
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 642: 191–205, 2020
https://doi.org/10.3354/meps13328

Published May 28

1.  INTRODUCTION

Seabirds are higher trophic level species that are
susceptible to climate variability on both local and
regional scales (Napp & Hunt 2001, Jenouvrier 2013,
Zador et al. 2013, Cushing et al. 2018). Oceano-
graphic properties are influenced by large-scale
physical forcing that alters atmospheric conditions,
sea level pressure and ocean temperature, which in
turn affect bottom-up processes, such as changes in
primary and secondary productivity (Zador et al.
2013, Cushing et al. 2018). Variations in oceano-

graphic and climatic conditions can influence seabird
nesting habitat, foraging grounds and resource avail-
ability, which could change their distribution, abun-
dance, reproductive output and population growth
(Frederiksen et al. 2004, Humphries & Möller 2017).

Climate variability in the Northern and Southern
Hemispheres can be measured by large-scale cli-
mate indices. Shifts in these indices result in changes
to prevailing weather, environmental conditions and
oceanographic systems, which may affect biological
and ecological processes (Stenseth & Mysterud 2002,
Sprogis et al. 2018). In the Northern Hemisphere, the
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Pacific Decadal Oscillation (PDO) and the North
Pacific Index (NPI) are the dominant climate drivers,
and are known to influence seabird demography,
abundance and distribution (Baduini et al. 2001,
Hunt et al. 2002, Bond et al. 2011). The PDO operates
on a quasi-decadal scale lasting 15 to 30 yr (Hum -
phries & Möller 2017), and the NPI measures the
strength of the Aleutian Low, an indicator of climate
forcing in the Bering Sea (Trenberth & Hurrell 1994).
In the Southern Hemisphere, the primary climate
drivers are the El Niño−Southern Oscillation (ENSO)
and the Southern Annular Mode (SAM) (Grose et al.
2010), which have both been linked to the breeding
performance of seabirds (Duffy 1990, Clucas 2011,
Humphries & Möller 2017, Pardo et al. 2017). ENSO
is a dominant climate index that fluctuates between 3
phases — neutral, warm (i.e. El Niño) and cool (i.e. La
Niña) — and affects global climate, sea surface tem-
perature (SST) and rainfall, while the SAM is the pri-
mary driver for climate variability in the Southern
Hemisphere (Lovenduski & Gruber 2005, Stammer-
john et al. 2008, Sprogis et al. 2018) and is charac-
terised by the movement of the westerly wind belt
that circles Antarctica.

These 4 climate indices affect marine ecosystems
on temporal scales from months to years (Trathan et
al. 2007, Sallée et al. 2008). Low trophic order species
can be rapidly affected by environmental changes;
however, the effect on a predator population can
take place months or even years later, as the changes
in primary productivity propagate through the food
web (Humphries & Möller 2017, Cox et al. 2018).
Numerous studies have shown that the foraging suc-
cess of seabirds affects their breeding performance,
both directly during the breeding season (Pinaud
& Weimerskirch 2002, Jenouvrier et al. 2018) and
indirectly through carry-over effects during the non-
breeding season (Shoji et al. 2015, Jenouvrier et al.
2018).

Procellariiformes (albatross, petrels and shear -
waters) are seabirds with low production potential
(e.g. low reproductive rates, single-egg clutch and
delayed recruitment into the breeding population)
(Warham 1990, Weimerskirch et al. 2001, Meathrel &
Carey 2007). They are a trans-equatorial migratory
seabird and spend the majority of their lives at sea,
travelling great distances utilising a variety of habi-
tats during the breeding and non-breeding periods.
Consequently, they are exposed to a variety of wea -
ther, environmental conditions and oceanographic
systems in both the Northern and Southern Hemi-
spheres (Weimerskirch & Cherel 1998, Einoder et al.
2013, Yamamoto et al. 2015, Nishizawa et al. 2017).

One of the longest ecological studies (from 1947 to
the present) of a procellariiform is that of the short-
tailed shearwater Ardenna tenuirostris (formerly
Puffinus tenuirostris) at Fisher Island, Tasmania,
Australia. This population of birds has been moni-
tored annually since 1947 through an extensive
 capture−mark−recapture (CMR) program (Serventy
& Curry 1984, Wooller et al. 1990) that we used to
investigate the breeding parameters of the short-
tailed shearwater from Fisher Island and their rela-
tionship with large-scale climate indices from both
the Northern and Southern Hemispheres. More spe -
cifically, we aim to: (i) investigate the annual trends
in the breeding parameters of the short-tailed shear-
water at Fisher Island; (ii) determine which climate
indices have the most influence on breeding param-
eters; and (iii) identify any local environmental con-
ditions that may also affect breeding success.

2.  MATERIALS AND METHODS

2.1.  Study species

The short-tailed shearwater is a medium-sized (500
to 800 g) burrow-nesting procellariiform (Skira 1990,
Berlincourt & Arnould 2015), with pronounced pan-
oceanic migration. Each September to October, birds
return from their non-breeding grounds in the North-
ern Hemisphere to southeastern Australia to breed
(Skira 1991). During the breeding season, shear -
waters alternate short (local) and long foraging trips
(Southern Ocean, across oceanic regions from longi-
tude 80°E to 160°E) (Woehler et al. 2003, Raymond et
al. 2010). The breeding season of the short-tailed
shearwater begins in November, where one egg per
successful breeding pair is laid. Laying is highly
 synchronised, with 95% of the eggs laid between 24
and 28 November. A breeding pair will not replace
the single egg if it fails (Skira 1990). Hatching occurs
from mid-to-late January (Carey 2010) and chicks
fledge in mid-April to early May (Serventy 1967,
Wooller et al. 1990). After the breeding season, adults
and fledglings return to the North Pacific during the
austral winter (Shaffer et al. 2006, Raymond et al.
2010, Vertigan et al. 2012).

2.2.  Field site

The study colony is located on Fisher Island (40°
10’ S, 148° 10’ E), a 0.9 ha island in the Furneaux
Island Group, Tasmania, Australia. All burrows on

192



Price et al.: Influence of climate on shearwater breeding

the island have been marked with a number. Each
year of the study, all new individuals captured in bur-
rows during searches, including chicks, were banded
with a uniquely numbered stainless-steel band, and
the band and burrow numbers were recorded. If the
bird was already banded, the band and burrow num-
bers were recorded. The methods used in the pro-
gram to identify individuals and reproductive per-
formance have been constant since 1947, and are
further outlined in previous studies (Serventy 1967,
Serventy & Curry 1984).

