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ABSTRACT

CARLE, R.D, VARELA, T., COLODRO, V., CLARK-WOLF, T., FELIS, I., HODUM, P, ASTETE CASTILLO, EJ. & LOPEZ, V. 2023.
Breeding population size of the Pink-footed Shearwater Ardenna creatopus on Isla Mocha, Chile. Marine Ornithology 52: 85-96.

Species population estimates are a fundamental component of conservation planning, but there are deficiencies in reliable data for many
seabirds. The Pink-footed Shearwater Ardenna creatopus is a seabird that breeds on three islands worldwide, with the largest population
on Isla Mocha, Chile. We aimed to update the breeding population estimate of Pink-footed Shearwaters on Isla Mocha, comparing results
from design- and model-based estimation methods. We counted shearwater burrows in 220 randomly generated five-meter-radius plots
across pre-defined strata on Isla Mocha. We estimated total number of burrows using area-based extrapolation (design-based method), and
separately using a model predicting burrow density based on habitat (model-based method). We multiplied burrow abundance estimates
by burrow occupancy for final population estimates. The stratum-area-weighted burrow density estimate for the 15.8 km? study area was
0.0106 burrows-m? (standard error [SE] = 0.0030). The average island-wide proportion of occupied burrows was 0.758 (standard deviation
[SD] = 0.121). The design-based method estimated 168209 burrows (95% confidence interval [CI] = 74715-261704, coefficient of
variation [CV] = 0.28), and 127503 breeding pairs (95% CI = 87610-167395). The model-based method estimated 233436 burrows (95%
CI=151237-332179,CV =0.19) and 181 859 breeding pairs (95% CI =95773-267945, CV =0.24). These population estimates are greater
than previous estimates for Isla Mocha, whose means ranged from 1944042095 breeding pairs. Because our study design differed from
those used to generate previous estimates, our estimate should be considered a stand-alone result rather than an increase in the breeding
population. Because of the low fit of the model-based result, the design-based result may be a more reliable estimate to use for species
management efforts. Based on our estimate, approximately 90% of the Pink-footed Shearwater world population breeds on Isla Mocha, and
with its restriction to only three breeding localities world-wide, the species remains vulnerable. The full manuscript in Spanish can be found
in Appendix 1, available on the website.
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RESUMEN

Las estimaciones de poblacion de especies son un componente fundamental de la planificacion de la conservacién, pero existen deficiencias
en los datos de poblacién de muchas aves marinas. La Fardela Blanca Ardenna creatopus es un ave marina que se reproduce en tres islas del
mundo. Isla Mocha, Chile, alberga la poblacién reproductora mds grande del mundo. Actualizamos la estimacion de la poblacién reproductora
de la Fardela Blanca en la Isla Mocha y comparamos los resultados de los métodos de estimacion basados en disefios y modelos. Contamos
las madrigueras de fardela en 220 parcelas de cinco metros de radio generadas al azar en estratos predefinidos en Isla Mocha. Estimamos
el nimero total de madrigueras utilizando una extrapolacion basada en el drea (método basado en el disefio) y, por separado, utilizando un
modelo para predecir la densidad de las madrigueras en funcion de relaciones con el habitat (método basado en el modelo). Multiplicamos
las estimaciones de abundancia de madrigueras por la ocupacién de madrigueras para estimaciones de poblacion finales. La estimacion de
la densidad de madrigueras ponderada por érea de estrato para el drea de estudio de 15,8 km? fue de 0,0106 madrigueras-m (error estandar
[ES]=0,0030). La proporcién promedio de madrigueras ocupadas en toda la isla fue de 0,758 (desviacion estdndar [DE] = 0,121). El método
basado en el disefio estimé 168 209 madrigueras (Intervalo de confianza del 95% [IC del 95 % = 74715-261 704, coeficiente de variacion
[CV]=0,28) y 127503 parejas reproductoras (IC del 95% = 87610-167 395). El método basado en modelos estim¢é 233 436 madrigueras (IC
del 95%2151237-332179, CV =0,19) y 181 859 parejas reproductoras (IC del 95% = 95 773-267 945, CV = 0,24). Ambos resultados son
mayores que las estimaciones de poblacién anteriores para Isla Mocha, cuyas medias oscilaron entre 19440 y 42095 parejas reproductoras.
Nuestra estimacion debe considerarse un nuevo resultado independiente, y no necesariamente indica un crecimiento en la poblacién
reproductora, debido a las diferencias en el disefio con respecto a estimaciones anteriores. Debido al bajo ajuste del resultado basado en el
modelo, el resultado basado en el disefio puede servir como una estimacién mds conservadora y confiable para la gestiéon. Segiin nuestra
estimacion, aproximadamente el 90% de la poblacién mundial de Fardela Blanca se reproduce en Isla Mocha, y con su restriccién a solo
tres localidades de reproduccion en todo el mundo, la especie sigue siendo vulnerable. El manuscrito completo en espaiiol se encuentra en
el Apéndice 1.

