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Simple Summary: Grey-faced Petrels breed on islands around the upper North Island of New
Zealand and raise one chick per year from September to December. We regularly (weekly or fort-
nightly) monitored the growth rates of chicks from 2011 to 2015 at the colony on Te Hāwere-a-Maki
(Goat Island). Monthly variation in tropical Pacific Ocean winds bringing warmer surface air temper-
atures was found to negatively affect the growth rates of chicks, ultimately causing important annual
differences in chick growth rates and colony productivity. This pattern is likely to be consistent
across other Grey-faced Petrel colonies on islands in the Hauraki Gulf. Measurements of chicks that
were not included in our study at the end of each breeding season showed no negative effects of
our regular monitoring on the growth rates of chicks in our study. Due to the combined impacts of
predation and climate, the Grey-faced Petrel colony on Te Hāwere-a-Maki remains at a constant size.

Abstract: Grey-faced Petrels (Pterodroma gouldi) are a colonial burrowing seabird predominantly
nesting on offshore islands of the upper North Island of New Zealand. We studied their annual
breeding biology and the impact of Southern Oscillation Index climatic effects by measuring colony
productivity and chick growth rates from 2011 to 2015 on Te Hāwere-a-Maki as unfavorable warmer
La Niña conditions changed to favorable cooler El Niño conditions. Across all five years, annual chick
hatching consistently occurred within a one-week period at the end of August but fledging variably
occurred over a three-week period following Christmas. Because ship rats are pest controlled on
Te Hāwere-a-Maki, we found only a slight reduction in breeding success with nearby predator-free
islands. However, chick growth and fledging rates were significantly higher under El Niño conditions
occurring towards the end of our study, rather than La Niña conditions at the start of our study. Our
regular handling of chicks for monitoring had no discernible impact compared to a set of control
chicks. The combined impacts of annual variation in predation and climate mean the Grey-faced
Petrel colony on Te Hāwere-a-Maki maintains a constant population size of around 100 burrows.

Keywords: climate; growth; petrel; reproduction; seabird; southern oscillation; survival

1. Introduction

For many species, survival and reproduction are affected by climatic variation over
the breeding period [1]. Climatic variation includes short-term localized weather events,
particularly extreme events such as heat waves, storms and flooding, and long-term re-
gional events, such as seasonal and annual variations. The impacts of long-term climate
variation are particularly profound for slow-breeding k-selected species with few and
altricial offspring [2]. Variations in climate, and consequent indirect effects on prey, can
have broad impacts on species [3]. The outcome of such impacts can be the difference
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between ‘good’ and ‘bad’ breeding years, leading to either population growth or decline,
respectively [4], and are likely to be exacerbated by predicted climate change [5].

Pelagic seabirds are highly mobile and for many species their foraging range can
be widespread over large marine areas [6]. Oceanic oscillations (naturally occurring at-
mospheric cycles affecting sea surface temperature, precipitation and wind direction)
can impact seabirds through multiple pathways including prevailing wind direction and
changes in prey availability due to sea surface temperature [7], but this impact can be
variable depending on species [8,9]. Nevertheless, seabird species must breed on land,
often in dense colonies. Colony breeding success is therefore impacted by both short-term
local events at their terrestrial breeding sites, such as predation and weather, and long-term
regional events at marine foraging grounds, such as oceanic oscillations [10]. The impact
of climate variation is further exacerbated during reproduction, when seabirds are an-
chored to breeding colonies and must tend not just to their own physical condition but also
that of their offspring and are thus most sensitive to changes in resource availability [11].
Such changes can occur gradually over decades due to oceanic oscillations [7].

The Grey-faced Petrel (Pterodroma gouldi) is a medium-sized winter breeding Procel-
larid classified as ‘least concern’ with an estimated 250,000 pairs breeding in the upper
North Island of New Zealand [12,13], although robust population size estimates and trends
are difficult to obtain [14]. Introduced mammalian predators are the primary threat to the
Grey-faced Petrel [15] and most colonies are found on predator-free offshore islands. How-
ever, weather is known to impact colony attendance [16] and climate variation, particularly
the El Niño Southern Oscillation (ENSO: El Niño or La Niña events), is also suspected
to impact Grey-faced Petrel colonies. In El Niño years, sea temperatures decrease, and
more southerly winds occur in northern New Zealand. In contrast, La Niña brings more
north-easterly winds and warmer seas towards northern New Zealand [17]

We investigated the annual breeding success of Grey-faced Petrels for five years over a
gradient of shifting ocean-atmosphere conditions from warming La Niña (2011) to cooling
El Niño (2015). We hypothesized that inter-annual variation in breeding success could in
part be explained by variations in at-sea conditions. Such variations have already been
shown to impact adult foraging strategies [18]. We thus predicted a strong gradient in
breeding success across the five years of our study correlating with the shifting ENSO
conditions over the period of our study.