2.3.  Shearwater breeding parameters

2.3.1.  Breeding birds and chick numbers

From late November to mid-December each sea-
son, all burrows on the island were checked at least
twice every 10 d to locate and identify both mem-
bers of each breeding pair. Non-breeding (prospect-
ing) birds generally only make short nocturnal visits
to the island during the incubation and chick-rear-
ing periods (Bradley et al. 1999), and tend to ex -
plore unoccupied burrows without taking up resi-
dency. While non-breeding birds constitute the
ma jority of birds found on the surface within the
colony (Serventy 1967), searching burrows min-
imises the likelihood of detecting a non-breeding
bird. All burrows were checked again in late March
to early April the following year and the presence or
absence of chicks was recorded, with all new chicks
banded. This study data set is continuous since
1947, with the exception of 2013 and 2014, when no
breeding adults were recorded, and 1992, when the
presence or absence of chicks was not recorded. In
the first 3 yr of the study, there was a rapid increase
in the number of breeding pairs, which could be
attributed to initial difficulties in the establishment
of the banding program. Consequently, we chose to
remove the first 3 yr of data, from 1947 to 1949. We
also chose to remove all data after 2012 due to the
data gaps for breeding adults, to maintain consis-
tency. Therefore, the time series used in this study is
from 1950 to 2012.

2.3.2.  Breeding success

Breeding success was calculated as the number of
chicks in March divided by the number of burrows
occupied by birds in December of the previous year.
The number of eggs was not used to determine

breeding or hatching success, as the detection of
eggs in burrows on Fisher Island was relatively low
due to a lack of experience among observers, and the
lengths and intricacies of the burrows themselves
(Serventy & Curry 1984).

2.4.  Breeding periods

To quantify the influence of climate on the breed-
ing parameters of the short-tailed shearwater, 3
breeding periods were chosen in this study: (i) the
pre-breeding/migration period (May to October),
when the birds are building their body lipid reserves
in the North Pacific Ocean in preparation for their
return migration to southeastern Australia and sub-
sequent breeding attempt (Yamamoto et al. 2015,
Nishizawa et al. 2017); (ii) the early-breeding period
(September to November), used to examine environ-
mental variabilities that could affect adult condition
and reproduction; and (iii) the chick-rearing period
(December to March), where parental conditions/
investment could be affected by environmental vari-
abilities, which in turn could impact chick body con-
dition and survival (Fay et al. 2015).

2.5.  Temporal lags

Additionally, 3 temporal lags were chosen for each
breeding period and incorporated into the analysis
(Table 1). Temporal lag 1 (3 to 4 mo) was chosen to
account for variation in spatial-temporal scales of
oceanographic conditions, which may impact local
resources (see Cox et al. 2018) and the direct effects
of local environmental conditions such as poor wea -
ther conditions (Genovart et al. 2013, Fagundes et al.
2016) (Table 1). Temporal lags 2 (6 to 7 mo) and 3
(12 mo) were chosen as climate fluctuations, irradia-
tion and wind stress can influence primary produc-
tivity (Sharples et al. 2006, Cox et al. 2018) and the
propagation of lower trophic consumers, such as fish
(myctophids) and zooplankton (euphausiids), which
are a large component of the diet of short-tailed
shearwaters (Nishizawa et al. 2017) (Table 1).

2.5.  Environmental data

We used the PDO and NPI as indicators of North-
ern Hemisphere climatic conditions, and ENSO and
SAM as indicators of Southern Hemisphere climatic
conditions during the breeding periods. Monthly

193



Mar Ecol Prog Ser 642: 191–205, 2020

PDO values for the period 1949 to 2012 were ob -
tained from the National Oceanic and Atmospheric
Administration (NOAA) at: www.ncdc.noaa.gov/
teleconnections/pdo/. The PDO index is calculated
from the principal component of monthly SST anom-
alies in the North Pacific poleward of 20°N (Mantua
& Hare 2002). The PDO values consist of persistent
positive or negative temperature anomalies, classi-
fied as warm (positive value) or cool (negative value),
which have been shown to impact marine ecosys-
tems through changes in the species composition,
distribution and abundance (Mantua & Hare 2002,
Becker et al. 2007).

Monthly NPI means for the period 1949 to 2012
were obtained from NOAA at: https://www. esrl. noaa.
gov/psd/gcos_wgsp/Timeseries/Data/np.long.data
(Hurrell 2017). The NPI is the mean sea-level pres-
sure over the North Pacific Ocean 30° N to 65° N and
160° E to 140°W (Trenberth & Hurrell 1994). NPI
measures the strength of the Aleutian Low in the
atmosphere and is an indicator of climate forcing in
the Bering Sea (Trenberth & Hurrell 1994, Zador et
al. 2013). NPI has been linked to changes in physical
ocean properties, such as sea-ice retreat (Zador et al.
2013), which can influence bottom-up processes,
such as phytoplankton blooms.

Monthly Southern Oscillation Index (SOI) values
for 1949 to 2012 were obtained from the Australian
Bureau of Meteorology (BOM) at: www.bom. gov. au/
climate/current/soi2.shtml. The SOI measures the
difference in surface air pressure between Tahiti and
Darwin (Trenberth 1997). It is also a key atmospheric
index for ENSO and determines the strength of El
Niño and La Niña events. El Niño events are sus-
tained values of the index (lower than −8) and are
associated with a warming of the central and eastern

tropical Pacific Ocean, whereas La Niña events are
sustained values of the index (higher than +8) and
are associated with oceanic cooling within these
same areas (Trenberth 1997).

The SAM is the dominant mode of atmospheric
variability at mid and high latitudes in the Southern
Hemisphere. Monthly SAM data for 1957 to 2012
were extracted from the Natural Environment Re -
search Council British Antarctic Survey at: www.
nerc-bas.ac.uk/icd/gjma/sam.html (Marshall 2003).
The SAM consists of both positive and negative
states. During a positive SAM state, a strong westerly
wind belt contracts toward Antarctica, causing high-
pressure atmospheric systems over southern Aus-
tralia that can result in either stable or dry conditions.
Negative SAM values reflect the expansion of the
strong westerly winds towards the equator, with low
atmospheric pressure systems over southern Aus-
tralia that can increase storm and rain events. These
westerly winds are responsible for driving the circu-
lation within the Southern Ocean (Lovenduski &
Gruber 2005). Changes in wind patterns can affect
the stirring of the water column, which can alter the
depth in the mixed layer, impacting nutrient avail-
ability in the upper ocean, with follow-on conse-
quences for biological production (Lovenduski &
Gruber 2005).

Finally, we included monthly rainfall during the
chick-rearing period (December to March), as loca -
lised rain events have been shown to influence the
breeding parameters of burrowing seabirds (Ser-
venty & Curry 1984, Bester et al. 2007). Monthly rain-
fall for the chick-rearing period between 1949 to
2012 was obtained from the Lady Barron station
(<1 km from Fisher Island) from the Australian BOM
at: www.bom.gov.au/jsp/ncc/cdio/weatherData/ av? p_
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Breeding period                          Temporal lag 1 (0)                     Temporal lag 2 (−0.5)                      Temporal lag 3 (−1)

Pre-breeding/migration (PB)      May to Augusta (PB0)              February to Augusta,                   November to October 
May to October                                                                             the same year as the                    (PB−1)
                                                                                                       pre-breeding season (PB−0.5)

Early breeding (EB)                    September to November        June to November                       December to November 
September to November            (EB0)                                         the same year as the                    (EB−1)
                                                                                                       pre-breeding season (EB−0.5)       

Chick rearing (CR)                      December to March (CR0)      September to March,                   April to March (CR−1)
December to March                                                                      the same year as the                    
                                                                                                       pre-breeding season (CR−0.5)

aMost short-tailed shearwaters migrate around September to October, 
so we did not include these months in this time period

Table 1. Breeding periods and temporal lags used in the generalised linear models to determine the influence of climate 
on breeding parameters of the short-tailed shearwater
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nccObsCode=136&p_display_type=dailyDataFile&p_
startYear=&p_c=&p_stn_num=099002.

