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Population growth estimates of a threatened seabird
indicate necessity for additional management following
invasive predator eradications
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Abstract
The eradication of invasive predators from islands is a successful technique to safeguard seabird populations, but adequate post-eradication monitoring of native species is often lacking. The Whenua Hou Diving Petrel (Pelecanoides
whenuahouensis; WHDP) is a recently-described and ‘Critically Endangered’ seabird, restricted to Codﬁsh Island (Whenua Hou), New Zealand. Invasive predators,
considered the major threat to WHDP, were eradicated on Codﬁsh Island in 2000.
However, estimates of WHDP population size and trends remain unknown, hindering assessments of the success of the eradications. We collated intermittent burrow
counts (n = 20 seasons) conducted between 1978 and 2018. To estimate the population growth rate (k) before and after predator eradications, we used log-linear
models in a Bayesian hierarchical framework while retrospectively accounting for
differences in detection probabilities among burrow counts, due to differences in
effort, marking and timing. The number of WHDP burrows was estimated at 40
(36–46) in 1978 and 100 (97–104) in 2018. The pre-eradication k was estimated at
1.023 (0.959–1.088), while the post-eradications k was estimated at 1.017 (1.006–
1.029). The WHDP population appears to be increasing, yet the rate of increase is
low compared to other Procellariiformes following predator eradications. The comparatively low post-eradication k, combined with an apparent lack of change
between pre- and post-eradication k, indicates that additional threats might be limiting WHDP population growth and that further conservation management is
required. The continuation of affordable and simple, albeit imperfect, monitoring
methods with retrospective corrections facilitated the assessment of invasive predator eradications outcomes and should guide future management decisions. An
abstract in Te Reo M
aori (the Maori language) can be found in Appendix S1.

Introduction
Close to two-thirds of all recently reported extinctions have
occurred on islands, the majority of which have been attributed to predation from invasive species (Tershy et al., 2015;
Jones et al., 2016). To counter the detrimental effects of
invasive predators, eradication attempts are conducted on
many islands. Native species generally respond positively to
eradication efforts. Over 200 animal species found on islands
have beneﬁted from invasive predator eradications through
increases in abundance and/or distribution (Jones et al.,
2016; Brooke et al., 2018a). Given these beneﬁts, eradications of invasive predators have become a popular conservation practise with at least 850 island-wide eradications
around the globe between 1950 and 2015 (DIISE, 2015).
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Invasive predator eradications from islands often play a
key role in seabird conservation, as many seabird species
breed on islands, or are even endemic to them (Taylor,
2000a 2000b; Spatz et al., 2017; Brooke et al., 2018a;
Rodriguez et al., 2019). Seabirds, and notably members of
the order Procellariiformes, are one of the most threatened
taxonomic groups on the planet (Croxall et al., 2012; Rodriguez et al., 2019). Many Procellariiformes are K-strategists
(i.e., low fecundity and high longevity). Therefore, these species are highly susceptible to the reduced hatching/ﬂedging
success and heightened adult mortality that are typical consequences of invasive predators (Jones et al., 2007; Spatz
et al., 2017; Brooke et al., 2018a; Rodriguez et al., 2019).
Smaller species (<1 kg) are especially susceptible to invasive
predators (Jones et al., 2007). While Procellariiformes are K-
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strategists, they can respond surprisingly quickly and positively to invasive predator eradications (Jones, 2010; Brooke
et al., 2018a). However, despite the clear conservation gains
of invasive predator eradications, systematic post-eradication
monitoring remains rare (Jones et al., 2016), hindering the
evaluation of success and assessments of complementary
threats (Spatz et al., 2017; Towns, 2018).
Codﬁsh Island (Whenua Hou), New Zealand, hosts a
diverse community of small Procellariiformes and invasive
predators were eradicated from the island to restore this seabird community (Middleton, 2007). Speciﬁcally, Weka (Gallirallus australis; a predatory bird species native to New
Zealand but invasive to Codﬁsh Island; Taylor, 2000a) were
eradicated in 1984, followed by brush-tailed possums Trichosurus vulpecula in 1987, and Polynesian rats Rattus exulans in 2000 (dates here represent the year in which the
eradications were completed; Brown & Sherley, 2002;
McClelland, 2002; Middleton, 2007). One of the Procellariiform species that breeds on Codﬁsh Island is the “Critically
Endangered” Whenua Hou Diving Petrel Pelecanoides whenuahouensis; WHDP hereafter. This species faced major range
restrictions and population declines due to the impacts of
invasive predators and is now restricted to a single colony
on Codﬁsh Island, New Zealand (Taylor, 2000b; Holdaway,
Jones & Athﬁeld, 2003; Fischer et al., 2018a). While invasive predators have been removed from Codﬁsh Island, little
is known about past and contemporary population estimates
and trends of the WHDP, hindering any assessment of the
population responses to the eradication efforts.
To better understand the effects of the eradications of
invasive predators on the WHDP, we collated intermittent
WHDP burrow counts (n = 20) between 1978 and 2018. We
then modelled the annual WHDP population growth rates
over two biologically relevant time periods: the pre-eradication period (1978–85) and the post-eradication period (2002–
18). We accounted retrospectively for differences in detection
probability among burrow counts due to differences in effort,
marking, and timing, using expert elicitation and data on patterns of WHDP attendance at burrows. Finally, we used the
existing literature to compare the annual WHDP population
growth rate post-eradications with the post-eradication
growth rates of other Procellariiformes species on Codﬁsh
Island.
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peninsula (Worthy, 1998; Taylor, 2000b; Holdaway et al.,
2003; Wood & Briden, 2008; Fischer et al., 2017b). Today,
the WHDP is restricted to Codﬁsh Island (Whenua Hou,
14 km2, Fig. 1) located circa 3 km west of Stewart Island
(Rakiura), New Zealand. We conducted our study within the
only WHDP colony, which is located in the Sealers Bay
dunes (-46.766˚ S, 167.645˚ E; Fischer et al., 2017a, 2018b).
WHDPs breed in burrows in these dunes from early September to late January, but colony attendance varies with breeding stages (i.e., the species’ phenology), which complicates
burrow counts.