2. Materials and Methods
2.1. Study Species

Grey-faced Petrels are gadfly petrels recently split from Great-winged Petrels
(Pterodroma macroptera) [19]. They are long-lived—up to 40 years—and commence breeding
at around five years of age [20]. Adults return to colonies at the start of March each year
prospecting burrows until the end of May, and after a pre-breeding exodus in June return
to lay a single egg at the start of July, which is alternately incubated by both parents and
hatches around the end of August. The chick is left alone and the parents return from
alternating short and long trips until the chick fledges around the end of December [21].

2.2. Study Site

We monitored the breeding biology of Grey-faced Petrels from 2011 to 2015 on
Te Hāwere-a-Maki, a 9.3 ha island lying 50 metres offshore from the University of Auck-
land Leigh marine laboratory in the Cape Rodney-Okakari Point (Goat Island) Marine
Reserve (Figure 1). The climate in Auckland is classified as warm temperate and maritime
with monthly temperatures averaging from 11.5 to 20.0 ◦C and annual rainfall just over
1000 mm. The island is covered in native broadleaf and podocarp forest and along the
coastal margins there is a single, widespread Grey-faced Petrel colony that supports a
breeding population of approximately 100 pairs. Most burrows can be found along the
southern landward coast. Reinfestation of introduced mammalian pests is common because
of the island’s proximity to the coast. Ship rats (Rattus rattus) annually swim across the
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50 m wide channel to reach Te Hāwere-a-maki [22] and during the course of our study were
managed ongoingly around the colonies with snap-traps [23]. Further south on the east
coast lying further offshore are the larger islands of Motuora (79.8 ha) and Tiritiri Matangi
(187.6 ha), which we monitored only in 2011 to investigate consistency in chick growth
rates and survival across islands. Introduced rats have historically been eradicated from
Tiritiri Matangi (1993) and have never been present on Motuora [24]. Both islands were
farmed but have been restored to native broadleaf forest over recent decades. All three
islands are managed by the New Zealand Department of Conservation as reserves with
public access.

Tiritiri
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0 1000 2000500
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Figure 1. North Auckland, New Zealand, with study islands inset.

2.3. Field Methods

On Te Hāwere-a-Maki, we annually identified 22 suitable burrows for monitoring
when adults were incubating eggs in July, selecting burrows based on the presence of an
incubating adult and our ability to regularly handle and monitor chicks (where necessary
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and possible through a study entrance located by the burrow chamber). Although pairs
tend to be monogamous and re-use the same burrow each year, we did not necessarily
monitor the same burrows each year. On Motuora and Tiritiri Matangi, we monitored
24 and 15 burrows, respectively. All adults and chicks handled were marked with a
uniquely numbered steel ring to enable individual re-identification. The colony was
visited either weekly or fortnightly (Table 1), weather dependent, to assess burrow status
(egg, chick, abandoned) and take morphological measurements of chicks. Around egg
hatching and chick fledging, weekly visits were increased to twice a week to obtain more
accurate estimates of these dates. We took five morphological measurements of chicks
at each inspection: body mass (grams) using a 1000-g Pesola scale, maximum flattened
chord wing length (mm) using a steel butt-stopped rule, and false tarsus length (mm),
bill culmen length (mm) and bill depth at nostrils (mm) using a pair of calipers (see [25]),
although bill measurements were not subsequently used in analysis. From 2011 to 2013,
we also measured unmonitored chicks on Te Hāwere-a-Maki once only at the end of the
breeding season as a control to determine whether our regular handling of chicks may have
negatively affected their growth rates. Successful fledging was assumed when chicks were
last recorded in adult plumage and good health just prior to expected departure, and on a
subsequent inspection no further sign was found. We calculated the percentage of eggs
hatched and percentage of chicks fledged (from eggs laid).