Marine Ornithology 52: 85-96 (2024)



86 Carle et al: Population size of Pink-footed Shearwater in Isla Mocha, Chile

INTRODUCTION

Population estimates for species are a fundamental component
of conservation planning and prioritization (Brooks et al. 2004).
Systems of conservation prioritization, such as the IUCN Red
List, have developed standardized quantitative metrics to evaluate
species’ extinction risks (Hoffmann ez al. 2008), but data deficiency
is often a limiting factor for conservation planning. This is
especially true for taxa that are poorly studied, located in remote
areas, and/or located in the global South (Brito 2010, Morias et al.
2013, Bland et al. 2016). Even for relatively well-studied taxa such
as seabirds, most species have major data gaps for metrics such
as population estimates and trends, at-sea distribution, and threats
(Croxall et al. 2012, Rodriguez et al. 2019, Dias et al. 2019). For
instance, population estimates for many major breeding colonies
are unquantified or outdated, or they are based on limited field
data collection (Croxall er al. 2012, Phillips et al. 2016). This is of
particular relevance because seabirds are the most threatened taxa
of birds globally, with over half of all seabird species declining
worldwide (Croxall et al. 2012, Dias et al. 2019).

Many seabird species nest in burrows, and quantifying the
populations of these species is particularly challenging because
of difficulties associated with finding burrows in rugged terrain
on remote islands and accurately determining burrow occupancy,
both of which can result in a high level of uncertainty in population
estimates (Bird et al. 2021). Two approaches are commonly used to
estimate burrowing seabird populations: “design-based” approaches,
which involve sampling seabird burrows and burrow occupancy,
then extrapolating density across suitable habitat (Reyes-Arriagada
et al. 2006, Scott et al. 2009, Pearson et al. 2013, Felis et al. 2020),
and “model-based” approaches, in which the relationships between
habitat parameters and burrow densities are used to model predicted
densities (Rayner et al. 2007, Clark et al. 2019, Bird et al. 2022).
“Design-based” approaches of population estimation often involve
many assumptions, such as that burrow density is consistent across
large areas, whereas “model-based” methods are reliant on habitat
data inputs that be may non-existent or have only coarse resolutions
(Bird et al. 2022). Likewise, seabird nesting density may be
strongly influenced by coloniality, or it may not be limited by
available suitable nesting habitat; therefore, seabird nesting density
may not be tightly coupled with easily-modeled habitat variables
(Olivier & Wotherspoon 2006).

The Pink-footed Shearwater Ardenna creatopus is a burrow-nesting,
highly migratory procellariid seabird that breeds on three islands
worldwide, all located in Chile (Murphy 1936; Fig. 1). Breeding
colonies are Isla Mocha, located 34.2 km offshore of the mainland
of south-central Chile, and Islas Robinson Crusoe and Santa Clara in
the Juan Fernandez Islands, located 660 km off the South American
mainland (Fig. 1). Pink-footed Shearwaters migrate to non-breeding
areas in waters off Peru and the Pacific coast of North America (Felis
etal.2019). The species is listed as Vulnerable by the [IUCN (BirdLife
International 2023), Endangered in Chile and Canada (Ministerio del
Medio Ambiente 2019, COSEWIC 2016), and under Annex I of the
Agreement on the Conservation of Albatrosses and Petrels (ACAP;
Azdcar et al. 2013). The primary justification for these listings are
the species’ small breeding range, which is restricted to only three
islands (BirdLife International 2023). Other reasons for conservation
concern are threats within breeding colonies, including impacts of
invasive mammals (Garcia-Diaz et al. 2020, Carle et al. 2021) and
chick-harvesting on Isla Mocha (Guicking et al. 1999, Lépez 2019),

and mortality from bycatch in multiple fisheries (Vega et al. 2019,
Carle et al. 2019, Felis et al. 2019).

An important data gap for informing the conservation of Pink-
footed Shearwaters is accurate information on population size and
trends (Carle et al. 2022). All previous population estimates for the
species have concluded that > 70% of the world’s known nesting
population is located on Isla Mocha (Guicking et al. 1999, Brooke
2004, COSEWIC 2016). However, estimating the total population of
breeding Pink-footed Shearwater on Isla Mocha is difficult because
of the island’s large size (47.82 km?), rugged topography, and
difficultly of access to remote areas. Because counting all the burrows
directly is impractical, most previous published population estimates
from Isla Mocha have been coarse extrapolations based on limited
data collection (Ibarra-Vidal & Klesse 1994, Guicking et al. 1999).
Ibarra-Vidal & Klesse (1994) used extrapolations of burrow densities
and area, along with the number of chicks harvested annually by the
local community, to estimate 42095 breeding pairs. Guicking et al.
(1999) estimated 25000 breeding pairs on Isla Mocha using minimal
habitat sampling and qualitative local knowledge to extrapolate the
area of suitable habitat. More current conservation assessments for
ACAP (Azocar et al. 2013) and Canada (COSEWIC 2016) estimated
19190 breeding pairs on Isla Mocha based on an estimate of burrow
density in suitable habitat measured in plots sampled along transects
(Muiioz 2011) paired with unpublished data on burrow occupancy
(Azécar et al. 2013, COSEWIC 2016). An important issue with all
previous estimates was that no associated variance or uncertainty
were reported.