Burrow counts
We collated intermittent counts of WHDP burrows based on
(1) our own WHDP burrow counts (1991–93, 2002–04,
2008, 2015–18), (2) the scientiﬁc literature, and (3) unpublished management reports from the New Zealand Department of Conservation (DOC) (Table 1). All burrow counts
were conducted by walking the entirety of the extremely
small (approx. 0.018 km2) colony back and forth (Taylor &
Cole, 2002; Fischer et al., 2018b). After the ﬁrst count in
1978 (the year in which the colony was discovered; Imber &
Nilsson, 1980), all detected burrows were marked with
stakes during each count (Cox, 1991, R Nilsson pers. comm.
2018). When we found more than one count per season in
the literature, we used the earlier count. We only considered
counts of occupied WHDP burrows, because not all open
burrows in the study area are occupied. We assessed burrow
occupancy through stick palisades, sometimes in combination
with playback/human mimics (Imber & Nilsson, 1980; Taylor, 1991; Taylor & Cole, 2002; Fischer et al., 2018b). As
occupancy assessments require > 1 day, we excluded counts
conducted within a single day. Here, we report the calendar
year in which the season started.

Modelling population WHDP growth rates
To estimate the yearly rate of WHDP population growth
before and after the invasive predator eradications on

Materials and methods
Study species and study area
The Whenua Hou Diving Petrel is a small (~130 g) Procellariiform seabird, which was previously considered conspeciﬁc with the South Georgian Diving Petrel (P. georgicus;
Fischer et al., 2018a). Following the designation as a new
species, the WHDP warrants listing as ‘Critically Endangered’ on the IUCN Red List (Fischer et al., 2018a).
WHDPs were historically widespread through southern New
Zealand, but predation by invasive species caused local
extinctions throughout their range, including the Chatham
Islands, Auckland Islands, Stewart Island and the Otago
2

Figure 1 Location of the study site, Sealers Bay dunes, Codfish
Island (Whenua Hou), New Zealand, as indicated by the dark-grey
circle.
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Table 1. Raw Whenua Hou Diving Petrel burrow counts, number of survey days per count (d), marking of burrows, the timing of the count,
proportion of attendance (pa,t) and corresponding retrospectively corrected estimates (N^t with 95% credible intervals). N^t listed here are
based on pd,t distributions informed by all 11 experts
Marked

Timing with respect to phenology

pa,t

N^t

Source

2

No

Prospecting-incubation

0.962

40 (36–46)

32

2

Yes

Incubation

0.962

35 (32–39)

1981

33

2

Yes

Chick-rearing

0.734

45 (38–52)

