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A B S T R A C T

Fisheries bycatch poses a major threat to marine predators and remains a global challenge to sustainable fish
eries. Conservation and management strategies can be informed by identifying zones of overlap between fishing 
effort and threatened, endangered or protected species, or existing bycatch hotspots. However, few studies have 
incorporated ocean data and the age and sex classes of seabirds into these assessments. Here, we examined the 
environmental conditions that drive fisheries interaction risk for the endangered Antipodean albatross (Diomedea 
antipodensis antipodensis). Specifically, we assessed interaction risk by combining satellite-tracking data from 192 
individuals across age and sex classes of all life stages with data from the Automatic Identification System (AIS) 
vessel-tracking program. The integration of satellite-tracking and oceanographic data facilitated assessment of 
how physical ocean features — such as recurring thermal fronts, turbulent ocean mixing, and swirling eddies — 
shaped high-risk interaction zones. Hotspots of interaction risk spanned from 25◦S to 40◦S and varied seasonally. 
Overall, interaction risk was significantly higher during May–August and among juveniles. Over broad clima
tological scales, the interaction risk was greatest where thermal fronts occur frequently. At finer scales, inter
action risk was intensified in association with aggregative Lagrangian Coherent Structures. These findings 
suggest that Regional Fisheries Management Organisations could take immediate action, such as extending 
current bycatch mitigation measures to include fishing grounds between 25 and 30◦S, to cover the hotspots for 
juvenile and female seasonally. Incorporating measures of mesoscale ocean dynamics in delineating zones of 
interaction risk for species of conservation concern provides a potential step forward for dynamic threat 
management.

1. Introduction

Globally, commercial fisheries exert a range of pressures on marine 
ecosystems (Pauly et al., 2005). One of the suchpressures often arise 
when there is interaction between fisheries and non-target marine 

wildlife (Liu et al., 2019; Jog et al., 2022). In some systems, marine 
predators such as seabirds can benefit from these interactions by 
accessing supplementary food sources through depredation of baited 
fishing lines or consumption of catch or discards (Votier et al., 2004; 
Granadeiro et al., 2014; Corbeau et al., 2021). However, interactions 
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also result in the risk of fisheries bycatch (i.e., the capture of non-target 
species) and competition for food (Read et al., 2006; Bugoni et al., 2010; 
Cury et al., 2011; Grémillet et al., 2008; Corbeau et al., 2021).

Fisheries bycatch is a major threat to many populations of marine 
predators of conservation concern (Avila et al., 2018; Jog et al., 2022), 
contributing to population declines in sea turtles (Lewison et al., 2014), 
marine mammals (Güçlüsoy, 2008; Slooten and Dawson, 2010; Marsh 
and O'Shea, 2011; Lewison et al., 2014; Brough et al., 2019) and seabirds 
(Anderson et al., 2011; Croxall et al., 2013), particularly albatrosses, 
petrels and shearwaters (Anderson et al., 2011; Phillips et al., 2016). An 
estimated 50,000 to 75,000 seabirds are known to be killed by pelagic 
longline fisheries each year, with an estimated 170 million individuals 
exposed to fisheries bycatch (Anderson et al., 2011; Dias et al., 2019). In 
particular, 40,000 individuals from 26 species of albatross and petrel are 
estimated to be caught annually in the Southern Hemisphere (Abraham 
et al., 2019). Up to 90 % of albatross species are threatened by fisheries 
bycatch (Dias et al., 2019), including wandering albatross (Diomedea 
exulans), black-browed albatross (Thalassarche melanophrys), black- 
footed albatross (Phoebastria nigripes), Amsterdam albatross 
(D. amsterdamensis), and Tristan albatross (D. dabbenena) (Arnold et al., 
2006; Véran et al., 2007; Wanless et al., 2009; Rivalan et al., 2010; 
Anderson et al., 2011; Croxall et al., 2013).

Studies of seabird–fisheries interactions that focus on spatial overlap 
between fishing effort and seabird distribution can provide insights 
useful for managing bycatch risk (Clay et al., 2019; Carneiro et al., 
2020). Recently, the expanded use of both animal- and vessel-tracking 
technologies has yielded new insight into seabird–fisheries in
teractions by providing new and more detailed information on seabird 
movement and distribution. For example, hotspots of seabird–fisheries 
overlap have been identified by examining the respective distributions 
of seabird-tracking locations and fishing efforts from logbooks (Clay 
et al., 2019; Carneiro et al., 2020). Such seabird–fisheries overlap 
studies have been further facilitated by the availability of more precise 
fishing locations derived from vessel-based Automatic Identification 
Systems (AIS) (Corbeau et al., 2021; Cruz et al., 2022) and birds 
equipped with radar-detecting tags that can directly sense vessels in the 
vicinity (Weimerskirch et al., 2018; Navarro-Herrero et al., 2024).

From this foundation of mapping and quantifying interaction risk 
based on location data only (Copello et al., 2014; Clay et al., 2019; 
Carneiro et al., 2020), the incorporation of biophysical ocean data 
would benefit risk assessments by improving our understanding of the 
spatial drivers of risk hotspots and potentially enable dynamic threat 
management for species (Hazen et al., 2018). Due to the dynamic nature 
of the ocean, management is complicated (Lewison et al., 2015). 
Although the interactions between marine predators and their envi
ronment are fluid (Grantham et al., 2011), the use of responsive spatial 
management strategies could improve the efficiency and efficacy of 
fisheries management (Maxwell et al., 2012, 2015; Hobday et al., 2011, 
2013; Dunn et al., 2016).

The distribution of seabirds varies among sex and age classes, and life 
history stages (Carneiro et al., 2020), and thus, the impacts of fisheries 
bycatch vary among these classes. Studies on the bycatch risk of alba
trosses and large petrels have focused predominantly on adults 
(Frankish et al., 2021) and during breeding seasons (Votier et al., 2023). 
Bycatch risk faced by juveniles and non-breeding adults has been 
understudied (Gianuca et al., 2017; Carneiro et al., 2020; Frankish et al., 
2021; Gimeno et al., 2022; Votier et al., 2023). Among albatrosses, ju
venile and immature birds typically comprise more than half of the 
population (Weimerskirch et al., 1997; Carneiro et al., 2020). The re
covery and recruitment of endangered albatrosses could be hindered by 
high juvenile mortality (Pardo et al., 2017; Carneiro et al., 2020). 
Therefore, studying the bycatch risk of juveniles has received more 
attention in recent years, with the intent to inform mitigation measures 
(Frankish et al., 2021; Votier et al., 2023).