2.6.  Statistical analysis

Prior to model selection, a non-parametric measure
of rank correlation (Spearman’s ρ) was used to inves-
tigate correlation among the variables. Breeding suc-
cess and the annual number of chicks were highly
correlated; therefore, the annual number of chicks
was removed from the analysis (Table S1 in the
 Supplement at www. int-res. com/ articles/ suppl/ m642
p191 _ supp. pdf). Correlations were found between
several of the climate indices at each temporal lag
(Tables S2 & S3 in the Supplement). For model parsi-
mony, temporal lag 2 was excluded from the analysis
based on rank correlation, as the relationship for
each climate index (e.g. SAM) was strong (>0.75 cor-
relation) between temporal lag 1 and/or 3 (Table S2).
Removing temporal lag 2 also limits the number of
model parameters, as constructing all possible mod-
els for each climate variable and temporal lag would
create an unmanageable number of models. Addi-
tionally, PDO for the duration of pre-breeding/migra-
tion with temporal lag 1 (PDO PB0) and PDO with
temporal lag 3 (PDO PB−1) were highly correlated,
thus only PDO PB−1 was used in the analysis
(Table S2). Additionally, SOI during the early-breed-
ing period with temporal lag 1 (SOI EB0) and SOI
with temporal lag 3 (SOI EB−1) during the early-
breeding period were correlated; therefore, SOI EB−1

was used in the analysis. PDO PB−1 and SOI EB−1

were chosen as productivity lags can occur through-
out the trophic levels, and over a 12-mo period the
distribution and abundance of fish and krill may be
affected (Jenouvrier 2013, Zador et al. 2013, Saba et
al. 2014).

Generalised linear models were fitted to the data
using the glm package in R version 3.5.0 (R Develop-
ment Core Team 2019). The assumption of normality
of residuals was checked using standard graphical
methods (Zuur et al. 2010). Two models were subse-
quently used to investigate the relationship between
breeding parameters and large-scale climate indices.

2.6.1.  Model 1 — number of breeding shearwaters

The first model related the number of breeding
birds arriving at Fisher Island to the suite of environ-
mental covariates. Climatic variables based on the
appropriate breeding period included in the full

model were: (i) NPI during the pre-breeding/migra-
tion period with temporal lag 1 (NPI PB0); (ii) NPI dur-
ing the pre-breeding/migration period with temporal
lag 3 (NPI PB−1); (iii) PDO PB−1; (iv) SOI EB−1; (v) SAM
during the early-breeding period with temporal lag 1
(SAM EB0); and (vi) SAM during the early-breeding
period with temporal lag 3 (SAM EB−1).

SAM EB0 was not significant and was removed
from the analysis to limit the number of parameters
within the model.

2.6.2.  Model 2 — breeding success of shearwaters

The second model related breeding success to a
number of climate variables in the Southern Hemi-
sphere. Climatic and environmental variables based
on the chick-rearing period included in the full
model were: (i) SAM during the chick-rearing period
with temporal lag 1 (SAM CR0); (ii) SAM during the
chick-rearing period with temporal lag 3 (SAM
CR−1); (iii) rainfall during the chick-rearing period
with temporal lag 1 (Rainfall CR0); (iv) SOI during the
chick-rearing period with temporal lag 1 (SOI CR0);
and (v) SOI during the chick-rearing period with
temporal lag 3 (SOI CR−1).

Model selection was conducted through the com-
parison of Akaike’s information criterion (AIC), Akai -
ke weights (wi) and AIC differences (Δi). wi were cal-
culated to provide a measure of strength for each
model (Anderson & Burnham 2004). Models with an
AIC Δi < 2 were considered to have equivalent sup-
port. To assess the most important covariate, in these
cases, we used model averaging to provide a final
model (Anderson & Burnham 2004). Model averag-
ing was calculated as a sum of the wi over the number
of models where the covariate appears (Anderson &
Burnham 2004).

3.  RESULTS

There was considerable variability over the time
period in both reproductive parameters (Fig. 1).
There were 98 ± 29 breeding pairs per year when
averaged across the entire time period. However,
from the start of the survey period in 1950, there was
a gradual decline in the number of breeding pairs,
reaching 58 pairs in 1971 and 1973 (Fig. 1A). From
the mid-1980s, the number of breeding pairs in -
creased until 2007, when 160 breeding pairs were
recorded (Fig. 1A). From 2007 to 2012, there was
slight variation in the annual number of breeding

195

https://www.int-res.com/articles/suppl/m642p191_supp.pdf
https://www.int-res.com/articles/suppl/m642p191_supp.pdf


Mar Ecol Prog Ser 642: 191–205, 2020

pairs. Breeding success fluctuated annually, with
an average of 45 ± 20% across the entire time
period. The lowest breeding success was re -
corded in 2004 and 2006 (less than 1%; Fig. 1B).
The most successful breeding season was in
1961, when there was a 92% success rate
(Fig. 1B).

3.1.  Climatic variability and the number 
of breeding shearwaters

There were 6 models with an AIC Δi < 2, con-
taining all covariates (Table 2, Table S4 in the
Supplement). After model averaging, SAM EB−1

explained the most variation (Table 3), with the
number of birds arriving to the breeding colony
increasing in years of positive SAM (Fig. 2). Fur-
thermore, there was a negative relationship
between the number of birds ar riving at Fisher
Island and NPI PB0 and PDO PB−1 (Fig. 2). Lastly,
the contribution of NPI PB−1 and SOI EB−1 to
explain any variability within the model was
marginal (Table 3).

3.2.  Effects of climate variability and
 environmental conditions on shearwater

breeding success

The full model, which contained all variables
considered to be important, presented 4 models
with an AIC Δi < 2, with all covariates included in
these models (Table 4, Table S5 in the Supple-
ment). After model averaging, the covariate that
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Fig. 1. Time series (1950 to 2012) of short-tailed shearwaters
breeding at Fisher Island. (A) Annual number of breeding
 participants arriving to Fisher Island. (B) Annual variation of 

breeding success at Fisher Island

Model Intercept NPI NPI SAM SOI PDO df logLik AICc Δi Weight
no. PB0 PB−1 EB−1 EB−1 PB−1

5 94.632 NA NA 10.952 NA NA 3 −257.671 521.813 0.000 0.116
6 6899.754 −6.697 NA 12.412 NA NA 4 −256.793 522.386 0.574 0.087
21 92.841 NA NA 10.261 NA −6.028 4 −256.816 522.432 0.618 0.085
22 7338.209 −7.131 NA 11.769 NA −6.427 5 −255.790 522.805 0.992 0.071
23 7196.822 NA −7.018 9.367 NA −11.986 5 −255.824 522.872 1.059 0.068
19 8317.722 NA −8.126 NA NA −13.752 4 −257.446 523.693 1.879 0.045
1 94.091 NA NA NA NA NA 2 −259.780 523.791 1.978 0.043
17 92.066 NA NA NA NA −6.946 3 −258.713 523.897 2.083 0.041
24 12254.749 −6.066 -5.927 10.789 NA −11.399 6 −255.083 523.916 2.103 0.041
13 94.667 NA NA 10.865 0.090 NA 4 −257.657 524.113 2.300 0.037