1983

38

1

Yes

Chick-rearing

0.734

–

1985
1990
1991
1992
1993
1998
2002
2003
2004
2005
2006
2008
2015
2016
2017
2018

41
42
43
41
35
64
75
54
60
72
79
76
74
78
99
96

10
2
3
2
6
1
5
5
10
5
7
4
37
30
114
102

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Prospecting
Prospecting
Incubation
Incubation
Chick-rearing
Chick-rearing
Incubation
Incubation-chick-rearing
Incubation
Incubation
Chick-rearing
Chick-rearing
Incubation-chick-rearing-fledging
Prospecting-incubation-chick-rearing-fledging
Prospecting-incubation-chick-rearing-fledging
Prospecting-incubation-chick-rearing-fledging

0.902
0.902
0.962
0.962
0.734
0.734
0.962
0.962
0.962
0.962
0.734
0.734
0.962
0.962
0.962
0.962

45 (42–50)
48 (44–54)
45 (43–49)
45 (41–49)
49 (42–57)
–
78 (75–81)
57 (54–60)
63 (60–66)
75 (72–78)
99 (90–108)
97 (88–106)
78 (74–82)
82 (78–86)
103 (99–107)
100 (97–104)

Imber & Nilsson, 1980, R Nilsson pers.
comm. 2018
West & Imber, 1989, R Nilsson pers.
comm. 2018
West & Imber, 1989, R Nilsson pers.
comm. 2018
West & Imber, 1989, A Cox in lit.
2018
West & Imber (1989)
Johnson & Rance (1990)
Taylor (1991)
Buckingham et al. (1995)
Cole & Roberts (1994)
Imber (1999)
Cole (2004)
Cole (2004)
Present study
Trainor (2008)
Trainor (2008)
Trainor (2009)
Fischer et al. (2018b)
Present study
Present study
Present study

Season

Count

1978

35

1980

d

Codﬁsh Island while retrospectively correcting estimates of
burrow counts, we ﬁtted log-linear models with a Poisson
error term in a Bayesian hierarchical framework. Speciﬁcally,
we ﬁtted the data to:
logN t ¼ a þ rt þ et

(1)

in which Nt is the number of WHDP burrows at year t, a is
logN0 (the number of WHDP burrows at year 0), r is the log
k (the ﬁnite rate of increase), t is the number of years
between 0 and t, and et is random annual variation (Caughley, 1977; Caughley & Sinclair, 1994). We used log-linear
models because we assumed the WHDP population to exhibit
exponential growth rates. We considered the number of burrows counted each year to be a sampled from a binomial distribution:

N t  B N t; pt
(2)
in which pt is the probability that a burrow was detected in
year t. We modelled the expected variation in pt as:
d
pt ¼ 1  1  pd;t pa;t ;
(3)
in which pd,t is the daily probability that a burrow was
detected and identiﬁed as occupied by WHDPs, d is the number of survey days in year t, and pa,t is the proportion of the
WHDP burrows that were attended to at the time of the
breeding season that the count was conducted. We thus retrospectively accounted for imperfect detection in WHDP
Animal Conservation  (2019) – ª 2019 The Zoological Society of London