In this study, we examine fisheries-interaction risk for Antipodean 
albatross arising from pelagic longline fisheries throughout the species' 

distribution and life cycle. The Antipodean albatross (Diomedea anti
podensis antipodensis) is a wandering albatross taxon endemic to 
Aotearoa New Zealand. This species has a highly K-selected life strategy 
(Robertson et al., 2021). Adults of this species breed every second year, 
as chicks take 12 months to fledge. Fledglings return to the colony after 
spending six to 11 years at sea, and 50 % start breeding only at the age of 
14 (Richard, 2021; Richard et al., 2024). The Antipodean albatross is 
listed as “Nationally Critical” at a subspecies level by the New Zealand 
Threat Classification System (Robertson et al., 2021) and “Endangered” 
by the IUCN Red List of Threatened Species at a species level (which 
includes the Auckland Island population of Gibson's Albatross D. a. 
gibsoni). The Antipodean albatross has a current population of ~28,000 
individuals, which is declining at an estimated 6 % per annum. Bycatch 
by pelagic longline fisheries in the high seas is considered to be the 
primary threat to the population (Abraham and Thompson, 2015; 
Richard and Abraham, 2020; Richard, 2021; Richard et al., 2024).

Here, we aim to identify hotspots and time periods during which 
fisheries-interaction risk for the Antipodean albatross is highest. In 
particular, we seek to address important knowledge gaps regarding 
fisheries interactions for all life-history stages of this endangered pop
ulation throughout the annual cycle. We explicitly consider the effects of 
age and sex class or breeding status and use ocean data to model the 
underlying biophysical drivers of interaction risk, with a particular focus 
on comparing different mesoscale (i.e., 100 km) physical ocean features 
(i.e., recurring thermal fronts, turbulent ocean mixing, and swirling 
eddies). We aim to investigate the influence of bio-physical conditions 
on the spatial structuring of interaction risk over two distinct spatio- 
temporal scales: (i) the seasonal variation in the risk of interaction 
with climatological ocean variables; and (ii) the intensity of interaction 
risk at monthly timescales with time-matched ocean variables (Fig. 1a).

2. Materials and methods

2.1. Study area

The Antipodean albatross breeds on Moutere Mahue Antipodes Is
land, Aotearoa New Zealand (49◦40′12″S, 178◦46′48″E), a Subantarctic 
island in the South Pacific Ocean (Fig. 1b). The Antipodean albatross has 
a wide distribution, spanning from western Australia (112◦), across the 
southern Pacific to the Chilean Coast (289◦). The study area was set as 
the full extent of the flight range of our tracked Antipodean albatross 
population.

2.2. Data collection and processing

2.2.1. Antipodean albatross data
We tracked 192 Antipodean albatrosses across various age and sex 

classes during 2019–2022 with high-resolution satellite transmitters 
deployed at their colony. Specifically, we tracked 61 juveniles, 32 fe
male breeders, 26 male breeders, 43 female non-breeders and 30 male 
non-breeders with satellite transmitters of either ARGOS platform ter
minal transmitter (PTT) (i.e., Telonics, TAV2630), Global Positioning 
System (GPS) (i.e., GeoTrak and Icarus) or both (i.e., Wildlife Computers 
Rainier S20, Lotek Pinpoint, Sextant Technology Sextant, Microwave 
Telemetry). All individuals were sexed and aged visually at the time of 
tagging (i.e., between December to March, varied between years) 
(Elliott & Walker 2019, 2020 and 2022). All tracking devices were 
attached with waterproof tape onto back feathers (for detailed deploy
ment tagging procedures see Elliott & Walker 2019, 2020 and 2022). 
The average (± SE) tracking period obtained for these individuals was 
191 ± 40.6 days. 44 individuals were tracked across a calendar year, 
and 24 of them were tracked for >365 days (Table 1). We filtered the 
collated tracking data by Argos location class quality (0, 1, 2, and 3 (i.e., 
high quality locations)) to minimise error (Douglas et al., 2012). We also 
removed successive locations where flight speed exceeded 100 kmph 
(27.8 ms− 1), to eliminate unrealistic locations (Lascelles et al., 2016). 
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We then interpolated tracking data linearly at 4-h intervals to obtain a 
minimum of 6 locations per day using the R package terra (Hijmans, 
2022).

2.2.2. Fishing activity data
For fishing activity, we quantified fishing effort using fishing hours 

derived from Automatic Identification Systems (AIS) by Global Fishing 
Watch (GFW; https://globalfishingwatch.org/our-apis/) for the period 

2019–2022 (i.e., same period as tracking of Antipodean albatross). GFW 
detects fishing activity (i.e., fishing hours per grid cell) using a con
volutional neural network, which classifies fishing vessels and the 
period and areas where the vessels are actively fishing (Kroodsma et al., 
2018). We selected only pelagic longline fisheries data from the dataset, 
as these pose the greatest risk to the Antipodean albatross (e.g., Richard 
et al., 2024). We first calculated the resultant estimate of fishing hours as 
a metric of fishing effort per 100 km2 per day using the R package terra. 

Fig. 1. (a) Schematic flow chart of the study design. A red box indicates the study area. The yellow dot indicates the Antipodean albatross' breeding site — Moutere 
Mahue Antipodes Island, Aotearoa New Zealand (49◦40′12″S, 178◦46′48″E). (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)
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We then developed rasters of monthly total fishing hours each year at a 
1 × 1◦ resolution.

2.2.3. Ocean data
We set out this study with a particular focus on comparing different 

mesoscale (i.e., 100 × 100 km) physical ocean features, such as front 
frequency, Finite-Size Lyapunov Exponents (FSLE) and eddy kinetic 
energy (EKE). Front frequency describes how often fronts are detected 
by estimating the percentage of time a front over a certain threshold 
(here, 0.1 ◦C km− 1) is observed within each grid cell over a specified 
period (i.e., weekly, monthly or seasonally) (Miller, 2009). FSLE mea
sures the relative dispersion of particles (i.e., how quickly particles drift 
apart or toward each other) by tracing them through time-dependent 
current-velocity fields derived from satellite altimetry (Boffetta et al., 
2001; Pardo et al., 2017). It highlights the dynamic transport barriers 
concentrating particles, nutrients or organisms (i.e., Lagrangian 
coherent structures (LCS)) that control the horizontal exchange of water 
into and out of the swirling ocean currents (i.e., eddies) (d’Ovidio et al., 
2004). LCS is a useful predictor of fisheries–wildlife interactions in other 
systems (Cotté et al., 2015; Della Penna et al., 2017; Scales et al., 2018). 
The EKE is a modelled estimate of eddy intensity, representing the 
intensification of swirling ocean currents in a given area (Appen et al., 
2022).