A more robust population estimate for Pink-footed Shearwaters
is needed for monitoring the conservation status of the species.
A baseline understanding of Isla Mocha’s breeding population

Juan e
Fernandez
Archipelago

Isla
Mocha

Fig. 1. Locations of Pink-footed Shearwater Ardenna creatopus
breeding colonies in Chile.
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size will help with prioritization of conservation actions for the
species, as well as evaluation of the success of conservation
measures proposed in species recovery plans (e.g., endangered
species plans for Chile and Canada). Better quantifying the Pink-
footed Shearwater population will also help determine the species’
vulnerability relative to other seabird species. For example, inputs
of population data are important for efforts that prioritize seabird
conservation across the Pacific using meta-population viability
models (Madrigal Ruiz 2021, Tinker er al. 2022). Given the
importance of the Isla Mocha nesting population for understanding
the global conservation status for Pink-footed Shearwaters, our
goal was to produce an updated and refined Pink-footed Shearwater
nesting population estimate for the island. We conducted field data
collection on burrow density and habitat in 2016 and used data
from a long-term burrow occupancy study, and newly collected
Lidar-based habitat data, to produce and compare both design- and
model-based population estimates for Pink-footed Shearwaters on
Isla Mocha.

METHODS
Study area

Isla Mocha (38.383°S, 73.900°W) is located 34.2 km offshore of
the mainland of south-central Chile. A densely forested central
mountain range on Isla Mocha rises to 390 m and is protected as
a Chilean National Reserve (Fig. 2). Approximately 650 people
live in decentralized homesteads on a coastal plain skirting the
mountains. Fieldwork was permitted and approved by the Chilean
Corporacion Nacional Forestal (CONAF; the Chilean National Park
Agency) and Reserva Nacional Isla Mocha.

Sampling design

We used a stratified-random sampling approach to determine where
to sample habitat across the island to optimize our field effort toward
collecting data and to minimize variance in areas where Pink-footed
Shearwater burrows are most abundant (Fig. 3). This approach
used prior knowledge of the distribution of nesting habitat to define
sampling strata (Pearson ez al. 2013, Bird et al. 2022). Based on
previous reproductive monitoring, a 2011 population survey (Mufioz
2011), and local knowledge from park rangers and ecologists, we
created two sampling strata. We sampled areas expected to have high
nesting densities at a higher rate, areas with low expected densities at
a lower rate, and excluded areas expected to have no nests. Mufioz’s
(2011) model found that Pink-footed Shearwater burrows on Isla
Mocha occurred only at > 210 m above sea level and on slopes >
37°, with ocean-facing aspects and exposed tree roots. We based our
sampling strata on slope and elevation only, because when we began
the study, these variables were the only habitat metrics with data
available at an island-wide level. We defined an “A” stratum that was
expected to have the greatest burrow densities, based on the elevation
and slope cutoffs defined by Mufioz’s (2011) suitable habitat model.
We used a 25% buffer below Muioz’s (2011) minimum suitable
habitat values as the bounds of our strata (see Table 1 for definitions
of each stratum). Our “B” stratum was expected to have burrows
at low densities, in areas with lesser slopes and/or lesser elevations
(Table 1). B stratum values were chosen based on field experience
indicating that burrows sometimes occur at lesser slopes at higher
elevations, and on steeper slopes in lower elevations, than what
was described by Mufioz (2011). All land outside these strata was
excluded from the study under the assumption that Pink-footed
Shearwaters would not be breeding there.

Fig. 2. Central mountain range of Isla Mocha, Chile, with coastal plain in the foreground. Pink-footed Shearwaters Ardenna creatopus nest
primarily at higher elevations in the mountains, often near ridgetops.
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Fig. 3. Left: Sampling strata, plots, and burrow counts for estimating Pink-footed Shearwater Ardenna creatopus burrow density and
abundance on Isla Mocha, Chile. Right: Predicted burrow density of Pink-footed Shearwaters on Isla Mocha, Chile. All white areas fell
outside the elevation and slope bounds use to define the study area.

We generated digital representations of the A and B strata using (NASA JPL 2013). We generated 220 random sampling plots using
elevation and slope values from a 30-m digital elevation model ArcGIS (ESRI 2016; Fig. 3), with 70% of our sampling effort

TABLE 1
Stratum definitions, sampling effort, and results for Pink-footed Shearwater Ardenna creatopus burrows on Isla Mocha, Chile
Expected Stratum # plots Total Mean
. % stratum 2
Stratum burrow Definition area sampled area sampled burrows burrows-m
density (km?) (% total) P found (standard error)
A High > 158 m elevation 6.67 145 (70%) 0.043% 40 0.0140
and > 18.5° slope (0.0048)
B Low 100-157 m elevation and 9.15 75 (30%) 0.016% 12 0.0081
> 18.5° slope, (0.0039)
OR
> 158 m elevation and
< 18.5° slope
Total 15.82 220 52 0.0106 (0.0030)*

2 Mean burrow density for total study area is stratum-area-weighted and total standard error is weighted by sampling effort (see design-
based methods).
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in the A stratum (0.043% sampling rate by area) and 30% in the
B stratum (0.015% sampling rate by area; Table 1). We weighted
models used to estimate final population size by sampling effort
in each stratum to avoid a sampling bias. The choice of 220 plots
was based on the practical realities of the extensive effort required
to sample many random plots on the rugged and mostly trail-less
terrain of Isla Mocha.