burrow counts by modelling (1) the search effort each year,
(2) the marking of the burrows, and (3) the timing of the
count in relation to the species’ phenology.
To obtain probability distributions for pd,t, we (JHF, DPA
and HUW) designed an expert elicitation based on the Delphi method (Linstone & Turoff, 1975; Kuhnert, Martin &
Grifﬁths, 2010; Martin et al., 2012). We consulted every living person who had conducted a WHDP burrow count and
considered them an expert (excluding JHF, but including
GAT, RC, and ID; n = 18). Our approach (Delphi method)
consisted of two rounds. In round one, we asked experts
independently to provide us with a three-point estimate (their
best guess, the minimum and the maximum) of pd, provided
the colony is (1) marked or (2) unmarked. We thus
requested separate values for a marked (i.e., after 1978) and
an unmarked colony (i.e., 1978) from the experts, allowing
us to adjust pd,t according to whether burrows were marked
that year. We assumed that pd was otherwise constant (e.g.,
no variation due to learning curves of observers, changes in
dune vegetation, or other factors that may have varied
among years other than marking). In addition, we assumed
that all burrows were equally likely to be detected and that
misidentiﬁcation of WHDP burrows was impossible. The
experts were aided in their decision in round one by a graph
depicting hypothetical detection probabilities (pd = 0.1–0.9)
as a function over time (Fig. S1). We then compiled
responses (n = 11; 61%) and sent anonymous summary
statistics to each respondent, allowing them to adjust their
initial response (round two; Linstone & Turoff, 1975;
3
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Kuhnert et al., 2010; Martin et al., 2012). Only one response
(6%) was adjusted in round two (Fig. 2). We obtained beta.PERT distributions (Clark, 1962) for pd,t based on the threepoint estimates from the expert responses in round two.
To obtain a meaningful numerical value for pa,t, we monitored WHDP burrows during the entire 2017 and 2018 season (n = 86 and 81, respectively). Speciﬁcally, we monitored
the daily activity of these burrows using stick palisades
(Imber & Nilsson, 1980; Taylor & Cole, 2002; Fischer
et al., 2018b) to create an attendance curve throughout the
season. At the same time, we monitored a subset of burrows
in 2017 and 2018 (n = 29 and 25, respectively) with a burrowscope (Taupe model, Sextant Technologies, Wellington,
New Zealand; Lavers, Hutton & Bond, 2019) to assess mean
dates of key phenology events (i.e., lay, hatch, and ﬂedge
dates). We summed the daily burrow attendance per week
and allocated these into phenologically relevant stages based
on the timing of the count (i.e., prospecting, incubation,
chick-rearing or ﬂedging). We then obtained pa,t by averaging the weekly values per phenological category. When
counts fell into several phenological stages, we allocated the
count into the category with the highest pa,t. We assumed
that the timing of key phenology events during the 2017 and
2018 season were representative off previous seasons.
We used Equation 1–3 to estimate k for two biologically
relevant time periods: before and after the predator eradications. To estimate the k before the predator eradications, we
ﬁtted a model to data between 1978 and 1985. We used the
1978–1985 timeframe because we anticipated a 2-year lag
(i.e., the average age at ﬁrst breeding; Miskelly & Taylor,
2004, 2007) of the WHDP population to respond to eradication efforts, in the absence of immigration (Codﬁsh Island
hosts the only WHDP colony). To estimate k after the predator eradications, we ﬁtted a model to data between 2002 and
2018. In addition, to explore the inﬂuence of the expert
^ t and ^k, we repeated our analysis
assessment of pd,t on N
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three times using distributions for pd,t that were informed by:
(1) the average best guess, minimum and maximum from all
experts, (2) the values provided by the most pessimistic
expert, and (3) the values provided by the most optimistic
expert.
We ﬁtted the models using OpenBugs 3.2.3, which uses
Markov chain Monte Carlo (MCMC) algorithms to obtain
posterior distributions for parameters, allowing all sources of
error to be propagated into those distributions (Lunn et al.,
2000; Spiegelhalter et al., 2014). We used uninformative priors (N[0, 10]) for a and r. In most cases we pooled three
independent MCMC chains with 100 000 iterations each
after a “burn-in” of 50 000 iterations, resulting in posterior
distributions based on 150 000 iterations. Inspection of the
^ showed slow convergence of
Gelman-Rubin statistic (R)
chains for the pre-eradication data based on pessimistic values for pd,t, so we increased the number of iterations to
2 100 000 with a burn in of 50 000, giving satisfactory con^ < 1.05) (Paxton et al., 2016).
vergence for all estimates (R
We report posterior distributions of Nt and k as
means  95% credible intervals (CI).

Comparison with other Procellariiformes
We compared the k of the WHDP population after the eradications of invasive predators with the post-eradication k of
other small Procellariform populations breeding on Codﬁsh
Island. Speciﬁcally, we used existing literature to source Nt
of both Cook’s Petrels (Pterodroma cookii; ~190 g) and
Mottled Petrels (P. inexpectata; ~315 g) on Codﬁsh Island
and calculated the k post eradications using Equation 1
(Marchant & Higgins, 1990). When population estimates
were reported as a range only, we used the midpoint as Nt.
As published estimates of both Cook’s and Mottled Petrels
lacked detail (e.g., details of historic counts were lost and/or
counts were only conducted in small parts of the colonies),

Figure 2 Violin plots illustrating the distribution of best guesses of detection probabilities (pd) of WHDP burrows in marked/unmarked systems, as provided by experts (n = 11) during the two rounds of an expert elicitation following the Delphi method.
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we did not apply Equation 2 and 3 to retrospectively correct
these estimates.
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1978 to 100 (97–104) WHDP burrows in 2018 (Fig. S3),
the pre-eradication k was estimated at 1.038 (0.975–1.103),
and post-eradication k was estimated at 1.017 (1.006–1.029).