We derived the monthly and seasonal average of environmental 
signals of each dynamic variable using four years of data (2019–2022). 
We first downloaded the raw data (in their native resolution) from on
line sources (Table 2), including dynamic oceanographic variables such 
as sea surface temperature (SST; ◦C), mixed layer depth (MLD; m), 
salinity (PSU), chlorophyll-a concentration (Chl-a; mg/m3); and meso
scale turbulences such as front frequency (%), FSLE (days− 1) and EKE 
(cm2/s2) (Table 2.). All environmental variables were re-gridded to the 
same coordinate system and rasterised to a 1 × 1◦ resolution using 
bilinear interpolation using R package terra (Hijmans, 2022). We 
removed salinity because prior inspection revealed a strong positive 
correlation with SST (r = 0.757). Then we calculated the monthly and 
seasonal median of each environmental variable for each year. Finally, 
we derived the monthly and seasonal averages of each variable by 
calculating the median across the four years.

2.3. Estimating relative interaction risk and intensity

We estimated interaction risk and intensity by assessing the extent of 
overlap among areas in which tracked birds spent time at sea and pelagic 
longline fishing effort derived from AIS, over two distinct spatio- 
temporal scales. First, we addressed interaction risk over the study 
area as a binary outcome over seasonal timescales, using seasonal cli
matologies of ocean data to explore the relative risk of interaction as a 
function of physical variability (i.e., where and under what conditions 
birds and fishing overlapped in the average summer over the tracking 
period). Second, we removed areas in which interaction risk was 
constantly zero (i.e., no overlap among birds and fisheries) and then 
modelled the intensity of interaction over monthly timescales using 
time-matched dynamic ocean data. To compare the usefulness of 
different metrics of mesoscale turbulence in predicting interaction risk 
and intensity, we built three separate models for each temporal scale 
using 1) thermal front frequency (Miller, 2009), 2) FSLE and 3) EKE, and 
compared model performance.

2.3.1. Residence time of antipodean albatross
We used Residence Time (RT) to estimate the time individuals spent 

in different locations at sea using the combination of a series of forward 
and backward first-passage time methods — the time required by an 
individual to traverse a circle before re-entering it within a given period 
(Barraquand and Benhamou, 2008). The RT of each individual within 
each virtual circle with a constant radius was calculated using the 
function residenceTime in the R package adehabitatLT (Calenge, 2006). 
The distance and maximum time between two successive relocations 
were set to 100 km and 12 h, respectively, matching the resolution of our 
spatial analysis. The virtual circles with fewer than three relocations 
were removed, as it was below the minimum number of relocations for 
calculation. We used RT instead of a predicted probability of occurrence, 
as generated by other methods (e.g., outputs of a species distribution 
model or utilisation distributions) to avoid extrapolation of interaction 
risk (see Section 2.3.4).

Table 1 
Summary of Antipodean albatross tracking data for each year in this study. 
Twenty-four individuals had tracking days longer than a year. They were 
counted as a new individual in each year in the summary, with their status 
remaining unchanged.

Sex Status Year Number of 
birds

Total 
number

Mean 
tracking days 
(day)

SE 
(±)

Female Breeder 2019 4 38 180.6 22.1
2020 10
2021 8
2022 16

Non- 
breeder

2019 11 45 156.0 13.8
2020 19
2021 10
2022 5

Male Breeder 2019 0 28 163.4 16.2
2020 7
2021 11
2022 10

Non- 
breeder

2019 8 30 137.3 15.3
2020 7
2021 11
2022 4

Juvenile 2019 20 105 268.6 15.0
2020 33
2021 31
2022 21

Table 2 
Static and dynamic oceanographic variables, resolutions, measurement units 
and sources.

Variables Static/ 
dynamic

Class Units Native 
resolution

Sources

Sea surface 
temperature 
(SST)

Dynamic Numeric ◦C 0.1◦ BRAN2020

Mixed layer 
depth 
(MLD)

Dynamic Numeric m 0.1◦ BRAN2020

Chlorophyll-a 
(Chl-a)

Dynamic Numeric mg/ 
m3

4 × 4 km NASA 
MODIS

Bathymetry 
depth 
(Depth)

Static Numeric m 10 arcmin NOAA

Thermal front 
frequency 
(FrontFreq)

Dynamic Numeric % 9 × 9 km Plymouth 
Marine 
Laboratory

Finite-Size 
Lyapunov 
Exponents 
(FSLE)

Dynamic Numeric days− 1 0.04◦ AVISO+

Eddy kinetic 
energy 
(EKE)

Dynamic Numeric cm2/ 
s2

0.04◦ AVISO+

Month/ 
Season

Static Categorical / / /

Year Static Categorical / / /
Sex and age Static Categorical / / /
Breeding 

status
Static Categorical / / /
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2.3.1.1. Daily and monthly occurrence metrics. To derive metrics at daily 
intervals for individual birds, we rasterised the RT of each individual 
bird on each day to a 1 × 1◦ resolution grid using the R package terra 
(Hijmans, 2022). As the calculation of RT for a given diameter consid
ered the whole period of residence (i.e., potentially longer than a day), 
we divided the RT value (i.e., the number of hours) of each daily ras
terised cell by 24 h (Fig. S1). The quotient (i.e., RTP) represented the 
proportion of a day (spanning 0–1) the individual spent in the grid cell. 
Values exceeding 1 were corrected to 1. We then estimated daily pop
ulation RT (pRT) by summing the RTP, grouped by age, sex classes and 
breeding status (i.e., breeder or non-breeder, female adults, male adults 
or juveniles). Then we summed daily pRT of by month for each class of 
the population to obtain monthly pRT (proportion of a day).