From February—September 2016, we collected data on the number
of Pink-footed Shearwater burrows on Isla Mocha in five-meter-
diameter (19.63 m? area) circular plots. Fieldwork spanned the
breeding and non-breeding seasons of the Pink-footed Shearwater.
On Isla Mocha, burrows persist for many years (T. Varela, pers.
obs.), so we believed that sampling during the non-breeding
season would not result in lower burrow numbers during those
months. We navigated to plots using a hand-held GPS unit,
marked the center of the plot, and counted burrows within the
plot. We considered burrows to be viable Pink-footed Shearwater
nesting burrows if they were at least 1 m long, based on reported
minimum burrow lengths (Brooke 2004, Carle et al. 2022), and we
did not count any hole or subterranean tunnel shorter than 1 m. We
included burrows in counts if any part of the burrow entrance was
within or intersecting the sample circle. We excluded plots that
were inaccessible because of steep terrain and replaced those plots
with other randomly generated plots. Exclusion of dangerously
steep areas could have introduced a bias toward recording fewer
burrows, particularly in our design-based population estimate. Our
model-based population estimate methods somewhat address this
potential bias by predicting the relationship between burrows and
slope based on sampled plots.

Burrow occupancy

To quantify occupancy rates of burrows to use as a multiplier
for population estimation, we monitored Pink-footed Shearwater
burrow occupancy from 2012-2021 in five 1-2 ha (0.01-
0.02 km?) “sub-colonies,” each of which had an aggregation
of > 100 burrows. All sub-colonies were spatially separated by
> 2 km, with the exception of two that were 0.9 km apart. All sub-
colonies were in forested areas at 200—350 m elevation, on or near
steep slopes near the tops of ridges. We monitored 20—-42 burrows
(mean n = 33.6, standard deviation [SD] = 4.6) per year in each
sub-colony using an infra-red burrow camera. To determine annual
burrow occupancy, we checked burrows twice during the period in
which the species typically lays eggs (15 December—15 January).
Regardless of activity status during the egg-laying period, we
also checked all burrows again during 15-28 February (chick-
hatching period) and 10 April-10 May (just before chick fledging;
Carle et al. 2022). We considered burrows “occupied” if an egg
was observed once, or if a shearwater was seen on two different
occasions during incubation check (Garcia-Diaz ef al. 2020). If no
activity was observed during incubation but an egg or chick was
observed on a later check, the burrow was considered occupied.
We defined burrow occupancy as the proportion of occupied
burrows out of the number of viable burrows in the sample. We
calculated annual island-wide burrow occupancy estimates by
pooling all monitored burrows across the five sub-colonies and
calculating a single occupancy result (n range = 152-210 burrows
annually; Appendix 2, available on the website). We calculated the
average and variance of the island-wide burrow occupancy across
nine years (2012-2021, excluding 2013) to determine a single
occupancy estimate to apply to the modeled burrow count.

Population size estimation
Design-based estimate

We generated a design-based burrow abundance estimate, N,, for
the entire study area by multiplying the stratum-area-weighted
average burrow density by the total study area. Stratum-specific
variances were weighted and combined for a total variance, s;2,
based on stratum-specific sampling effort (Cochran 1977):

L

= Y (0 p)

h=1

where wy, is the stratum weight (stratum area divided by total area),
5%, is the variance of stratum £, ny, is the sample size (number of
plots) in stratum A, and f; is the sampling fraction (total plot area
surveyed divided by stratum area) in stratum h. We calculated
the standard error (SE) and coefficient of variation (CV) for our
estimate, and generated a 95% confidence interval (CI) as:

95% CI = + 1Vs*
where ¢ is the critical value (1.96).

We generated an occupied burrow abundance estimate by
multiplying the average annual occupancy rate, O, by the total
burrow abundance estimate, and we calculated the occupied burrow
variance, s,0%, as that of products (Goodman 1960):

Sboz = 0251,2 + 1\/‘1,2502 - Sb2S02

where s¢? is the variance of occupancy. The 95% CI was calculated
as described above.

Model-based estimate

We used a model-based approach to predict the density of
burrows across Isla Mocha based on the relationships of burrow
presence/absence and burrow counts with habitat parameters.
Unless otherwise stated, we carried out analyses using R (R Core
Team 2021).

We mapped the uplands of Isla Mocha with Lidar during 2020,
providing centimeter-scale physical environmental data. We used
Lidar data to derive ground elevation, ground slope, tree canopy
height, and topographic position index (TPI) habitat variables
for each plot. We calculated an additional variable, distance to
the coast, using a coastline shapefile provided by CONAF. We
calculated tree canopy height by subtracting the elevation of the
canopy from the elevation of the ground, based on Lidar layers.
We calculated slope and TPI using the “terrain” function in the
“raster” package in R (Hijmans 2021). TPI is a measure of the
relative topographic position of a point and is based on measuring
the difference between a focal point’s elevation and the mean
elevation of the surrounding points (Gallant 2000). TPI has been
widely applied to spatial analyses in the physical and biological
sciences (Francés et al. 2011, De Reu 2013). We included these
parameters in the model because (1) we were able to calculate them
with the available data for Isla Mocha, and (2) other studies have
shown them to have important influences on burrowing seabird
distribution (Rayner et al. 2007, Dilley et al. 2019, Raine et al.
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2022). We generated each habitat variable at a range of resolutions
(1, 5, 10, 20, 30, and 50 m) to evaluate which resolution resulted in
the best-fit model (based on R? values) and extracted those values
to the center point of each sampling plot.