2.4. Statistical Methods

We tested for any differences in hatching and fledging proportions across islands and
years using analysis of variance. We tested for any effect of our handling on chick body
masses with an analysis of variance comparing study and control chicks on Te Hāwere-
a-Maki with year as a covariate. We then conducted three growth rate investigations:
(i) whether growth curves differed across islands in 2011 (‘island effect’); (ii) whether growth
curves differed annually from 2011 to 2015 on Te Hāwere-a-Maki (‘annual effect’); and
(iii) whether growth curves differed with the monthly Southern Oscillation Index from 2011
to 2015 on Te Hāwere-a-Maki (‘climate effect’). Although growth curves would fit a more
biologically appropriate model to growth rates, they do not easily allow the incorporation of
complex fixed and random effects [26]. We thus chose to analyze chick growth rates for each
morphological measure using more simplistic linear mixed models but including age as an
interaction term with each covariate. Mixed models allowed us to incorporate fixed effects
for chick age and survivorship (fledged or not), and either island, year or climate, with a
random effect for chicks to account for repeated measures. Investigating the interaction of
each covariate with age allows us to determine where our growth curves start at identical
values at hatching but diverge over time. Chick age was measured as days since hatching.
When the hatching date was not known, we estimated it based on morphometrics at the
time of first measurement. To meet assumptions of normality, body mass was squared,
wing length log transformed and tarsus length cubed. We assessed ENSO conditions using
Southern Oscillation Index (SOI) data obtained from the Climatic Research Unit of the
University of East Anglia [27]. All analyses were conducted in R 4.1.0 [28] with α = 0.05 for
significance and we used package nlme for mixed models [29].

3. Results

We monitored 149 burrows where eggs were laid and incubated (Table 1). The average
hatching proportion across burrows was 0.80 and did not differ significantly between
islands or years, and fledging proportion across burrows (excluding breeding failure due
to stoat (Mustela erminea) invasion and predation of all chicks on Te Hāwere-a-Maki in
2014) was 0.47, not differing significantly between islands but differing significantly by
year. On Te Hāwere-a-Maki, only 60% of hatched chicks fledged (excluding stoat invaded
Te Hāwere-a-Maki in 2014).
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Table 1. Hatching and fledging proportions and average dates (estimated hatching date and last
measurement prior to fledging) for burrows monitored from 2011 to 2015. SOI = Average South-
ern Oscillation Index over the chick-rearing period from August to January (positive = La Niña,
negative = El Niño). NA = not available.

Year Island Visits Burrows Hatched Date Fledged Date SOI

2011 Motuora fortnightly 24 0.88 NA 0.54 NA +1.15
2011 Tiritiri weekly 15 0.93 30 August 0.47 13 January +1.15
2011 Te Hāwere weekly 22 0.86 26 August 0.36 5 January +1.15
2012 Te Hāwere fortnightly 22 0.77 25 August 0.41 31 December −0.15
2013 Te Hāwere weekly 22 0.68 28 August 0.45 7 January +0.29
2014 Te Hāwere weekly 22 0.82 25 August 0 1 - −0.91
2015 Te Hāwere fortnightly 22 0.73 30 August 0.59 22 December −1.58

1 stoat invasion led to catastrophic breeding failure.

We obtained a total of 1000 morphological records for 126 (91%) of the 138 chicks
which were included in our study (including control chicks). In both 2012 and 2014 on Te
Hāwere-a-Maki, six chicks were depredated by ship rats before any measurements could
be taken. Some measurements were missing for 1% of our records when the chick had
just hatched or the measurement was taken incorrectly or overlooked. At the end of each
breeding season, we found no significant effect of handling on the final body mass of the
study chicks (n = 25) when compared to a sample of control chicks (n = 18), which were
measured at the same time but had only been handled once.

The Southern Oscillation Index varied significantly between years over the course
of our study (Figure 2), with a shift from warmer La Niña conditions in 2011 to cooler El
Niño conditions in 2015. In our island effect model, we found no significant differences
in growth rates of chick body mass, wing length and tarsus length among islands. In our
annual effect model, we found significant differences in growth rates of chick body mass
(Figure 3a), wing length (Figure 4a) and tarsus length (Figure 5a) among years. In our
climate effect model, we found no significant differences in growth rates of chick body
mass (Figure 3b), but we did find significant differences in wing length (Figure 4b) and
tarsus length (Figure 5b), associated with the monthly Southern Oscillation Index. At
125 days since hatching (corresponding to around New Year’s Day), fledging chicks are
predicted on average to have 7.7 mm longer wings (287.5 vs. 279.8) and 0.3 mm longer tarsi
(53.0 vs. 52.7) in El Niño years (SOI = −1.0) compared to La Niña years (SOI = +1.0).
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Figure 2. Monthly Southern Oscillation Index from 2011 to 2015. Horizontal bars indicate thresholds
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Figure 3. Body mass growth curves for chicks (n = 72) on Te Hāwere-a-Maki from 2011 to 2015:
(a) annually; (b) monthly Southern Oscillation Index. Lines of best fit indicate years and SOI = –1 or +1.
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Figure 4. Wing length growth curves for chicks (n = 72) on Te Hāwere-a-Maki from 2011 to 2015:
(a) annually; (b) monthly Southern Oscillation Index. Lines of best fit indicate years and SOI = –1 or +1.
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Figure 5. Tarsus length growth curves for chicks (n = 72) on Te Hāwere-a-Maki from 2011 to 2015:
(a) annually; (b) monthly Southern Oscillation Index. Lines of best fit indicate years and SOI = –1 or +1.