2.3.1.2. Weighted average residence time. We assumed that months with 
more unique tracking days and high pRT represent a higher interaction 
risk for each individual. This would avoid the bias of uneven sample size 
on different days and from different age classes (i.e., a large sample size 
on a single day would inflate the total monthly pRT if it was directly 
summed), while avoiding smoothing out potential hotspots by using the 
median of the pRT. Therefore, we calculated the Weighted average 
Residence Time (WaRT) (days individual− 1) in each grid cell by dividing 
the monthly pRTdij by the monthly total number of individuals, Nind, jmd, 
and multiplying it by the number of unique tracking days, Ujm: 

WaRTjm =
Ujm

∑ym
d=1Nind,jmd

×
∑ym

d=1

∑Nind,jmd

i=1
pRTdij 

where pRT is the daily sum RTP of the population i in grid cell j on a 
given day d; Nind is the daily total number of individuals in population i 
in grid cell j on a given day d in month m; ym is the number of days in 
month m; Ujm is the number of unique tracking days in a given month m.

Finally, we normalised the metric of residence time by dividing each 
WaRT by the number of days in the respective month ym, to derive the 
metric for monthly WaRT (mWaRT) in grid cell j of a given month m: 

mWaRTjm = WaRTjm
/
ym 

This is a continuous value (0–1) that represents the incidence of 
occurrence in proportion to each month (i.e., fraction of the month per 
individual). For example, if the mWaRT = 0.8 in grid cell j in January (i. 
e., 31 days) for juveniles, the estimated incidence of occurrence is 24.8 
days or 595.2 h per individual. mWaRT was used for estimating inter
action risk and statistical modelling at the monthly level in Sections 2.3 
and 2.4.

2.3.2. Monthly interaction intensity
We calculated the Interaction Risk (IR) metric as the product of the 

monthly total fishing hours (hours per 100 km2 per month) and mWART 
(fraction of month per individual) for each life-history stage. This yields 
a spatial exposure index, representing the cumulative fishing effort 
likely to be encountered per individual per grid cell in each month 
(hours per individual).

2.3.3. Seasonal interaction risk
For albatross' residence time at seasonal and population levels, we 

first calculated the WaRT each year by repeating the procedure in 
2.3.1.1 and 2.3.1.2, but substituting the months with seasons (e.g., 
Austral winter; June–August). Thus, we had the seasonal WaRT (sWaRT) 
for each year. For fishing effort, we summed the total fishing hours of the 
three months of the respective seasons in each year. Finally, for seasonal 
interaction risk (sIR), we first calculated the IR of each season as the 
product of sWaRT and seasonal total fishing hours. Then we converted 
the metrics into binary (0 or 1), in which sIR = 1 referred to the presence 
of co-occurrence, while sIR = 0 referred to the absence of either birds, 
fishing effort, or both. Albatrosses were grouped by their breeding status 
(i.e., juvenile, breeder and non-breeder) in the calculation of seasonal 

occurrence due to computational limits (explained further in Section 
2.4).

2.3.4. Dynamic time-matched predictors
The monthly and seasonal averages of dynamic variables and 

mesoscale turbulence and other static environmental variables (e.g., 
seafloor depth (Depth; m), bird characteristics) were then spatially 
matched with the interaction risk of each grid. The monthly medians 
and static variables were then time-matched with the monthly IR met
rics of each grid cell, while the seasonal medians were time-matched 
with the seasonal IR metrics of each grid cell. MLD and Chl-a were 
log-transformed before running the spatial models.

2.4. Modelling

2.4.1. Seasonal interaction risk
To assess the influence of physical variability on seasonal interaction 

risk, we ran binomial GAMs with a logistic link function using the R 
package mgcv, with seasonal climatological ocean data as predictor 
variables (Wood, 2006, 2017). Each predictor variable was smoothed by 
season, and knots were restricted to 5 to avoid overfitting (Wood et al., 
2016). We resampled the data for 100 iterations by randomly selecting 
locations of presence (i.e., grids with positive IR values) and absence (i. 
e., grids with no IR) in the ratio of 1:2 to identify the underlying bio
physical structure of the locations with interaction risk from the back
ground (i.e., areas without interaction risk). Of the biological variables, 
only breeding status was included in the model as a factor variable due 
to computational limits. In each iteration, we split our data into a 
training set for modelling (80 % of the data), with the remaining 20 % 
used as a test set. To compare these different sets of candidate models, 
we used Aikaike's Information Criterion (AIC) (Akaike, 1974; Burnham 
and Anderson, 2002). Underestimation error in spatial prediction, 
overestimated model performance and overestimated predictive power 
are common to conventional random selection of non-spatially inde
pendent training and testing folds (Roberts et al., 2017; Hao et al., 2019; 
Valavi et al., 2019) To further evaluate the performance of our seasonal 
predictive models, we also used the Area Under the Receiver Operating 
Characteristic Curve (AUCROC) to measure the discriminatory ability of 
our predictive binary models of the presence of interaction among sea
sons (Hanley and McNeil, 1982). The AUC ranges from 0 to 1, where 
random classification is indicated by 0.5 and perfect classification is 
indicated by 1 (Hanley and McNeil, 1982). The higher the AUC score, 
the better the ability of the model.

2.4.2. Monthly interaction intensity
To assess the influence of dynamic ocean conditions on the intensity 

of interaction risk, we first ran a conditional inference tree (CIT) using 
interaction risk as the response variable and ocean variables as pre
dictors to look for strong signals of zero interaction risk over large areas. 
Zero risk results from either (or both) an absence of fishing effort (i.e., 
cells in which fishing was never recorded) or an absence of Antipodean 
albatross tracks (i.e., cells in which albatrosses were never recorded). 
We removed regions of constant zero risk from the dataset according to 
the CIT result. By CIT, we were able to retain 0 s that are ecologically and 
statistically informative/ meaningful and alleviate zero-inflation. The 
remaining 0 s were pseudo-absence locations that occurred within 
environmental ranges that were also associated with non-zero IR, which 
were the absences under similar environmental conditions where 
albatross-fishing interactions were observed elsewhere. This helped 
restrict the study area to study the intensity of co-occurrence in our 
models and help differentiate conditions with and without interaction.

For each monthly model of a unique mesoscale turbulence as pre
dictor variables (i.e., either front frequency, FSLE or EKE), we also 
included all other environmental predictors and used age, sex and 
breeding status as categorical factors (Table 2). We used generalised 
additive models (GAMs) with a Tweedie family. The Tweedie 
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distribution is useful for analysing non-normally distributed data con
taining large proportions of zeros (Tweedie, 1984; Wood et al., 2016). 
By the nature of spatial overlapping, the finer the scale of assessment, 
the smaller the indices of overlap become (Croxall et al., 2013). Thus, 
our continuous IR metric was positive-valued and continuous but 
skewed toward zero because of the fine temporal scale. The distribution 
parameter in the Tweedie family was set to 1.9 (i.e., close to the Gamma 
distribution) after trials. We used thin-plate regression spline smoothers, 
which allow a strong enough penalisation to shrink the coefficient of the 
smoother to zero, where warranted by the data (Marra and Wood, 
2011). We compared the models based on Aikaike's Information Crite
rion (AIC) and the percentage of deviance explained to select the best 
explanatory models (Akaike, 1974; Burnham and Anderson, 2002).