Results
Comparison with other Procellariiformes
WHDP population growth rates
A total of 20 raw WHDP burrow counts were collated from
1978 to 2018 (one per breeding season), but two single-day
counts were excluded from our analyses (Table 1). The estimates of daily detection probability (pd,t) obtained by averaging the data from the 11 experts were 0.832
(minimum = 0.761, maximum = 0.898) in a marked colony
and 0.662 (0.578–0.749) in an unmarked colony (Fig. 2).
The data from the most pessimistic expert produced an of
pd,t of 0.30 (0.01–0.60) for a marked system and 0.20 (0.01–
0.40) for an unmarked system. The data from the most optimistic expert produced an estimate of pd,t of 0.99 (0.97–
1.00) for a marked system and 0.99 (0.95–1.00) for an
unmarked system. The proportion of attended WHDP burrows (pa,t) per phenological stage was as following:
prospecting: September - mid October pa,t = 0.902; incubation: mid-October – late November pa,t = 0.962; and chick
rearing: late November – mid-January pa,t = 0.734 (Fig. 3).
No counts were conducted solely during ﬂedging.
When using pd,t data informed by the 11 experts, the esti^ t ) varied from 40 (36–
mated number of WHDP burrows (N
46) in 1978 to 100 (97–104) in 2018 (Table 1, Fig. 4), the
pre-eradication k (1978–85) was estimated at 1.023 (0.959–
1.088), and the post-eradication k (2002–18) was estimated
at 1.017 (1.006–1.029) (Fig. 5). However, when using the
^ t varied
pd,t data informed by the most pessimistic expert, N
from 59 (48–72) in 1978 to 100 (96–104) in 2018 (Fig. S2),
the pre-eradication k was estimated at 0.915 (0.833–0.991),
and the post-eradication k was estimated at 1.014 (1.002–
1.026). When using the pd,t data informed by the most opti^ t varied from 36 (35–39) WHDP burrows in
mistic expert, N

The Cook’s Petrel population on Codﬁsh Island grew from
100 burrows in 1980 to approximately 5000 (3500–7000)
burrows in 2007. The k for this period for Cook’s Petrel
was 1.156 (Fig. 5). The Mottled Petrel population on Codﬁsh Island grew from 10 000–50 000 burrows in 1980 to
300 000-400 000 burrows in 1996. The k for this time period for Mottled Petrel was 1.155.

Discussion
We presented WHDP burrow estimates for the last four dec^ t = 40 (36–46) burrows in 1978
ades, which ranged from N
^ t = 100 (97–104) burrows in 2018 (using pd,t data averto N
aged from the 11 experts). Under the assumption that every
burrow was occupied by two adults, these estimates would
equate to 80 (72–92) adults in 1978 and 200 (194–208)
adults in 2018. These estimates highlighted that the WHDP
population slowly increased over the last 40 years but
remains very low. In addition, we also presented the ﬁrst
estimates of the annual population growth rate of the
WHDP. The pre-eradication k (1978–85) was 1.023, while
the post-eradication k (2002–18) was 1.017 using pd,t data
informed all 11 experts. Both estimates of Nt and k (based
on pd,t data informed all 11 experts) indicated that the
WHDP population was slowly increasing before invasive
predator eradications and still is slowly increasing afterwards.
Comparing raw burrow counts with our estimates derived
from retrospective corrections highlighted the importance of
accounting for differences in detection probability among
burrow counts due to differences in effort and timing.

Figure 3 The proportion of Whenua Hou Diving Petrel burrows that were attended to (pa,t) in relation to key phenology events (prospecting,
incubation, chick-rearing or fledging) during the 2017 (triangles; n = 86) and the 2018 (circles, n = 81) breeding seasons. Dotted lines represent mean lay (09 October), hatch (26 November) and fledge dates (11 January).
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Figure 4 Raw Whenua Hou Diving Petrel burrow counts (crosses) and retrospectively corrected estimates (N^t ; filled circles with 95% credible intervals), based on pd,t distributions informed by all 11 experts, in relation to invasive predator eradications (dotted lines).

