and 7.0 % of
the global WHDP population in 2015/16, 2017/18,
and 2018/19, respectively (Fischer et al. 2020). As
such, at least the WHDP breeding/non-breeding core
areas of use (50% UDs) warrant listing as marine
IBAs following criteria A1 and A4ii (BirdLife Interna-
tional 2010, Delord et al. 2014; Fig. S2).

The WHDP non-breeding distribution did not over-
lap with commercial fishing effort and thus WHDPs
are unlikely to be affected by fisheries-related
threats (e.g. deck strikes, by-catch, or oil spills) dur-
ing the non-breeding period. The non-breeding dis-
tribution of WHDPs is located within one of the last
stretches of untouched ocean on the planet (Krood-
sma et al. 2018, Taconet et al. 2019). The lack of com-
mercial fishing effort recorded is mirrored by a lack
of marine traffic in this area (Wu et al. 2017). This
absence of anthropogenic activity could be ex-
plained by the remoteness and the challenging con-
ditions typical of this stretch of ocean (mean wave
height >5 m and mean wind speed >15 m s™}; Young
1999). When in this area, WHDPs exhibited ex-
tremely aquatic behaviour. While flight behaviour
during this period mostly occurred at night, the num-
ber and duration of flight bouts remained very lim-
ited. The limited flight behaviour combined with a
lack of human presence in this region indicated that
impacts from fisheries-related threats during the
non-breeding period are unlikely. To ensure that
WHDPs remain unaffected by anthropogenic threats
at their non-breeding distribution, this stretch of
ocean should receive formal protection (e.g. through
listing as a marine IBA).
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In contrast to the non-breeding distribution, the
WHDP breeding distribution overlapped consider-
ably with commercial fishing effort and marine traffic
(Wu et al. 2017) and thus, WHDPs may be at risk from
offshore threats during the breeding period. Our
analyses likely underestimated the commercial fish-
ing effort within the WHDP breeding distribution, as
the use of AIS technology on vessels has increased
considerably since 2012 (Kroodsma et al. 2018,
Taconet et al. 2019). Regardless, several hotspots of
commercial fishing effort were evident in areas of
elevated productivity, and these productive areas
may be equally attractive to foraging WHDPs (Tré-
guer & Jacques 1993, Orsi et al. 1995). The overlap of
WHDP breeding distribution with commercial fish-
ing effort is indicative of the potential for anthro-
pogenic threats at sea, especially to successful
breeders, which stayed longer at their breeding dis-
tribution. Accidental bycatch of diving petrels has
been recorded within the WHDP breeding distribu-
tion (Abraham & Richard 2019). Additionally, the
positive correlation between commercial fishing ef-
fort and artificial lights at night (Elvidge et al. 2015)
in combination with increased WHDP flight activity
during the breeding period indicated the potential
for deck strikes in this area. Indeed, a record of 273
deck-struck diving petrels (all presumed to be com-
mon diving petrels) occurred in this area (Abraham &
Richard 2019). A single deck strike event of such a
magnitude could be detrimental to the WHDP. While
deck-struck birds are often released alive, post-
release mortality (e.g. due to reduced water-proofing
and subsequent hypothermia; Black 2005) is poorly
understood.

Our results illustrated that offshore conservation
measures (during the breeding period) could benefit
this Critically Endangered species. However, the
potential threats posed by commercial fisheries
within the core of the WHDP breeding distribution
spanned over 100000 km? and managing threats
within this vast area appears challenging. Seasonal
(i.e. during the breeding period) restrictions of
anthropogenic activity in the direct vicinity of the
breeding colony (Whenua Hou) could be more feasi-
ble. Spatial restrictions to protect unique marine
communities are in place around other islands, in-
cluding Maukahuka and Gough and Tristan da
Cunha (Chilvers et al. 2011, Requena et al. 2020). To
complement any seasonal spatial restrictions, the fol-
lowing recommendations (Black 2005) to minimize
deck strikes should be encouraged: (1) alert vessels
to the risks of spotlights and deck lighting, (2) use
black-out blinds, (3) minimize external deck lighting,

(4) provide protocols on treatment and release of
deck-struck birds, and (5) keep records of deck
strikes (including photographs to aid identification of
diving petrels). Glass & Ryan (2013) showed that
such measures can reduce deck strikes considerably.
We recommend that these measures be implemented
throughout the WHDP breeding distribution (at least
during the breeding period) as well as around Mac-
quarie Island (at least during the non-breeding
period). Improved record keeping and identification
(e.g. genetically; Wold et al. 2018) of bycaught diving
petrels during the WHDP breeding period would fur-
ther elucidate offshore threats.

Decisions on (offshore) WHDP conservation meas-
ures should be subjected to a structured decision-
making process. Conservation measures (e.g. sea-
sonal spatial restrictions around Whenua Hou) will
have consequences, not just for WHDPs, but also for
tangata whenua (people of the land) and stakeholders
(e.g. fisheries). This complex, multi-dimensional de-
cision landscape should therefore be approached us-
ing standardized processes such as structured deci-
sion-making (SDM) (Gregory et al. 2012, McMurdo
Hamilton et al. 2020). SDM is informed by a combina-
tion of input from tangata whenua and stakeholders
and predictive modelling. SDM processes consists
of 6 successive stages: (1) defining the problem, (2)
articulating objectives, (3) identifying conservation
measures, (4) predicting consequences, (5) weighting
trade-offs, and (6) identifying the best measure(s). In-
tegral to SDM is the involvement of tangata whenua
and stakeholders to propagate underlying values.
Modelling can predict the consequences of each con-
servation measure. Once consequences are estimated
and trade-offs are weighted, a well-informed decision
can be made. We recommend using the information
on offshore threats to the WHDP compiled here, to-
gether with information on onshore WHDP threats
(Fischer et al. 2018a, 2020), within an SDM process to
identify the best conservation measures for this Criti-
cally Endangered species.
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