3. Results

3.1. Seasonal space use

The occurrence at sea for the albatrosses varied seasonally and be
tween sex and age classes (Fig. 2a). For juveniles, the highest occurrence 
(31–75 days per individual) was observed around the eastern New 
Zealand EEZ border in austral autumn (i.e., March, April and May) and 
winter (i.e., June, July and August) between 35oS to 45oS. Otherise, 
their occurrence was mainly found in the Tasman Sea between 30oS to 
40oS, with 16–30 days in austral spring (i.e., September, October and 
November) and winter, and along the east coast of New Zealand (37.5oS 

to 47.5o S), with 16–30 days from austral summer (i.e., December, 
January and February) to winter (Fig. 2a). Seasonal variation in WaRT 
was more obvious for both females and males, where the highest 
occurrence was found in winter for both sex groups. Commonly for both 
groups, the highest occurrence was found along the east coast of New 
Zealand close to the EEZ border (40oS to 47.5oS), with 6–15 days for 
females and 16–30 days for males in winter. High occurrence was found 
near the breeding colony for breeders (Fig. S2) and along the Chilean 
coast for non-breeders (Fig. S2). In contrast, females had a high occur
rence in the Tasman Sea during winter and spring, but males did not. 
Males occurred further southward compared to the other two groups.

3.2. Fisheries interaction risk

3.2.1. Pelagic longline fishing effort
Pelagic longline fishing effort in our study area (22.5◦S – 44.5◦S) 

peaked from autumn to spring (Fig. 2b). Apart from the Australian east 
coast and the east coast of North Island of New Zealand, four regions of 
high fishing effort were identified in the high seas (Fig. 2b): the Tasman 
Sea (150◦ to 170◦), between Norfolk Island and New Zealand (170◦ to 
180◦), the south Pacific adjacent to the east of New Zealand EEZ (175◦ to 
147◦), and the southwestern-central Pacific (230◦ to 270◦). The highest 
fishing effort was found near 30◦S. However, fishing effort shifted 
further south in autumn and winter.

Fig. 2. (a) Seasonal Weighted average Residence Time (WaRT) of Antipodean Albatross across seasons, grouped by sex and age (i.e., juvenile, female and male 
adult). (b) Average total pelagic longline fishing hours per 100 km2 from Global Fishing Watch within the study area (i.e., flight range of tracked Antipodean al
batross). Each 1◦ x 1◦ cell, grouped by austral season (i.e., spring - SON; summer - DJF; autumn - MAM; winter - JJA), represents the average residence time (i.e., day 
per individual) by the purple gradient (i.e., dark purple indicate higher WaRT) in proportion to the respective quarter of the year or, the median of the 3-month total 
fishing hours (i.e., hours) by green gradient (i.e., dark green indicates higher total fishing hours) each year across the study period (2019–2022). Thin grey lines 
represent the exclusive economic zones (EEZs). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)
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3.2.2. Hotspots of albatross–fisheries interaction risk
Overall, hotspots of interaction risk for females, males and juveniles 

were identified in four regions (Fig. 3, Fig. S3). They were (i) the Tasman 
Sea (150◦–170◦E), (ii) the east coast of North Island of New Zealand EEZ, 
(iii) the South Pacific High Seas adjacent to the east of New Zealand EEZ 
(185◦–213◦) and, (iv) the southwestern-central Pacific High Seas 
(230◦–270◦) in the mid-latitudes (Fig. 3).

Seasonal variation in interaction risk was observed among all life- 
history stages in the Antipodean albatross. The average interaction 
risk was the highest in the autumn and winter (Fig. 3). Our analysis 
revealed multiple variations in interaction-risk hotspots among the age 
classes, seasonally and geographically. Seasonally, juveniles had rela
tively higher interaction risk than adults throughout the year, whereas 
among adults, the interaction risk was lower in spring and summer 
(Fig. 3), when fishing effort reduced south of 30◦S (Fig. 2b). 
Geographically, a few interaction hotspots were distinctive to juveniles 
(e.g., the High Seas of southeast Pacific in the mid-latitudes (25◦S–30◦S) 
in winter, and southwest central Pacific in spring and winter 
(230◦–270◦)) (Fig. 3). For different life-history stages, hotspots of 
interaction risk for breeders were found in autumn and winter, and 
sporadically in the Tasman Sea for females (Fig. S3). As for non- 
breeders, hotspots of interaction risk were concentrated in the Tasman 
Sea and along the east coast of North Island, New Zealand for females 
and spread in the southern and southwestern-central Pacific High Seas. 
The intensity of interaction risk varied between sexes, where the inter
action risk for female non-breeders was higher than for male non- 
breeders.

3.3. Influence of Mesoscale Ocean dynamics

3.3.1. Seasonal interaction risk
The strongest predictor of the likelihood of the presence of interac

tion risk of all breeding classes in the best explanatory model was 
thermal-front frequency, based on its lowest average AIC score 
(6614.96, 95 % CI [6598.48, 6631.45], ΔAIC = − 15.5 to − 18.1) and the 
percentage of deviance explained (37.83 %, 95 % CI [37.72 %, 37.95 
%]) (Table S1). It was the most informative mesoscale metric in 
explaining where interactions are most likely to occur across climato
logical seasons. The AUC was consistent among the models (0.87), 
showing the model's ability to correctly classify the response (Table S1). 
The likelihood of interaction was positively associated with front 

frequency, with a steady increase from 40 % (Fig. 4a). The likelihood 
followed the same pattern across different breeding classes. Interactions 
were most likely to occur at 60–70 % in autumn and 65–75 % in winter. 
Interaction risk was associated with SST but with seasonal variation 
(Fig. 4a). A higher chance of interaction risk was expected when SST was 
relatively warm (i.e., at 18–22.5 ◦C in autumn, and 15–17 ◦C in winter). 
Chlorophyll-a and seafloor depth were also associated with interaction 
risk, with complementary effects (Fig. S4). Chlorophyll-a was positively 
associated with IR in Spring and Autumn. A bimodal pattern was shown 
from seafloor depth, highlighting two regions where IR was elevated (i. 
e., from − 1000 to − 2000 m and − 4500 to 5500 m).