Table 2. Akaike information criteria (AIC) ranked model selection results to explain the effects of temporal lag 1 (0) and tempo-
ral lag 3 (−1) climate indices North Pacific Index (NPI), Southern Oscillation Index (SOI), Southern Annular Mode (SAM) and
Pacific Decadal Oscillation (PDO) on the number of birds arriving to breed at Fisher Island. Models selected for model averag-

ing with AIC Δi < 2 are in bold. Only the top 10 models are displayed
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Fig. 2. Relationship between the number of breeding
participants arriving at Fisher Island and climate indices
in the Southern and Northern Hemispheres. Climate in-
dices: Southern Annual Mode (SAM), Southern Oscilla-
tion Index (SOI), Northern Pacific Index (NPI), and Pa-
cific Decadal Oscillation (PDO). Temporal lag 1: climate
index average between May and August (PB0), climate
index average between September and November
(EB0); temporal lag 3: climate index average between
November and October (PB−1), climate index average
between December and November (EB−1). SAM EB−1:
SAM during the early-breeding period with temporal
lag 3; SOI EB−1: SOI during the early-breeding period
with temporal lag 3; NPI PB0: NPI during the pre-
 breeding/migration period with temporal lag 1; NPI
PB−1: NPI during the pre-breeding/migration period
with  temporal lag 3; PDO PB−1: PDO during the pre-

breeding/migration period with temporal lag 3
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explained the greatest amount of variability of breed-
ing success was localised rainfall, with years of
higher rainfall associated with reductions in breed-
ing success (Table 5, Fig. 3). SOI CR−1 conditions
demonstrated a positive relationship with breeding
success. In contrast, as SOI CR0 values increased, this
led to a de crease in breeding success (Fig. 3). The
contribution of SAM CR−1 and SAM CR0 was negligi-
ble (Table 5).

4.  DISCUSSION

This 63-yr study has demonstrated that breeding
performance of the short-tailed shearwater was in -
fluenced by climate indices, local weather and envi-
ronmental conditions. The annual number of breed-
ing birds arriving at Fisher Island was influenced by
climate indices in both the Northern and Southern
Hemispheres, while breeding success at Fisher Is -
land was affected by local weather conditions (i.e.
rainfall). Moreover, the breeding parameters within
this study were affected by climate indices with a
12-mo temporal lag more so than climate indices
lagged over the associated breeding period.

4.1.  Lags in productivity transfer to breeding
parameters of shearwaters

Lags in productivity transfer may occur throughout
the food web, and have been associated with
changes in breeding success, distribution, abun-
dance and demographic parameters of several sea-
bird species (Jenouvrier 2013), which is consistent
with our findings in this study. Climatic variability
influences environmental conditions, which can alter
primary productivity and influence aspects of sec-
ondary production, such as the recruitment of fish
and krill (Zador et al. 2013, Saba et al. 2014), which
are both prey for short-tailed shearwaters. For exam-
ple, in Antarctica, a 1-yr lag was found between pri-
mary production and the recruitment of Antarctic
krill E. superba (Saba et al. 2014), which can influ-
ence food availability to higher trophic species. Due
to the delay in energy transfer through the food chain
(Sandvik et al. 2007, Sandvik & Einar Erikstad 2008),
these effects are not observed immediately (Zador et
al. 2013, Cox et al. 2018). Similarly, in the North
Atlantic, breeding success of 13 species of seabirds
was influenced by lagged variables of the North
Atlantic Oscillation (NAO) and SST (Sandvik et al.
2007, Sandvik & Einar Erikstad 2008). During nega-
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Model Intercept Rainfall SAM SAM SOI SOI df logLik AICc Δi Weight
no. CR0 CR0 CR−1 CR0 CR−1

10 0.619 −0.003 NA NA −0.005 NA 4 13.171 −17.491 0.000 0.163
2 0.632 −0.004 NA NA NA NA 3 11.590 −16.682 0.810 0.109
18 0.639 −0.004 NA NA NA 0.005 4 12.544 −16.237 1.255 0.087
26 0.626 −0.003 NA NA −0.004 0.003 5 13.685 −16.066 1.426 0.080
4 0.634 −0.004 −0.022 NA NA NA 4 12.077 −15.303 2.188 0.055
9 0.454 NA NA NA −0.006 NA 3 10.848 −15.197 2.296 0.052
12 0.621 −0.003 −0.008 NA −0.005 NA 5 13.235 −15.164 2.327 0.051
14 0.621 −0.003 NA −0.005 −0.005 NA 5 13.181 −15.058 2.434 0.048
6 0.638 −0.004 NA −0.019 NA NA 4 11.728 −14.605 2.887 0.038
20 0.640 −0.004 −0.017 NA NA 0.004 5 12.849 −14.394 3.098 0.035

Table 4. AIC ranked model selection results to explain the effects of temporal lag 1 (0) and temporal lag 3 (−1) for climate indices
SOI and SAM, and rainfall on breeding success at Fisher Island. Models selected for model averaging with AIC Δi < 2 are 

in bold. Only the top 10 models are displayed

Rainfall CR0 SOI CR0 SOI CR−1

Importance 1.00 0.55 0.38
No. containing models 4 2 2

Table 5. Models with an AIC Δi < 2 and relative importance
values of each climate index and rainfall for temporal lag
1 (0) and temporal lag 3 (−1) on breeding success at Fisher 

Island

SAM PDO NPI NPI SOI 
EB−1 PB−1 PB0 PB−1 EB−1

Importance 0.83 0.52 0.31 0.22 0.00
No. containing models 5 4 2 2 0

Table 3. Models with an AIC Δi < 2 and relative importance
values of each climate index for temporal lag 1 (0) and tem -
poral lag 3 (−1) on the number of breeding birds arriving to 

breed at Fisher Island
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Fig. 3. Relationship between breeding success at Fisher
Island and Southern Hemisphere climate indices and lo-
cal weather conditions. Climate indices: Southern Oscil-
lation Index (SOI), Southern Annual Mode (SAM). SAM
CR−1: SAM averaged between April the previous year
and March the same year as the chick-rearing period;
SAM CR0: SAM averaged between December and
March during the chick-rearing period; SOI CR−1: SOI
averaged April the previous year and March the same
year as the chick-rearing period; SOI CR0: SOI averaged
between December and March during the chick-rearing
period; period; Rainfall CR0: precipitation (mm) aver-
aged between December and March during the chick-

rearing period
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tive NAO, values with a 1-yr lag and low SST with a
2-yr lag resulted in higher breeding success (Sandvik
et al. 2007, Sandvik & Einar Erikstad 2008). Similarly,
lower reproductivity in diving seabirds (e.g. murres
and cormorants) have been demonstrated 1 to 2 yr
after warmer SST in the Bering Sea (Zador et al.
2013).