Ninety-two percent of points sampled had no burrows present,
so we used a Poisson hurdle model (Zuur et al. 2009), which
compensates for zero-inflation data by modeling presence/absence
and positive count data as separate components of the same
model. Building the Poisson hurdle model involved (1) modelling
the probability of presence/absence of burrows at plots using a
binomial distribution (hereafter called burrow “binomial model”),
and (2) modelling the counts of burrows in plots that had at
least one burrow present using a truncated Poisson distribution
(hereafter called burrow “count model”). This leads to the
following probability distribution:

f;;inomial(y = O’Y) f ( ﬁ)
ﬁmrdle (y;ﬁs Y) = ( . poisson Y
l_firmmia (y = O’Y)) — 0 y> 0
g ! 1 _fpois.son(y - O’ﬁ)

y=0

where y are the counts of burrows, and f and y are the unknown
regression parameters in the model.

We adjusted for different levels of sampling effort in each stratum
by creating model weights equivalent to the inverse of the sample
size of the strata, where the A stratum was weighted as 1.51 (i.e.,
1/[145/220]) and the B stratum was weighted as 2.93 (i.e.,
1/[75/220]). Conspecific attraction between Pink-footed
Shearwaters could manifest as spatial autocorrelation, so for each
plot we created a ‘“neighborhood” auto-covariate calculated by
averaging burrow density in the four nearest plots (Augustin et al.
1996, Olivier & Witherspoon 2006, Clark ef al. 2019). We ran the
Poisson hurdle model using the R package “pscl” (Jackman 2020).
We conducted backwards stepwise model selection on the habitat
variables until AAIC was minimized (Burnham & Anderson, 2003;
Table 2). For the final model fit, we calculated a pseudo-R?* value
(Nakagawa & Schielzeth 2013).

We estimated the final breeding population estimate of Pink-footed
Shearwaters, together with its associated uncertainty, using a
parametric bootstrapping technique following Clark et al. (2019).
For each cell on the study area grid, we bootstrapped mean burrow

TABLE 2
Summary of Pink-footed Shearwater
Ardenna creatopus burrow density model selection

Degrees of

Model® freedom AIC AAIC
Full model 12 334.45 0

- elevation 10 336.60 2.15
- canopy height 10 349.10 14.65
- distance to coast 10 349.70 15.25
- topographic position index 10 352.89 18.44
Intercept only 2 375.17 40.72
- slope 10 379.70 45.25

2 Models are ranked by AAIC.

density and 95% confidence intervals using our hurdle model and
parameter values drawn randomly from the multivariate normal
distribution. We then multiplied the predicted burrow density by
randomly drawn occupancy values from a normal distribution
associated with our occupancy data. We repeated this procedure
1000 times and calculated the mean and its associated 95%
confidence intervals for the breeding population.

RESULTS
Burrow occupancy and plot sampling

The average island-wide proportion of occupied burrows was
0.758 (SD = 0.121; range = 0.547-0.961; n = 9 years, 2012-2021,
excluding 2013; Appendix 2). Burrow occupancy in 2016, the year
that population survey data were collected, was 0.816 (Appendix 2).
Burrows were present in 13 of 145 plots in Stratum A (9% of
plots) and five of 75 plots in Stratum B (7% of plots). Across both
strata, burrows were present in 8% of plots. In plots with burrows
present, number of burrows ranged from one to nine in Stratum A
(mean = 3.1 [SD = 2.5]) and one to four in Stratum B (mean = 2.8
[SD =2.1]).

Design-based abundance estimates

Mean burrow density was 0.0140 burrows:-m™? (SE = 0.0048) in
Stratum A and 0.0081 burrows-m? (SE = 0.0039) in Stratum B
(Table 1). The stratum-area-weighted burrow density estimate for
the entire study area was 0.0106 burrows-m™ (SE = 0.0030; Table
1). The design-based methods resulted in an overall estimate of
168209 burrows (95% CI = 74715-261704, CV = 0.28), and after
incorporating burrow occupancy, an estimate of 127503 breeding
pairs (95% CI = 87610-167395).

Model-based abundance estimates

We chose a 20 x 20 m model resolution because it had the best
whole-model fit and was the best predictor for most habitat
parameters. The best-fit model of the Pink-footed Shearwater
habitat used all the habitat variables that were originally included.
Coefticient values for the binomial model are provided in Table 3,
and values for the count model are provided in Table 4. The final
whole model had a pseudo-R? of 0.289.

TABLE 3
Standardized parameter estimates for the
binomial model of Pink-footed Shearwater
Ardenna creatopus burrows as a function of habitat

Parameter Estimate Standard P value®
error
Intercept -2.786 0.236 < 0.001%*
Elevation 0.452 0.201 0.029*
Canopy height 0.208 0.191 0.277
Slope 1.052 0.225 < 0.001%*
Topographic Position Index -0.127 0.184 0.488
Distance to coast -0.133 0.195 0.495

2 Significance at P < 0.05 indicated by bold type and asterisk.
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Elevation and slope were significantly positively correlated with the
presence of burrows (Table 3). No other parameters had a significant
positive or negative correlation with burrow presence (Table 3). The
number of burrows per plot was significantly positively correlated
with canopy height and significantly negatively correlated with
slope, TPI, and distance to coast (Table 4). This indicated that
within the zone in which burrows occurred, there were more
burrows per plot in areas closer to the coast, with lesser slopes,
in areas with lower or similar elevations to their surroundings,
and with higher forest canopies. Elevation was not significantly
correlated with burrow counts (Table 4).