3.3.2. Interaction intensity
FSLE was the strongest predictor of monthly intensity of interaction 

risk in the best explanatory model, having the lowest AIC score and the 
highest deviance explained (23.5 %) among the three mesoscale 
monthly Tweedie GAMs (Table 3). The intensity of interaction risk was 
associated with aggregative LCS, indicated by negative FSLE (Fig. 4b). 
The intensity of interaction risk was positively associated with all other 
dynamic oceanographic variables. We found that the intensity of inter
action risk was higher during May–August and for SSTs of 14–22 ◦C, Chl- 
a of 0.1–0.2 mg/m3 and MLD deeper than 40 m (Fig. 4b). Front fre
quency and EKE were less informative for the intensity of interaction 
risk on a finer scale; the latter's contribution to the explanation of 
deviance was shrunk close to zero in the model by the default selection 
function.

4. Discussion

Our findings reveal that mesoscale ocean dynamics structure the 
predictability of fisheries interactions for an endangered seabird. Over 
seasonal scales, thermal front frequency is a useful predictor of overlap 
with pelagic longline fishing effort, particularly in the austral autumn 
and winter. Over finer, monthly scales, aggregative Lagrangian coherent 
structures elevated the intensity of interaction, with a greater interac
tion risk associated with more strongly aggregative surface features, 
from May to August. Juvenile Antipodean albatross had the highest 
interaction risk of all life-history stages throughout the annual cycle in 
our study. These findings provide new insight into the influence of dy
namic seascapes on the likelihood of interactions between seabirds and 
pelagic longline fisheries, providing opportunities for managers to better 

Fig. 3. Seasonal average interaction risk (IR), mean number of individuals (n) and standard deviation (SD) of Antipodean Albatross, grouped by sex and age (i.e., 
juvenile, female and male adult). Each 1◦ x 1◦ cell represents the mean of seasonal interaction risk (i.e., fishing hours individual− 1) by the color gradient from yellow 
to dark purple (i.e., the dark shade indicates the higher IR) across the study period (2019–2022) within each austral season (i.e., spring – SON; summer – DJF; autumn 
– MAM; winter – JJA). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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anticipate dynamic risk zones.

4.1. Age-sex variation of interaction risk hotspots

Hotspots of interaction risk for juveniles were more widespread than 
for adults, throughout the annual cycle. In other systems, it has been 
hypothesised that juveniles have a greater bycatch risk due to dispersing 
more widely than migrating adults (Weimerskirch et al., 2006; Trebilco 
et al., 2008; Frankish et al., 2020). Our results align with this hypothesis, 
and with previous work that showed increased exposure to fishing ac
tivity for juvenile grey-headed albatross (Frankish et al., 2021). Juve
niles spent more time at lower latitudes (25◦S–40◦S) than adults in the 
High Seas and Tasman Seas, where fishing effort was higher. The same 
pattern has been shown by a point-based overlap study evaluating 
spatiotemporal overlap for both Gibson's and Antipodean Albatross 
(Rowley et al., 2024).

In our study, the Tasman Sea is the region with the highest interac
tion risk. While the hotspots of interaction risk in the Tasman Sea were 

common for juveniles and female non-breeders, they differed in in
tensity and latitude (i.e., juveniles had higher interaction risk, especially 
at lower latitudes). Juvenile albatross and petrel species often forage in 
areas distant from adults (Gutowsky et al., 2014; Pettex et al., 2019; 
Frankish et al., 2020). This may be a strategy to avoid competition for 
resources, but the hypothesis has rarely been tested. Nevertheless, the 
Tasman Sea supports higher primary productivity than the nearby re
gions in the South Pacific Ocean, with the largest non-coastal chloro
phyll-a concentration, driven by the convergence of the East Australian 
Current and the Tasman Front (Tilburg et al., 2002), which may explain 
the aggregation of both pelagic predators and fishing effort.

Our results also confirm sex-specific variation of hotspots of inter
action risk, particularly, the higher interaction risk for females on the 
east coast of the North Island in the New Zealand EEZ, which aligns with 
bycatch reports from the New Zealand government (Fisheries New 
Zealand, 2024). Higher mortality of female adults has been identified by 
the population model as the major cause of the decline of the Antipo
dean albatross population (Richard, 2021; Richard et al., 2024). Indeed, 

Fig. 4. Response curves of predictor variables in the best Generalised Additive Models of juvenile Antipodean albatross: (a) seasonal likelihood of interaction risk in 
austral autumn (March to May) and winter (June to August); (b) monthly intensity of interaction risk where colors indicate season and linetypes represent the month 
in the respective season. Variables include thermal front frequency (Front Freq), Finite-sized Lyapunov Exponent (FSLE), sea surface temperature (SST), chlorophyll-a 
(Chl-a), water depth, and mixed layer depth (MLD).

Table 3 
Best explanatory monthly Tweedie Generalised Additive Models (GAM) to study the predictors of the monthly intensity of interaction risk.

Mesoscale signal Parametric coefficients Estimate Std. error t value Pr(>|t|) Deviance explained AIC 
(ΔAIC)

FSLE (Intercept) − 11.21 0.44 − 25.72 < 2e-16
Approximate significance of smooth terms edf Ref.df F p-value
FSLE 4.569 9 1.295 0.0023
SST 8.648 9 32.03 < 2e-16 23.5 % 23,138 

(± 0)log10(MLD) 8.450 9 14.98 < 2e-16
log10(Chl-a) 7.039 9 5.918 < 2e-16
Bathymetry 8.038 9 8.306 < 2e-16
month 8.649 9 88.005 < 2e-16
Year 2.890 3 11.895 < 2e-16

Front Freq (Intercept) − 11.19 0.43 − 26.13 < 2e-16 23.5 % 23,218 
(+ 80)Approximate significance of smooth terms edf Ref.df F p-value

Front Freq 5.452 9 1.742 0.002
SST 8.678 9 27.558 < 2e-16
log10(MLD) 8.488 9 12.261 < 2e-16
log10(Chl-a) 6.230 9 4.445 < 2e-16
Bathymetry 8.327 9 9.016 < 2e-16
month 8.620 9 86.892 < 2e-16
Year 2.885 3 10.152 < 2e-16