4.2.  Climatic variability and its influence on the
number of breeding shearwaters

The low production potential of shearwaters re -
quires long-term data to be able to assess their popu-
lation dynamics and elucidate the effects of environ-
mental perturbations on their abundance (Bradley et
al. 1991). Environmental conditions can influence
resource availability in both the non-breeding and
breeding foraging grounds, which will in turn affect
breeding participation of short-tailed shearwaters at
Fisher Island, as body condition is an important
determinant in the decision of whether to breed
(Weimerskirch et al. 2001). The main reason for birds
to skip a breeding event is a shortage in resource
availability, which prevents them from acquiring suf-
ficient food reserves to invest in reproduction (Chas-
tel et al. 1995, Coulson 2008). Furthermore, resource
acquisition and foraging behaviour during the non-
breeding periods may have carry-over effects into
the breeding season, as diminished body reserves
can impact their ability to breed (Lovvorn et al. 2003,
Bester et al. 2007).

4.2.1.  Influence of Northern Hemisphere climate
indices on the number of breeding shearwaters

Foraging grounds during the non-breeding period
are important areas for birds to accumulate body
lipid reserves before migration (Lovvorn et al. 2003,
Bester et al. 2007). Over the last 50 yr, the climate in
the Northern Hemisphere has experienced an in -
crease in the intensity of the winter NAO, which has
affected survival of the adult northern fulmar Ful-
marus glacialis due to changes in resource availabil-
ity (Grosbois & Thompson 2005). It is likely that simi-
lar effects have been felt among adult short-tailed
shearwaters at Fisher Island, as demonstrated by
fluctuations in the number of breeding participants.
For example, the number of birds breeding at Fisher
Island decreased 1 yr after warm phases of the PDO
(positive index) and slightly increased with lower
NPI values (i.e. stronger Aleutian Low) during the

pre-breeding period. The NPI is an indicator of the
strength of the Aleutian Low, and the PDO has been
shown to influence SST (Bond et al. 2011, Springer et
al. 2018). Both climate patterns influence primary
production and prey availability in the North Pacific
through changes in ocean properties and sea ice
dynamics. For example, a stronger Aleutian Low is
linked to larger phytoplankton spring blooms in the
Bering Sea (Iida & Saitoh 2007, Bond et al. 2011).
Prior to migrating southwards, short-tailed shear -
waters foraging in the Northern Pacific Ocean move
further north, around the Bering and Chukchi Seas,
as the distribution of krill shifts (Baduini et al. 2001,
Yamamoto et al. 2015, Nishizawa et al. 2017). Conse-
quently, any changes in bottom-up processes that
influence krill abundance and availability will impact
short-tailed shearwater populations prior to their
migration south.

Furthermore, warm phases of the PDO (positive
in dex) influence oceanographic properties and envi-
ronmental conditions, which in turn affect the avail-
ability of zooplankton biomass in the surface waters
(Jin et al. 2009, Bond et al. 2011). For example, high
SST in the Bering Sea in 1997 redistributed the ver-
tical distribution of euphausiids (i.e. krill) to deeper
waters (Baduini et al. 2001). In the northern Gulf of
Alaska during warm phases of the PDO, there was
a decrease in the availability of euphausiids and
capelin Mallotus villosus, which led to starvation of
murres Uria spp. and decreased reproductive output
of kittiwakes Rissa spp. (Hatch 2013). However, dur-
ing cool phases of the PDO (negative index), the
opposite occurred: resources increased, having a
positive impact on both species (Hatch 2013). There-
fore, it is highly likely that during a cool phase of
the PDO, resource availability would increase,
which would improve foraging success among
short-tailed shearwaters prior to their migration
south. Concurrently, this may have facilitated the
accumulation of body lipid reserves and contributed
to an increase in the number of breeding partici-
pants at Fisher Island.

4.2.2.  Influence of Southern Hemisphere climate
indices on the number of breeding shearwaters

In the Southern Hemisphere, the Southern Ocean
is a key foraging area for short-tailed shearwaters
during the pre-breeding and breeding periods, and is
highly influenced by SAM. The number of breeding
participants at Fisher Island increased under positive
SAM conditions. When SAM is positive, winds inten-
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sify, which causes stronger mixing of the water col-
umn and a deeper mixed layer. This, combined with
increased upwelling, may influence nutrient avail-
ability within surface waters (Lefebvre et al. 2004).
This may increase productivity, which would have
flow-on effects throughout the food web. For exam-
ple, early recruitment into a population of wandering
albatross Diomedea exulans has been linked to posi-
tive SAM, thought to be due to increases of resource
availability (Fay et al. 2017). Therefore, during a pos-
itive SAM event, ocean productivity may increase,
having a positive influence on short-tailed shear -
water abundance the following year.

SAM can affect the strength of the Antarctic Cir-
cumpolar Current (ACC) and the seasonal extent of
sea ice around the Antarctic Continent, both of which
have been shown to influence the productivity of the
Southern Ocean (Constable et al. 2003, Lefebvre et
al. 2004). Over the past 20 yr, SAM has been increas-
ing, leading to changes in wind direction and inten-
sity, with cooling waters shifting out from Antarctica
and influencing the extent of sea ice (Stammerjohn
et al. 2008). Changes in the timing of sea-ice for -
mation and retreat, along with temperature, deter-
mine the intensity and location of phytoplankton
spring blooms, affecting the availability and abun-
dance of primary and secondary consumers (Nishi -
zawa et al. 2017). These changes during positive
SAM may be influencing productivity in the South-
ern Ocean (Lefebvre et al. 2004), leading to greater
prey availability for seabirds such as short-tailed
shearwaters in the following year (Nishizawa et al.
2017), resulting in higher breeding participation at
Fisher Island.

Prior to breeding, short-tailed shearwaters under-
take a foraging trip to the Southern Ocean (i.e.
honey moon period) to rebuild their body condition,
which deteriorates during the long migration from
the Northern Hemisphere (Lill & Baldwin 1983,
Weimerskirch & Cherel 1998, Vertigan et al. 2012).
Additional long foraging trips to the Southern Ocean
are also undertaken by short-tailed shearwaters
throughout the incubation period (Weimerskirch &
Cherel 1998, Einoder et al. 2013, Berlincourt &
Arnould 2015). These long foraging trips (1000 to
4000 km) are designed to replenish adult body condi-
tion, which deteriorates during the incubation period
(Weimerskirch & Cherel 1998, Einoder et al. 2013).
Short-tailed shearwaters forage across different
oceanic regions within the Southern Ocean, includ-
ing south of the Polar Front (PF), the Sub-Antarctic
Front (SAF) and Antarctic waters (Woehler et al.
2003, Raymond et al. 2010, Berlincourt & Arnould

2015), feeding predominantly on myctophids (fish)
and euphausiids (E. vallentini) (Weimerskirch &
Cherel 1998, Connan et al. 2010, Einoder et al. 2013).
When resources are low, breeding procellariform
species may skip breeding if it poses a risk to their
own survival (Chastel et al. 1995, Weimerskirch et al.
2001). Therefore, breeding decisions of the short-
tailed shearwater are likely to also be influenced by
resource availability and foraging success within the
Southern Ocean.