Our model predicted an average burrow density of 0.009 burrows-m
(SE = 0.005) across the sampled area on Isla Mocha. Areas
predicted to have the greatest densities of shearwater burrows were
the steep western edge of the mountain range, as well as in the
extreme north and south parts of the range (Fig. 3). Fewer burrows
were predicted to occur in the relatively flat plateau in the middle
of the mountains (Fig. 3).

Summing the density per grid cell across the study area resulted
in a predicted 233436 burrows (95% CI = 151237-332179;
CV = 0.19). After incorporating burrow occupancy, the model
results indicated 181859 (95% CI = 95773-267945; CV = 0.24)
Pink-footed Shearwater breeding pairs on Isla Mocha.

TABLE 4
Standardized parameter estimates for the
count model of Pink-footed shearwater
Ardenna creatopus burrows as a function of habitat

Parameter Estimate Standard P value®
error

Intercept 1.073 0.154 < 0.001%*
Elevation -0.054 0.157 0.727

Canopy height 0.888 0.222 < 0.001%*
Slope -0.952 0.208 < 0.001*
Topographic Position Index -1.260 0.292 < 0.001*
Distance to coast -0.860 0.212 < 0.001%*

4 Significance at P < 0.05 indicated by bold type and asterisk.

DISCUSSION

Both our model- and design-based breeding population estimates for
Pink-footed Shearwaters on Isla Mocha were substantially larger than
previous estimates (Ibarra-Vidal & Klesse 1994, Guicking et al. 1999,
COSEWIC 2016). Given that approximately 10000-15000 Pink-
footed Shearwater breeding pairs nest on their only other breeding
islands in the Juan Ferndndez Archipelago (Carle et al. 2022), our
results indicate that approximately 90% of the world breeding
population of the species nests on Isla Mocha. These results should be
interpreted as a new, stand alone estimate rather than a true increase
in the Pink-footed Shearwater population size because they rely on
different methods than were used in previous studies. Combining
the estimates of the three islands, the world breeding population of
the species would be approximately 140000 breeding pairs (based
on the mean only of our Mocha design-based estimate [127503
pairs] and the mean of the estimate range from the Juan Fernandez
Archipelago [12500 pairs]). Our estimates of the size of the Isla
Mocha population improve on previous estimates by providing more
detailed reporting of variability and a standardized methodology.
However, our estimates contain a great deal of variability and could
be improved by greater sampling effort and ground-truthing of
burrow densities predicted by our model result.

Our design-based population estimate (127503 breeding pairs,
95% CI1 =87610-167395) was substantially lower than our model-
based estimate (233436 burrows, 95% CI = 151237-332179). A
recent study found that design-based estimates were more accurate
for populations of patchily distributed petrels on large islands in
Australia compared with model-based study designs which tend
to result in over-estimates (Bird er al. 2022). On the other hand,
model-based designs accurately reflected population sizes for
more abundant and evenly distributed species in the same setting
(Bird et al. 2022). Given that only 8% of our plots (18 of 220) had
Pink-footed Shearwater burrows present, Pink-footed Shearwaters
on Isla Mocha may have been more similar to the patchily
distributed species described in Bird et al. (2022). Based on these
considerations and the relatively low fit of our model, our design-
based result could be considered the more conservative and reliable
estimate for use in management and conservation assessments. A
probable driver of the variability in both results is that we sampled
only a small proportion of the total study area, and the majority

Table 5
Breeding population estimates of Pink-footed Shearwaters Ardenna creatopus on Isla Mocha, Chile, from this and previous studies
Population estimate Reported burrow Occupancy Area of habitat
Study (breeding pairs) Method densities (burrows'm?)  multiplier included km?
Ibarra-Vidal & Klesse (1994) 42095 Design-based Unknown Unknown Unknown
Guicking et al. (1999) 25000 Rough Upto 0.4 in “<50% in Unknown
extrapolation some areas some areas”
COSEWIC 2016, Azécar et al. 2013 (based 19440 Design-based 0.03648 0.715 0.74
on Mufioz [2011] and Oikonos unpubl. data) (0.0936 SD)
This study (design-based) 127503 Design-based 0.0106 0.758 15.8
(87610-167395 (0.003 SE), (0.04 SE)
95% CI) whole study area
This study (model-based) 181859 Model-based 0.009 0.758 15.8
(95773-267945 (0.005 SE), (0.04 SE)
95% CI) whole study area
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of our plots contained zero burrows. An increased plot size and/
or greater sampling effort of more plots would likely improve the
precision of either method. We chose our five-meter-diameter plot
size based on plots used in previous studies (Mufioz 2011, Pearson
et al. 2013). However, it was clear that with Isla Mocha’s large size
and relatively low burrow densities, > 10-m-diameter plots would
be more appropriate for detecting burrows. In addition, our choice
of sampling 220 total plots was largely determined by feasibility
of field effort. Reaching random points on Isla Mocha was time-
consuming due to the rugged topography and lack of trails, so only
eight to 15 plots could be sampled per field day. Thus, increasing
the plot size could be a more feasible and efficient option than
increasing the number of plots sampled.