EKE (Intercept) − 11.14 0.44 − 25.07 < 2e-16
Approximate significance of smooth terms edf Ref.df F p-value
log10(EKE) 0.66 9 0.082 0.291
SST 8.635 9 28.227 < 2e-16 23.1 % 23,271 

(+ 133)log10(MLD) 8.544 9 21.101 < 2e-16
log10(Chl-a) 6.750 9 8.497 < 2e-16
Bathymetry 8.006 9 7.923 < 2e-16
month 8.621 9 91.782 < 2e-16
Year 2.891 3 12.716 < 2e-16
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variation in sex or age bycatch ratios has been shown globally (Gianuca 
et al., 2017). Considering the difference in interaction risk, the impact of 
bycatch poses threats to the population and life-history stages to 
different extents. While our results indicate that juveniles had the 
highest interaction risk at the same hotspots, fewer instances of bycatch 
of juveniles have been historically reported. This pattern might be 
because juvenile bycatch may occur mostly beyond the New Zealand 
EEZ, where monitoring was less comprehensive. Bycatch rates (as 
opposed to the interaction risk) may simply differ between age classes 
despite the spatial overlap. Bycatch rates, as a consequence of spatio
temporal overlap with fishing effort, by age–sex class, warrant further 
study.

It is important to note that spatial overlap does not equate to an 
encounter or an actual bycatch events. Iteraction risk (i.e., model- 
derived likelihood of interaction based on the drivers of spatial over
lap) — can only be used as a proxy or indicator for bycatch risk or an 
actual bycatch event. Several factors affect the actual risk of bycatch 
events occurring, despite the high interaction risk estimated using 
spatial overlap. First, the timing of the setting of longline hooks is a 
crucial factor. Albatrosses do not tend to forage after dark, although 
some are known to “sit-and-wait” forage on the ocean surface (Phalan 
et al., 2007; Bentley et al., 2021). The temporal scale of our metrics 
could not capture the difference in interaction risk between day and 
night. An analysis at a much finer temporal scale, which accounts for 
day–night differences, would complement our results and provide in
sights relevant to measures such as night-setting as an effective bycatch 
mitigation method (Kroodsma et al., 2023). Second, behavioural factors 
also influence the risk. Aalbatrosses of different age classes vary in their 
foraging skills and experience (Phillips et al., 2017). Young pelagic 
seabirds are less experienced and less skilful foragers (Harris et al., 2014; 
Phillips et al., 2017), which may further increase their risk of becoming 
entangled or hooked by fishing gear where interaction risk is high. On 
the other hand, adults are more frequently attracted to fishing boats 
(Gianuca et al., 2017), at distances of up to 30 km (Collet et al., 2015). 
Attraction rates rise through immaturity to adulthood in albatrosses 
(Weimerskirch et al., 2023). Few fine-scale studies have investigated 
changes in the foraging behaviour of albatrosses in proximity to fishing 
vessels (Torres et al., 2011; Collet and Weimerskirch, 2020; Corbeau 
et al., 2021). However, foraging behaviour has been shown to increase 
when albatrosses are within 3 km of vessels (Collet et al., 2015). We 
suggest comparing the response of albatross of different age–sex classes 
to fishing vessels so that the differences in bycatch risk can be accounted 
for when estimating interaction risk. Indeed, it is hard to incorporate 
fine-scale factors such as behaviours or encounters in the interaction risk 
estimation using broad-scale spatial overlap. Future studies should 
consider the complexity of the finer-scale drivers of interaction risk, 
including behaviour and cognition. However, broad-scale interaction 
risk metrics developed here may be useful for management and spatial 
prioritisation, particularly as they allow intra-specific or inter-specific 
comparison.

4.2. Seasonal variation in interaction risk

Seasonal variation in interaction risk can likely be attributed to the 
southward shift of fishing effort during autumn and winter (Fig. 2b). 
Risk of interactions between fisheries and albatrosses occurred pre
dominantly at SSTs of 18–22.5 ◦C in autumn and 15–17 ◦C in winter. The 
latitude of the distribution of albatross was consistent throughout the 
annual cycle (Fig. 2a). As SST was associated with latitude, hotspots of 
interaction risk were constrained to between 25◦S and 40◦S. The SST 
range of albatross–fisheries overlap hotspots in autumn coincided with 
the SST range preferred by yellowfin tuna (Thunnus albacares, 18–31 ◦C) 
(Pecoraro et al., 2017). Yellowfin tuna, bigeye tuna (Thunnus obesus) and 
albacore tuna (Thunnus alalunga) — the three most popular species for 
commercial longline fisheries — have broad seasonal distributions 
extending from 30 to 40◦S, with varying degrees of latitudinal and 

longitudinal dispersion (Williams et al., 2012; Nikolic et al., 2017; SPC- 
OFP, 2017, 2018; Moore et al., 2020). However, in winter, the SST range 
of overlapping hotspots was cooler than the thermal threshold of 
endothermic tuna (Moore et al., 2020). The southward shift of fishing 
effort in that period could be explained by another popular target of 
longline fisheries in the South Pacific, the broadbill swordfish (Xiphias 
gladius), as it was found to the south (30–40◦S) from April to September 
(Evans et al., 2014).

4.3. Mesoscale drivers of interaction risk

Metrics of mesoscale surface ocean dynamics have been used to 
identify drivers of habitat selection by marine predators (Scales et al., 
2015; Roberts et al., 2016; Cruz et al., 2021) and drivers of fishing ac
tivity (Soykan et al., 2014; Crespo et al., 2018) separately, but rarely 
have these aspects been considered together. Our results show not only 
increased time spent by albatross in association with thermal frontal 
zones but also a concurrent intensification of fishing effort. We reveal 
that over broad scales, regions with a front frequency of 60–70 % in 
autumn and 65–75 % in winter had the highest likelihood of interaction. 
Over finer scales, our results align with previous studies, highlighting 
the importance of aggregative Lagrangian coherent structures in struc
turing habitat preferences of marine predators (Kai et al., 2009; d'Ovidio 
et al., 2013; Cotté et al., 2015; Prants, 2022), fisheries catch locations 
(Prants et al., 2021; Prants, 2022), and fisheries bycatch risk (Scales 
et al., 2018).