4.3.  Influence of environmental conditions 
on the breeding success of shearwaters

Localised rainfall and ENSO were found to influ-
ence the breeding success of short-tailed shear -
waters at Fisher Island, with rainfall having the
greatest influence. Burrowing procellariforms are
adversely affected by heavy rainfall due to burrow
flooding, which causes chick mortality and egg fail-
ure (Serventy & Curry 1984, Warham 1996, Bester et
al. 2007, Fagundes et al. 2016). For example, young
providence petrel Pterodroma solandri chicks were
more vulnerable to rainfall conditions than older
chicks (Bester et al. 2007), probably because their
down is not water-repellent, resulting in them be -
coming waterlogged and unable to maintain core
body temperature (Warham 1996). During this study,
the mortality rate between eggs and chicks were not
recorded; therefore, we were unable to determine at
which stage of development rainfall had the greatest
impact.

ENSO is a significant contributor to Australia’s
climate, altering environmental conditions that in -
fluence seabird ecology (Grose et al. 2010, Cham-
bers et al. 2011). Nonetheless, the effects of ENSO
in southeastern Australia on seabird populations
are not well established (Chambers et al. 2011, Lit-
zow et al. 2016). In our study, breeding success was
influenced by ENSO; however, the nature of the
relationship varied depending on the temporal lag.
Breeding success decreased with negative values
of SOI lagged over a 12-mo period, while breeding
success in creased with negative values of SOI
lagged over 3 mo, during the chick-rearing period.
This may suggest the environmental conditions 1 yr
prior to short-tailed shearwater breeding affects
prey availability. Therefore, in the case of negative
SOI values, this may lead to lower resource avail-
ability. On the west coast of Australia, studies have
highlighted the ad verse effects of El Niño (i.e. sus-
tained values of SOI lower than −8). For example,
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warm surface waters caused by El Niño events can
block nutrient up welling, influencing primary pro-
duction, which in turn affects the distribution and
abundance of zooplankton, fish and higher trophic
predators (Jenouvrier 2013). These El Niño events
have been linked to delays in breeding and
reduced breeding success for the wedge-tailed
shearwater Ardenna pacifica.

However, there are a few possibilities to explain
the contrasting results during the chick-rearing pe -
riod for SOI. Local environmental conditions, such as
wind, humidity and temperature, are influenced by
ENSO, which may have impacted burrow conditions
of the short-tailed shearwater during chick rearing.
For example, local environmental conditions have
been shown to influence the microclimate of the bur-
rows of the Macaronesian shearwater Puffinus lher-
minieri baroli, which can impact chicks and influence
breeding success (Fagundes et al. 2016). Therefore,
the local environmental conditions during negative
SOI values may have been advantageous for chick
development, leading to an increase in breeding suc-
cess. Secondly, short-tailed shearwaters are able to
mitigate unfavourable environmental conditions due
to their flexible foraging strategies. They frequent
more distant foraging areas when resources are low
(Berlincourt & Arnould 2015), providing a buffer dur-
ing adverse conditions. Finally, only individuals of
high fitness may be choosing to return to Fisher
Island to breed more frequently (Bradley et al. 2000),
therefore enabling them to successfully breed during
negative SOI values. These possibilities require fur-
ther exploration to unravel the relationship between
ENSO and breeding success and to understand the
ecological processes at play.

There are several other, non-resource, factors that
may have contributed to some of the variability in
breeding success at Fisher Island. For example, pre-
dation on short-tailed shearwater eggs occurred at
Fisher Island during the 1980s from native water rats
Hydromys chrysogaster (Bradley et al. 2000). While
these effects have not been quantified, on Big Dog
Island, within the Furneaux Island Group, approxi-
mately 8% of the short-tailed shearwater eggs laid
were lost to 2 species of predators: water rats and the
blotched blue-tongue lizard Tiliqua nigrolutea (Ca -
rey 2010). Furthermore, breeding success in short-
tailed shearwaters is also influenced by the experi-
ence and quality of the pair-bonds, which, if lacking,
may result in the abandonment of eggs and breeding
failure (Wooller et al. 1990, Bradley et al. 1999, Mea -
threl & Carey 2007). This effect was not accounted for
in the present study.

4.4.  Final considerations

Long-lived seabirds integrate the variabilities in
their marine environments in various manifesta-
tions — from foraging trip durations to demographic
parameters. In many cases, these signals are direct:
prey species’ abundances during ENSO events in the
Galapagos result in catastrophic breeding failures
(Schreiber & Schreiber 1989, Boersma 1998), while
long-term changes in SST altering the distributions
and abundances of prey species over decades result
in population decreases of 90% of rockhopper pen-
guins at Subantarctic Campbell Island (Moors 1986).

Temporal and/or spatial correlates and lags be -
tween the environmental drivers and biological res -
ponses range from days to decades (Stommel 1963,
Haury et al. 1978) and disentangling short-term from
long-term responses using seabirds such as short-
tailed shearwaters requires long-term time series, as
most species of long-lived seabirds do not recruit into
breeding populations until they are several years old.
Short-tailed shearwaters commence breeding by a
mean age of 7 yr (Wooller et al. 1990, Bradley et al.
1991), providing an extended temporal window for
environmental drivers to influence demographic
parameters, often through resource availability (Ain-
ley et al. 1995, Bost et al. 2015, Fay et al. 2015, 2017).
This may also be the situation for the Fisher Island
short-tailed shearwater breeding population, and
further investigation is required to unravel further
long-term population responses to environmental
pressures.

Another key aspect of the bird’s life history that will
be affected by environmental factors is age-specific
survival. For example, an early-life demographic
study of the wandering albatross showed that juve-
nile females had a higher survival rate compared to
that of males; however, in adult wandering albatross
this was reversed, thus environmental and trophic
conditions may impact survival differently depend-
ing on age (Fay et al. 2015, 2017). There are mark-
recapture data available for each year of this long-
term data set, and an analysis of these data will be
the focus of future studies. However, because the
breeding population on Fisher Island is quite small —
20−80 chicks produced per year — this results in a
data set in which annual resight data are relatively
sparse. Also, the fact that recapture/resight effort
varied considerably among years further complicates
the issue, making interannual survival comparisons
difficult (Desprez et al. 2013). Finally, imperfect de -
tections further limit our ability to conduct a survival
analyses, especially across the entire 70-yr time
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series. Devising techniques that can tease relation-
ships out of the considerable uncertainty which is a
product of these small samples is beyond the scope of
the present study.

The findings of this study highlight the importance
of long-term monitoring to assess large-scale climate
indices and local environmental conditions affecting
seabirds’ breeding parameters. Ecological lags are
also an important factor to consider when identifying
climate-induced effects, as any impacts to bottom-up
processes (i.e. nutrient upwellings in the ocean) need
time to filter through to the higher trophic levels.
Given that ecosystem processes are complex and
often difficult to quantify, other intrinsic and extrinsic
factors not considered in the study may also con-
tribute to the variability of breeding parameters of
the short-tailed shearwater (e.g. breeding experi-
ence, inadequate pair bond and predation). To fur-
ther understand impacts at the population level,
demographic studies are needed to investigate the
long-term impact on the short-tailed shearwater pop-
ulation in southeastern Australia.