4. Discussion

We found significant variation in Grey-faced Petrel chick growth rates and colony
reproductive success across five years, which could be predicted by the intensity of the
Southern Oscillation Index. This result confirmed our prediction and has been found
consistently for other seabird species during other ENSO events in the Pacific Ocean
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(e.g., [8,9]). Grey-faced Petrels fared better in El Niño years, when sea temperatures
decrease and more southerly winds occur in northern New Zealand. This climatic impact
was consistent across nearby colonies based on one year of monitoring, when we found
no difference in chick growth rates across islands. These results contain nuance, however.
No impact of monthly SOI was found on chick body masses, only on wing and tarsus
length. Chick wings and tarsi grow consistently across a season and provide a conservative
measure of chick condition over an extended period of nourishment. In contrast, chick
body masses fluctuate significantly based on time since last provisioning, and thus are a
less reliable measure of long-term chick condition, until they grossly differ from growth
curves [25].

Importantly, we established a significant effect of monthly variation in SOI on chick
growth rates in addition to the broad inter-annual trends that others have already confirmed
in petrels due to ENSO events [30]. Annual averages of SOI provide a means to classify an
entire season as either weak or strong La Niña or El Niño events, but within such years,
significant monthly variation in the intensity of the SOI can still occur, including whether the
event takes place earlier or later in the season [17]. For example, in 2011 La Niña conditions
intensified over the chick rearing period, while in 2015 El Niño conditions diminished
over the chick rearing period (Figure 2). This nuanced effect was further evidenced in
our annual models, where complex interactions between the year and days since hatching
indicated that the timing within a year of any annual impact differed between years.

Hatching dates for Grey-faced Petrels were generally consistent across our five-year
study, with eggs laid around the same one-week period at the end of August. Any variation
in hatching date can be attributed to sample variation. In contrast, fledging dates varied
markedly across our five-year study, with chicks fledging over a three-week period com-
mencing around Christmas. This variation in fledging date can be directly attributed to the
variation in the Southern Oscillation Index, as has been found elsewhere [30]. However, it
is important to note that while our hatching dates are directly estimated, our fledging dates
are partially contrived, being dependent upon the dates of our last inspections subsequent
to a bird fledging. They are hence slight underestimates of actual fledging dates. In 2011,
we estimated this bias to be about five days.

Seabirds are vulnerable to multiple threats [31]. On Te Hāwere-a-Maki, introduced
rats are pest controlled [23] and so breeding success was only slightly below that on
nearby predator-free islands. However, a catastrophic invasion event such as by stoats can
still lead to colony reproductive failure in a given year, even though stoats are unlikely
to permanently reside on small seabird islands [32]. The effects of annual variations in
climate in addition to predators can thus be the difference between positive and negative
growth for a colony. This has also been demonstrated on southern islands of New Zealand
where the Sooty Shearwater (Ardenna grisea) breeds, although for this species the climatic
effect is opposite in direction with improved breeding success in La Niña years [33,34].
The Grey-faced Petrel colony on Te Hāwere-a-Maki has remained constant in size around
approximately 100 burrows for at least two decades (JCR unpubl. data), which suggests
that the combined impacts of ongoing rat predation and poor breeding La Niña years
maintain the population at a constant size. The benefits of intensified pest control over
the past decade [35] may take further time to be reflected in the colony size given the
slow population growth rate of petrels [36], but predicted climate change may also create
additional impacts [37], although it is not strong around north-eastern New Zealand [38].

Despite our efforts, our study had a number of limitations. Our study was not able to
monitor post-fledging survival at-sea and chicks that fledge in poor conditions may expe-
rience elevated mortality, further exacerbating the impacts of poor breeding seasons [39].
Ultimately, the most appropriate measure of reproductive success is recruitment back
into a population. Although our sample sizes were small, they represent a substantial
fraction of the colony (e.g., nearly a quarter of burrows on Te Hāwere-a-Maki) and thus
are representative of the colony. Although we did not account for parental identity across
our burrows, doing so would only have increased precision by further reducing random
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variation in breeding success. It was reassuring in our study from the use of control bur-
rows that the repeated regular handling of chicks, which occasionally elicited the standard
seabird defense mechanism of regurgitation, did not affect their long-term body condition.
Establishing this was critical in our study and we urge other seabird scientists to routinely
assess the impacts of their studies on their target species [40]. The ENSO is likely to affect
other seabird species, although the direction cannot always be predicted [8], and so future
research should investigate the causal mechanism by which the Southern Oscillation Index
impacted Grey-faced Petrel chick growth rates. We recommend ongoing management of
introduced mammalian predators on Te Hāwere-a-Maki to mitigate the impacts of negative
climatic effects on breeding success.
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