Figure 5 Estimates of yearly rates of WHDP population growth (k),
before and after eradications of invasive predators (filled circles
with 95% credible intervals; orange = based on pd,t distributions
informed by most pessimistic expert, black = based on pd,t distributions informed by all 11 experts, and green = based on pd,t distributions informed by most optimistic expert), in comparison with
estimates of Cook’s Petrel (hollow triangle) and Mottled Petrel (hollow square) k post eradications. Cook’s and Mottled Petrel population k are based on (Robertson & Bell, 1984; Taylor, 2000a; Imber,
West & Cooper, 2003; Rayner, Parker & Imber, 2008).

Seasons in which counts were conducted during chick-rearing (i.e., counts with the lowest pa,t) had the greatest differ^ t . Furthermore,
ence between the raw burrow counts and N
burrow counts with a low number of survey days (d)
^ t with larger credible intervals, highlighting the
resulted in N
importance of spending adequate time in the ﬁeld
6

(MacKenzie et al., 2002, 2003). The increased conﬁdence in
estimates caused by increased survey effort is also apparent
in the k estimates. The time spent in the WHDP colony after
the eradications is considerably higher than before the eradications. Consequently, the k estimates post-eradications do
not vary, even with different distributions for pd,t. In contrast, the pre-eradication k vary substantially under different
distributions for pd,t. Most noticeably, when using the pd,t
data informed the most pessimistic expert, the pre-eradication
k indicated a decreasing WHDP population (k = 0.915).
However, when compared to detection probabilities of burrows of other Procellariiform species that breed in more vegetated habitats than the WHDP (Barbraud et al., 2009; Defos
du Rau et al., 2015), the pd,t distributions informed by the
most pessimistic expert appeared to be underestimates. As
such, the pd,t distributions based on values provided by all
eleven experts seemed a more realistic estimate.
The post-eradication k of the WHDP population contrasted with the k of other small Procellariiformes post eradications. For example, the population doubling time (td) for
the Cook’s (td = 4.49 years) and Mottled Petrels
(td = 4.52 years) on Codﬁsh Island was 9.2 and 9.1 times
shorter, respectively, than the population doubling time of
the WHDP (td = 41.18 years) (Caughley & Sinclair, 1994).
The average population growth rate of 24 Procellariiform
populations (17 small [< 1 kg] species) after invasive predator eradications was k = 1.079 (populations established after
the eradications were excluded; Brooke et al., 2018a). Therefore, the average population doubling time of small Procellariiformes population was td = 8.86 years, which is 4.65
times shorter than the td of the WHDP. Brooke et al.
(2018a) highlighted that many seabird species respond
rapidly to eradications, potentially due to a pool of immature
birds. Our intermittent time series did not cover the two
years after the eradications (2000-2002; the timeframe in
which WHDP immatures would have responded; Miskelly &
Taylor, 2004, 2007), preventing assessments of WHDP
Animal Conservation  (2019) – ª 2019 The Zoological Society of London
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responses immediately after the eradications. Regardless of
this shortcoming in our study, the population responses of
most other Procellariiformes post-eradication efforts were
considerably higher than the population response of the
WHDP.
The lack of change between the pre- and post-eradication
k and the low post-eradication k indicated that after the invasive predator eradications other factors remained that limit
the WHDP population growth and that additional management is required. Various factors could be limiting WHDP
population recovery. The distinct preference of the WHDP to
only breed in fragile foredunes suggests that the species is
extremely vulnerable to storms and storm surges (Fischer
et al., 2018b). For example, a storm in October 2003 eroded
the foredune in which the WHDP breeds, caused nest failures, and increased adult mortality (Cole, 2004). A translocation could reduce the vulnerability of the WHDP to these
stochastic events (Miskelly & Taylor, 2004; Miskelly et al.,
2009). Density dependence could be another explanation to
the limited population growth of the WHDP. However, diving petrel colonies have been shown to reach much higher
densities (e.g., 6 burrows/m2; Taylor, 2000b) than the current
density of the WHDP colony (0.006 burrows/m2). Negative
interspeciﬁc interactions between the WHDP and the Common Diving Petrels (Fischer et al., 2017a) could also be limiting population growth. While the (meta)population of the
Common Diving Petrel within the WHDP colony appeared
small (Taylor & Cole, 2002; Fischer et al., 2018b), measures
reducing interspeciﬁc interactions (e.g., burrow ﬂaps; Gummer et al., 2015) could be considered. Furthermore, no pelagic threats to the WHDP have been assessed to date.