Acknowledgements. We are grateful to the ANZ Trustees
Foundation — Holsworth Wildlife Research Foundation for
kindly providing financial assistance for this project. This
research was conducted under University of Tasmania ani-
mal ethics permit A14277 and Tasmanian Department of
Primary Industries, Parks, Water and Environment permit
FA14310. We thank the following people for their contribu-
tion to the project over the years: Aidan Bindoff, David
Boyle, Fernando Arce Gonzalez, Ricardo De Paoli-Iseppi,
Catherine Meathrel, Ross Monash, Eric Schwarz, Alan
Springer, Sam Thalman and Friends of Fisher Island. We are
also appreciative to those whose comments significantly
improved the clarity of the manuscript.

LITERATURE CITED

Ainley DG, Sydeman WJ, Norton J (1995) Upper trophic
level predators indicate interannual negative and posi-
tive anomalies in the California Current food web. Mar
Ecol Prog Ser 118: 69−79

Anderson D, Burnham K (2004) Model selection and multi-
model inference, Vol 63. Springer-Verlag, New York, NY

Baduini C, Hyrenbach K, Coyle K, Pinchuk A, Mendenhall
V, Hunt G Jr (2001) Mass mortality of short-tailed shear-
waters in the south-eastern Bering Sea during summer
1997. Fish Oceanogr 10: 117−130

Becker BH, Peery MZ, Beissinger SR (2007) Ocean climate
and prey availability affect the trophic level and repro-
ductive success of the marbled murrelet, an endangered
seabird. Mar Ecol Prog Ser 329: 267−279

Berlincourt M, Arnould JP (2015) Breeding short-tailed
shearwaters buffer local environmental variability in
south-eastern Australia by foraging in Antarctic waters.
Mov Ecol 3: 16

Bester AJ, Priddel D, Klomp NI, Carlile N, O’Neill L (2007)
Reproductive success of the providence petrel Ptero-

droma solandri on Lord Howe Island, Australia. Mar
Ornithol 35: 21−28

Boersma PD (1998) Population trends of the Galápagos
 penguin:  impacts of El Niño and La Niña. Condor 100: 
245−253

Bond AL, Jones IL, Sydeman WJ, Major HL, Minobe S,
Williams JC, Byrd GV (2011) Reproductive success of
planktivorous seabirds in the North Pacific is related to
ocean climate on decadal scales. Mar Ecol Prog Ser 424: 
205−218

Bost CA, Cotté C, Terray P, Barbraud C, and others (2015)
Large-scale climatic anomalies affect marine predator
foraging behaviour and demography. Nat Commun 6: 
8220

Bradley J, Skira I, Wooller R (1991) A long-term study of
short-tailed shearwaters Puffinus tenuirostris on Fisher
Island, Australia. Ibis 133: 55−61

Bradley J, Gunn B, Skira I, Meathrel C, Wooller R (1999)
Age-dependent prospecting and recruitment to a breed-
ing colony of short-tailed shearwaters Puffinus tenui -
rostris. Ibis 141: 277−285

Bradley J, Wooller R, Skira I (2000) Intermittent breeding in
the short-tailed shearwater Puffinus tenuirostris. J Anim
Ecol 69: 639−650

Carey MJ (2010) Predation of short-tailed shearwater eggs
on Great Dog Island, Tasmania. Aust Field Ornithol 27: 
59−64

Chambers LE, Devney CA, Congdon BC, Dunlop N,
Woehler EJ, Dann P (2011) Observed and predicted
effects of climate on Australian seabirds. Emu-Austral
Ornithol 111: 235−251

Chastel O, Weimerskirch H, Jouventin P (1995) Influence of
body condition on reproductive decision and reproduc-
tive success in the blue petrel. Auk 112: 964−972

Clucas R (2011) Long-term population trends of sooty shear-
water (Puffinus griseus) revealed by hunt success. Ecol
Appl 21: 1308−1326

Connan M, Mayzaud P, Hobson K, Weimerskirch H, Cherel
Y (2010) Food and feeding ecology of the Tasmanian
short-tailed shearwater (Puffinus tenuirostris, Tem-
minck):  insights from three complementary methods.
J Oceanogr Res Data 3: 19−32

Constable AJ, Nicol S, Strutton PG (2003) Southern Ocean
productivity in relation to spatial and temporal variation
in the physical environment. J Geophys Res Oceans 108: 
8079

Coulson JC (2008) The population dynamics of the Eider
Duck Somateria mollissima and evidence of extensive
non-breeding by adult ducks. Ibis 126: 525−543

Cox S, Embling C, Hosegood P, Votier S, Ingram S (2018)
Oceanographic drivers of marine mammal and seabird
habitat-use across shelf-seas:  A guide to key features
and recommendations for future research and conserva-
tion management. Estuar Coast Shelf Sci 212: 294−310

Cushing DA, Roby DD, Irons DB (2018) Patterns of distribu-
tion, abundance, and change over time in a subarctic
marine bird community. Deep Sea Res II 147: 148−163

Desprez M, McMahon CR, Hindell MA, Harcourt R,
Gimenez O (2013) Known unknowns in an imperfect
world:  incorporating uncertainty in recruitment esti-
mates using multi-event capture−recapture models. Ecol
Evol 3: 4658−4668

Duffy DC (1990) Seabirds and the 1982−1984 El Niño−
Southern Oscillation. In:  Glynn PW (ed) Elsevier oceano -
graphy series, Vol 52. Elsevier, Amsterdam, p 395−415

203

https://doi.org/10.3354/meps118069
https://doi.org/10.1046/j.1365-2419.2001.00156.x
https://doi.org/10.3354/meps329267
https://doi.org/10.1186/s40462-015-0044-7
https://doi.org/10.2307/1370265
https://doi.org/10.3354/meps08975
https://doi.org/10.1038/ncomms9220
https://doi.org/10.1111/j.1474-919X.1991.tb07669.x
https://doi.org/10.1111/j.1474-919X.1999.tb07550.x
https://doi.org/10.1002/ece3.846
https://doi.org/10.1016/j.dsr2.2017.07.012
https://doi.org/10.1016/j.ecss.2018.06.022
https://doi.org/10.1111/j.1474-919X.1984.tb02078.x
https://doi.org/10.1029/2001JC001270
https://doi.org/10.1890/09-0813.1
https://doi.org/10.2307/4089027
https://doi.org/10.1071/MU10033
https://doi.org/10.1046/j.1365-2656.2000.00422.x


Mar Ecol Prog Ser 642: 191–205, 2020

Einoder LD, Page B, Goldsworthy SD (2013) Feeding strate-
gies of the short-tailed shearwater vary by year and sea-
surface temperature but do not affect breeding success.
Condor 115: 777−787

Fagundes AI, Ramos JA, Ramos U, Medeiros R, Paiva VH
(2016) Breeding biology of a winter-breeding pro -
cellarii form in the North Atlantic, the Macaronesian
shear water Puffinus lherminieri baroli. Zoology 119: 
421−429

Fay R, Weimerskirch H, Delord K, Barbraud C (2015) Popu-
lation density and climate shape early-life survival and
recruitment in a long-lived pelagic seabird. J Anim Ecol
84: 1423−1433