There are a few advantages of our empirical approach for identifying 
albatross—fisheries interaction hotspots, while we acknowledged the 
strength of species distribution models (SDMs) (e.g., Breen et al., 2017). 
SDMs and habitat suitability models could identify the likely presence of 
untracked individuals and predict potential habitat use beyond known 
locations revealed by tracking data (Briscoe et al., 2014). However, our 
framework avoids extrapolation by relying solely on verified presences. 
We ensure that inferences about co-occurrence are drawn from observed 
data. This makes our metrics particularly robust for identifying areas of 
true interaction risk. This links to the second advantage. Our method 
allows direct interrogation of the oceanographic conditions where co- 
occurrence is observed instead of predicted. By linking interaction-risk 
metrics to dynamic environmental features (e.g., mesoscale fronts), we 
can identify the mechanisms shaping overlap and differentiate patterns 
across life-history stages or seasonal periods. Finally, seabirds face trade- 
offs among flight costs, availability and quality of resources 
(Weimerskirch et al., 1997). Therefore, their preferences in foraging 
habitats vary among life-history stages and populations (Phillips et al., 
2017). They do not necessarily always target areas of the highest long- 
term frontal frequency. Fisheries also face similar challenges at sea (i. 
e., effort, catch efficiency and quality). Our approach reveals concurrent 
aggregation of animals and fishing effort at transient features, which are 
insights that would be difficult to obtain from models optimised for 
longer-term suitability rather than fine-scale overlap.

4.4. Implications for conservation and management

We show that the majority of fisheries—interaction hotspots for 
Antipodean albatross are located in the high seas. The limitations of 
regulatory mechanisms in the Areas Beyond National Jurisdictions 
(ABNJ) remain a substantial barrier to tackling fisheries bycatch at the 
high seas (Dunn et al., 2019). Our results provide important information 
for bycatch mitigation management by highlighting specific regions and 
seasons where dynamic ocean processes elevate the likelihood of over
lap between Antipodean albatrosses and pelagic longline fisheries. 
These insights can guide targeted improvements in bycatch mitigation 
requirements and monitoring coverage across relevant Regional Fish
eries Management Organisations (RFMOs).

Hotspots of interaction risk occurred primarily within Western and 
Central Pacific Fisheries Commission (WCPFC) waters, including the 
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Tasman Sea (150–170◦), the Norfolk Ridge, and the high seas east of the 
New Zealand EEZ (170–213◦). The WCPFC currently mandates only one 
of three seabird-mitigation options north of 30◦ S (WCPFC, 2018). Given 
our finding that juveniles and females experienced the highest interac
tion risk between 25 and 30◦ S, a recommendation following from this 
work would be for the WCPFC to extend the requirement for compre
hensive mitigation measures (bird-scaring lines, branch-line weighting, 
and night-setting) northward to 25◦ S within the western and central 
Pacific. Increasing observer or electronic-monitoring coverage in these 
high-risk zones could also improve compliance assessment and refine 
risk estimation.

Interaction-risk hotspots also overlapped with the southern band of 
longline effort (30–40◦ S), within the Commission for the Conservation 
of Southern Bluefin Tuna's (CCSBT) range. Because CCSBT vessels often 
operate under multiple RFMO authorisations, harmonising mitigation 
standards with strengthened WCPFC measures would ensure consistent 
protection across jurisdictions. CCSBT could further promote joint 
observer-data sharing with WCPFC and ACAP (ACAP, 2023), enabling 
integrated evaluation of bycatch patterns across fleets targeting tuna 
and swordfish in overlapping zones.

Our analysis identified juvenile-dominant interaction hotspots 
extending eastward beyond 213◦ to 270◦, into the southeastern Pacific 
high seas within Inter-American Tropical Tuna Commission (IATTC) 
waters. Currently, IATTC requires only one mitigation measure in these 
areas (IATTC, 2011). To reduce exposure of dispersing juveniles, IATTC 
could adopt best-practice combinations of measures recommended by 
ACAP and expand observer and electronic-monitoring coverage in the 
mid-latitude sector between 25 and 35◦ S. Only 50–75 % of active ves
sels that were fitted with AIS transceivers and were >24 m in length 
were represented by GFW data (Kroodsma et al., 2018). An estimate of 
24 % of total fisheries-predator overlap was underreported due to AIS 
gaps (i.e., technical issues and intentional disabling) in the northeast 
Pacific (Welch et al., 2024). Due to this uncertainty, our estimate of the 
total number of fishing hours should be considered the minimum fishing 
effort.

Across RFMOs, incorporating indicators of mesoscale ocean 
dynamics—such as thermal-front frequency and Lagrangian-coherent- 
structure indices—into monitoring frameworks could improve the 
anticipation of bycatch-risk zones. This could support the development 
of decision-support tools for dynamic mangement (e.g., near-real-time 
“nowcast” maps) that allow fleets and managers to adjust operations 
in response to shifting environmental risk (e.g., Hazen et al., 2018).

Fisheries bycatch remains the foremost threat to the Antipodean al
batross and many other seabird species into the future. Consequently, 
the work we present contains the necessary information to advise 
management authorities, such as RFMOs, regarding potential adjust
ments to the current bycatch mitigation requirements and to enable 
managers to implement targeted measures to slow the population 
decline of this endangered species. Dynamic ocean management may be 
a suitable tool to address this challenge in future. Our results reveal that 
mesoscale ocean dynamics can predict the locations of seabird–fishery 
overlap hotspots, for different age and sex classes. The approaches we 
present apply to a wide range of other species and systems and could 
support the development of more spatiotemporally dynamic manage
ment measures, such as near-real-time (“nowcast”) decision-support 
tools (e.g., Hazen et al., 2018; Barlow and Torres, 2021). Crucially, 
our findings indicate that including measures of mesoscale dynamics 
when building nowcasting or forecasting systems for fisheries applica
tions could enhance model skill, and therefore the ultimate utility of 
decision-support tools for industry, managers, communities, and con
servation practitioners.
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Appendix A. Supplementary data

A table of summary of seasonal binomial GAM models result (Table 
S1), a schematic flow chart of important steps in the calculation of the 
metric of bird occurrence (Fig. S1), A figure of weighted average resi
dence time Antipodean Albatross across seasons, grouped by life-history 
stage (Fig. S2), a figure of average interaction risk of Antipodean Al
batross, grouped by life-history stage (Fig. S3), and the responsive 
curves of other predictor variables in the seasonal binomial Generalised 
Additive Models (Fig. S4). The authors are solely responsible for the 
content and functionality of these materials. Queries (other than the 
absence of the material) should be directed to the corresponding author. 
Supplementary data to this article can be found online at https://doi.org 
/10.1016/j.biocon.2025.111574.
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