Previous breeding population estimates of Pink-footed Shearwaters
on Isla Mocha were substantially lower than ours (Table 5).
The maximum previous estimate was 42095 pairs based both on
extrapolations of burrow density and number of chicks harvested by
the local community (Ibarra-Vidal & Klesse 1994). The hunting of
Pink-footed Shearwaters became illegal in Chile in 1998 (Servicio
Agricola y Ganadero 1998), and the number of chicks currently
harvested is difficult to quantify, so we did not include information
on chick harvests in our model. Guicking et al. (1999) compared their
estimate of 25000 breeding pairs to that of Ibarra-Vidal & Klesse
(1994) and suggested that there had been a population decline, though
the two studies used different methods. Guicking et al’s (1999)
estimate incorporated an unreported burrow occupancy multiplier,
but they stated that in some areas < 50% of burrows were occupied.
Annual burrow occupancy from our study ranged from 0.547-0.961
(mean = 0.758 [SD = 0.121] over nine years), suggesting that in
the years covered by the study of Gucking et al. (1999), burrow
occupancy was at a low point. Alternatively, comparisons of older
and newer burrow camera models have found that new technologies
result in more detections of active burrows (Lavers et al. 2019),
which could be a factor in the different occupancy rates found by
Guicking et al. (1999) and our study. It is also possible that reduced
chick-harvest and reduced associated damage to burrows could have
increased burrow occupancy rates since the 1990s. In comparing our
results to those of Ibarra-Vidal & Klesse (1994) and Guicking et al.
(1999), it is notable that neither previous study reported uncertainty
in their population estimates, making it difficult to compare or assess
the potential sources of error.

The population estimate for Isla Mocha used in the species’ ACAP
listing and Canadian national conservation assessment was 19440
pairs (Azécar et al. 2013, COSEWIC 2016). This was based on a
total burrow estimate of 27 156 burrows (Muiioz 2011) and a burrow
occupancy of 0.715 (derived from the same long-term burrow
occupancy study data we used, with fewer years). Importantly,
those conservation assessments did not report uncertainties of
either burrow density or occupancy (Azdcar et al. 2013, COSEWIC
2016). The burrow estimate from Munoz (2011) was based on a
reported burrow density of 0.03648 burrows:-m™ (SD = 0.0936)
within suitable habitat. It is notable that the SD exceeded the mean
in that result, indicating a large amount of uncertainty. A likely
driver of the differences between our results and the estimate used
by the conservation assessments (Azécar et al. 2013, COSEWIC
2016) was the amount of potential habitat included in the burrow
estimate. Both our design- and model-based results included 15.68
km? of potential habitat, whereas Mufioz’s (2011) burrow count
model included only 0.74 km? of potential habitat. The Mufioz
(2011) burrow estimate excluded habitat at < 210 m elevation on

slopes < 37°, as well as all interior-facing slopes. In contrast, we
found burrows in study plots at elevations as low as 160 m on
slopes as low as 10°, and on interior-facing slopes (although we
did not try to quantify interior vs. exterior facing slopes because
we deemed this too subjective to accurately measure on Isla
Mocha). Several plots with relatively high burrow densities were
located below 210 m elevation. In the course of fieldwork, we also
opportunistically documented several large aggregations of burrows
at lower elevations, including approximately 50 burrows at 120 m
and approximately 100 burrows at 150 m (these were not in plots
and were not included in our results; T. Varela, pers. obs.). Thus, the
suitable habitat cutoffs identified by Mufioz (2011) likely resulted
in exclusion of a substantial amount of appropriate nesting habitat
and a lower extrapolated total burrow abundance estimate.

The comparison of our results with previous studies indicates that
large differences in breeding population estimates can be caused by
the use of different burrow occupancy multipliers, suitable habitat
definitions, and sampling methodologies (Sutherland & Dann 2012,
Bird et al. 2021). Burrow occupancy is difficult to measure for an
entire island because occupancy rates may vary over space and
time, non-breeding birds may be present in burrows, and there is
observer error associated with viewing the contents of long, complex
burrows (Sutherland & Dann 2012, Lavers et al. 2019). Our burrow
occupancy metric incorporated nine years of inter-annual variability,
and it included spatial variability by monitoring five sub-colonies in
different parts of Isla Mocha. However, we sampled the same areas
of relatively high burrow densities each year and did not sample
lower-density burrow areas that could have different occupancy rates.
The effect of habitat and burrow density on occupancy is variable
across species and islands. For example, burrow occupancy rates
varied significantly by habitat or stratum for Blue Petrels Halobaena
caerulea (Dilley et al. 2017), Sooty Shearwaters Ardenna grisea
(Clark et al. 2019), Wedge-tailed Shearwaters Puffinus pacificus
(Felis et al. 2020), and Buller’s Shearwaters Puffinus bulleri (Friesen
et al. 2021), but not for Cook’s Petrels Pterodroma cookii (Rayner
et al. 2007). Despite these issues with estimating burrow occupancy,
the amount of suitable habitat included in each study was a far greater
driver of the differences between various population estimates of
Pink-footed Shearwaters on Isla Mocha.