Therefore, its pelagic distribution and associated threats,
including deck strikes, accidental bycatch in commercial ﬁsheries or environmental variability, should be investigated
(Taylor, 2000a, 2000b; Black, 2005; Pardo et al., 2017).
While we were unable to identify the factor(s) limiting
WHDP population growth, our study illustrated the value of
inexpensive and simple, albeit imperfect, ﬁeld data in combination with retrospective corrections to evaluate the success
invasive predator eradications. Eradications of invasive
predators from islands have been extremely successful in
restoring seabird populations (Jones et al., 2016; Spatz et al.,
2017; Brooke et al., 2018a) and the eradications on Codﬁsh
Island clearly were beneﬁcial for the Cook’s and Mottled
Petrel populations (Fig. 5). Yet, eradications of invasive
predators do not exclude the need for follow-up conservation
measures (e.g., a translocation for WHDPs). Brooke et al.
(2018a) found that seven seabird populations did not respond
to eradication efforts (e.g., Gould’s Petrel Pterodroma gouldii) and at least 23 seabird populations responded negatively
(k < 1), suggesting that the limited population response of
the WHDP was not an isolated case. Due to the prevalent
assumption that native species will be secured following
island eradications, monitoring of native fauna post-eradication is rare and thus cases requiring additional management
are unlikely to be recognized (Jones et al., 2016; Brooke
et al., 2018a,2018b; Towns, 2018). The “unavailability of
economical ways to measure change” was listed as another
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impediment to post-eradication monitoring (Towns, 2018). In
addition, the allocation of sparse funds towards (1) monitoring the responses of native species following eradications or
(2) future eradications continues to be debated (Brooke
et al., 2018b). This conundrum is aggravated by the longevity of seabirds (among other long-lived species), as the posteradication monitoring of these species would ideally span
decades, further elevating monitoring costs (Brooke et al.,
2018a,2018b; Towns, 2018). Both Towns (2018) and Brooke
et al. (2018b) highlight the need for simple, inexpensive
monitoring methods that have the potential to assess eradication outcomes over extended time periods. Although detailed
(and thus often expensive) monitoring schemes following
invasive predator eradications (or even in general) are largely
missing (Paleczny et al., 2015; Towns, 2018), basic, but
imperfect data (such as burrow counts) do often exist (e.g.,
Taylor, 2000a,2000b). Our results demonstrate that relatively
inexpensive monitoring approaches (e.g., burrow-counts),
combined with retrospective corrections, can be informative
and allow for evaluations of management success across
extended time periods, even when monitoring has been intermittent. We thus advocate the use of imperfectly collected
historic data and recommend the continuation of similar simple and inexpensive monitoring methods post-eradications to
inform outcomes of invasive predator eradications and consequently, future conservation management.
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Figure S1. Hypothetical detection probabilities (pd) with values varying between 0.1 and 0.9 as a function of time to aid
experts in their decision-making during an expert elicitation.
Figure S2. Raw Whenua Hou Diving Petrel burrow counts
(crosses) and retrospectively corrected estimates (; ﬁlled circles with 95% credible intervals), based on pd,t distributions
informed by the most pessimistic expert, in relation to invasive predator eradications (dotted lines).
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(crosses) and retrospectively corrected estimates (; ﬁlled circles with 95% credible intervals), based on pd,t distributions
informed by the most optimistic expert, in relation to invasive predator eradications (dotted lines).
Appendix S1. Abstract in Te Reo M
aori/the Maori language.

Animal Conservation  (2019) – ª 2019 The Zoological Society of London

Graphical Abstract
The contents of this page will be used as part of the graphical abstract of html only. It will not be
published as part of main article.

The eradication of invasive predators from islands is a successful technique to safeguard seabird populations, but adequate
post-eradication monitoring of native species is often lacking. To estimate the population growth rate (k) of Whenua Hou diving
petrels (WHDP) before and after predator eradications, we used log-linear models in a Bayesian hierarchical framework while
retrospectively accounting for differences in detection probabilities among burrow counts, due to differences in effort, marking
and timing. Results showed a comparatively low post-eradication k and an apparent lack of change between pre- and post-eradication k, indicating that additional threats might be limiting WHDP population growth and that further conservation management
is required.