Model results indicated that the presence of Pink-footed Shearwaters
on Isla Mocha was positively correlated with habitat having steeper
slopes and higher elevations, as has been identified by other authors
(Bullock 1935, Guicking et al. 1999, Muifioz 2011). The preference
for nesting at higher elevations and/or steep slopes is similar to
many other Procellariid species (Rayner er al. 2007, Whitehead
et al. 2014, Clark et al. 2019, Friesen et al. 2021). Isla Mocha is
densely forested, and Pink-footed Shearwaters frequently climb
trees in order to access an unimpeded path to take off from breeding
colonies (Carle et al. 2022). Thus, steep, high elevation areas might
provide Pink-footed Shearwaters suitable locations for unimpeded
take-offs, such as trees overhanging cliffs or steep slopes. Given
that some Pink-footed Shearwaters nest on relatively flat areas near
sea level on the Juan Ferndndez Islands (Carle et al. 2022), the
preference for high, steep, remote areas on Isla Mocha could also
be related to the > 3000-year habitation of the island and associated
lower-elevation habitat modification (Campbell 2015, Campbell &
Pfieffer 2017). Archaeological evidence at a site at 125 m elevation
on Isla Mocha indicated that human-related forest-type conversion
from large trees to shrubs and forbs occurred there around
1760 years before present (LeQuesne et al. 1999). Introduced
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mammalian predators could also limit shearwater nesting at lower
locations. Cats Felis catus, dogs Canus lupus familiarus, and rats
Rattus spp. regularly occur in high-elevation shearwater breeding
colonies on Isla Mocha (Hahn et al. 2016, Carle et al. 2021), but
they may be more prevalent at lower elevations closer to human
habitations.

The number of burrows per plot showed different relationships to
habitat than the presence/absence of shearwater burrows (Tables
3, 4). Elevation was not a significant predictor of higher burrow
counts, but more burrows were located in plots closer to the coast
that had lower TPI scores (indicating lower or similar elevations
to the mean elevation of the surrounding area), greater canopy
heights, and lower slopes. The relationships with distance to coast
might be explained by birds preferring to nest closer to the ocean
for ease of commuting to foraging areas, or because the edges of the
island are steeper and easier to take off from than the relatively flat,
densely forested interior. Lower TPI values may be explained by
the prevalence of Pink-footed Shearwaters nesting in the middle of
sloping surfaces or near the base of steeper slopes, where exposed
tree roots facilitate burrow excavation.

Our population estimate for Isla Mocha increases the world
breeding population estimate for Pink-footed Shearwaters from
approximately 30000 breeding pairs to approximately 140000
breeding pairs. At-sea abundance estimates also indicate a Pink-
footed Shearwater population in the range of hundreds of thousands;
during 1975-1983, an estimated ~530000 individuals were present
off-shore of southern and central California (based on aerial surveys
and density extrapolations; Briggs et al. 1987), which is only a
portion of the overall non-breeding range (Felis e al. 2019). More
recently, Leirness ef al. (2021) modeled at-sea seabird densities
based on > 20 years of at-sea survey data for California Current
waters off California, Oregon, and Washington, which summed
to an estimate of ~347 000 Pink-footed Shearwaters in the boreal
summertime (Leirness et al. 2021). Although these at-sea estimates
also include immature non-breeding birds and are, therefore, greater
than the breeding population, they likely do not represent the entire
world population due to exclusion of waters off Mexico and Peru,
which are also heavily used by Pink-footed Shearwaters in the
non-breeding season (Felis et al. 2019). It is unlikely that a global
breeding population as small as previously estimated (~30000
pairs) could support such large overall at-sea populations based on
estimated ratios of breeding adults to immature birds for similar
seabird species (1.2:1-1.6:1; Furness 2015).

Our new estimate indicates a larger breeding population of Pink-
footed Shearwaters on Isla Mocha than previously thought, but
with its restriction to only three breeding localities world-wide, the
species remains vulnerable. Our estimation that > 90% of the world
population of Pink-footed Shearwaters nests on Isla Mocha highlights
the island’s importance for the conservation of the species as a whole.
Mortality from fisheries bycatch is a particularly serious threat to the
species because the foraging range of breeding birds on Isla Mocha
overlaps extensively with central Chilean Anchoveta Engraulis
ringens and Common Sardine Strangomera bentincki purse-seine
fisheries (Suazo et al. 2014, Carle et al. 2019, Adams et al. 2019).
High bycatch rates of Pink-footed Shearwaters in those fisheries alone
(i.e., > 1500 birds directly observed caught as bycatch during 2015—
2017 with 16%-23% and 1%—-2% observer coverage of industrial
and artisanal fisheries, respectively; Vega et al. 2018) may threaten
the stability of the Isla Mocha population, and thereby the world

population. Birds breeding on Isla Mocha also face a variety of land-
based threats, such as predation from introduced cats, dogs, and rats,
which regularly occur in shearwater breeding colonies there (Carle et
al. 2021). Chick harvesting by humans became illegal in 1998, but
poaching remains a conservation concern on Isla Mocha (COSEWIC
2016), as does further habitat modification and introduction of
additional non-native species due to a lack of biosecurity (Carle et al.
2021, Loépez et al. 2021). Fallout of shearwaters from light pollution
is also an increasing issue on Isla Mocha and Isla Robinson Crusoe
(Silva et al. 2020, Lopez et al. 2021, Colodro et al. 2023). Our
updated understanding of the Isla Mocha Pink-footed Shearwater
breeding population will help prioritize conservation action for the
species in the face of these continuing serious threats.
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