Fay R, Barbraud C, Delord K, Weimerskirch H (2017) Con-
trasting effects of climate and population density over
time and life stages in a long-lived seabird. Funct Ecol
31: 1275−1284

Frederiksen M, Harris MP, Daunt F, Rothery P, Wanless S
(2004) Scale dependent climate signals drive breeding
phenology of three seabird species. Glob Change Biol
10: 1214−1221

Grose MR, Barnes-Keoghan I, Corney SP, White CJ and
 others (2010) Climate Futures for Tasmania. General cli-
mate impacts technical report, Antarctic Climate & Eco-
systems Cooperative Research Centre, Hobart

Genovart M, Tavecchia G, Enseñat JJ, Laiolo P (2013) Hold-
ing up a mirror to the society: Children recognize exotic
species much more than local ones. Biol Cons 159:
484–489

Grosbois V, Thompson PM (2005) North Atlantic climate
variation influences survival in adult fulmars. Oikos 109: 
273−290

Hatch SA (2013) Kittiwake diets and chick production signal
a 2008 regime shift in the Northeast Pacific. Mar Ecol
Prog Ser 477: 271−284

Haury L, McGowan J, Wiebe P (1978) Patterns and pro-
cesses in the time-space scales of plankton distributions.
In:  Steele JH (ed) Spatial pattern in plankton commu -
nities. NATO Conference Series (IV Marine Sciences),
Vol 3. Springer, Boston, MA, p 277−327

Humphries GR, Möller H (2017) Fortune telling seabirds: 
sooty shearwaters (Puffinus griseus) predict shifts in
Pacific climate. Mar Biol 164: 150

Hunt GL Jr, Stabeno P, Walters G, Sinclair E, Brodeur RD,
Napp JM, Bond NA (2002) Climate change and control of
the southeastern Bering Sea pelagic ecosystem. Deep
Sea Res II 49: 5821−5853

Hurrell J, National Center for Atmospheric Research Staff
(ed) (2017) The Climate Data Guide:  North Pacific (NP)
Index by Trenberth and Hurrell; monthly and winter.
https:// climatedataguide.ucar.edu/climate-data/north-
pacific-np-index-trenberth-and-hurrell-monthly-and-
winter

Iida T, Saitoh SI (2007) Temporal and spatial variability of
chlorophyll concentrations in the Bering Sea using em -
pirical orthogonal function (EOF) analysis of remote
sensing data. Deep Sea Res II 54: 2657−2671

Jenouvrier S (2013) Impacts of climate change on avian pop-
ulations. Glob Change Biol 19: 2036−2057

Jenouvrier S, Desprez M, Fay R, Barbraud C, Weimerskirch
H, Delord K, Caswell H (2018) Climate change and func-
tional traits affect population dynamics of a long-lived
seabird. J Anim Ecol 87: 906−920

Jin M, Deal C, Wang J, McRoy CP (2009) Response of lower
trophic level production to long-term climate change in

the southeastern Bering Sea. J Geophys Res Oceans 114: 
1−10

Lefebvre W, Goosse H, Timmermann R, Fichefet T (2004)
Influence of the Southern Annular Mode on the sea
ice−ocean system. J Geophys Res Oceans 109: 1−12

Lill A, Baldwin J (1983) Weight changes and the mode of
depot fat accumulation in migratory short-tailed shear-
waters. Aust J Zool 31: 891−902

Litzow M, Hobday AD, Frusher S, Dann PN, Tuck G (2016)
Detecting regime shifts in marine systems with limited
biological data:  an example from southeast Australia.
Prog Oceanogr 141: 96−108

Lovenduski NS, Gruber N (2005) Impact of the Southern
Annular Mode on Southern Ocean circulation and biol-
ogy. Geophys Res Lett 32: 1−4

Lovvorn JR, Richman SE, Grebmeier JM, Cooper LW (2003)
Diet and body condition of spectacled eiders wintering in
pack ice of the Bering Sea. Polar Biol 26: 259−267

Mantua NJ, Hare SR (2002) The Pacific Decadal Oscillation.
J Oceanogr 58: 35−44

Marshall GJ (2003) Trends in the Southern Annular Mode
from observations and reanalyses. J Clim 16: 4134−4143

Meathrel CE, Carey MJ (2007) How important are intrinsic
factors to natal recruitment in short-tailed shearwaters
Puffinus tenuirostris? J Ornithol 148: 385−393

Moors P (1986) Decline in numbers of rockhopper penguins
at Campbell Island. Polar Rec (Gr Brit) 23: 69−73

Napp MJ, Hunt LG (2001) Anomalous conditions in the
south-eastern Bering Sea 1997:  linkages among climate,
weather, ocean, and Biology. Fish Oceanogr 10: 61−68

Nishizawa B, Matsuno K, Labunski EA, Kuletz KJ, Yama -
guchi A, Watanuki Y (2017) Seasonal distribution of
short-tailed shearwaters and their prey in the Bering and
Chukchi seas. Biogeosciences 14: 203−214

Pardo D, Forcada J, Wood AG, Tuck GN, and others (2017)
Additive effects of climate and fisheries drive ongoing
declines in multiple albatross species. Proc Natl Acad Sci
USA 114: E10829

Pinaud D, Weimerskirch H (2002) Ultimate and proximate
factors affecting the breeding performance of a marine
top predator. Oikos 99: 141−150

R Development Core Team (2019) R:  a language and envi-
ronment for statiscal computing. R Foundation for Statisi-
cal Computing, Vienna

Raymond B, Shaffer SA, Sokolov S, Woehler EJ, and others
(2010) Shearwater foraging in the Southern Ocean:  the
roles of prey availability and winds. PLOS ONE 5: e10960

Saba GK, Fraser WR, Saba VS, Iannuzzi RA, and others
(2014) Winter and spring controls on the summer food
web of the coastal West Antarctic Peninsula. Nat Com-
mun 5: 4318

Sallée J, Speer K, Morrow R (2008) Response of the Ant -
arctic Circumpolar Current to atmospheric variability.
J Clim 21: 3020−3039

Sandvik H, Einar Erikstad K (2008) Seabird life histories and
climatic fluctuations:  a phylogenetic−comparative time
series analysis of North Atlantic seabirds. Ecography 31: 
73−83

Sandvik H, Coulson TIM, Saether BE (2007) A latitudinal
gradient in climate effects on seabird demography: 
results from interspecific analyses. Glob Change Biol 14: 
703−713

Schreiber EA, Schreiber RW (1989) Insights into seabird
ecology from a global ‘natural experiment’. Natl Geogr
Res 5: 64−81

204

https://doi.org/10.1525/cond.2013.120197
https://doi.org/10.1016/j.zool.2016.05.014
https://doi.org/10.1111/1365-2656.12390
https://doi.org/10.1111/1365-2435.12831
https://doi.org/10.1111/j.1529-8817.2003.00794.x
https://doi.org/10.1016/j.biocon.2012.10.028
https://doi.org/10.1111/j.0030-1299.2005.13774.x
https://doi.org/10.3354/meps10161
https://doi.org/10.1007/s00227-017-3182-1
https://doi.org/10.1016/S0967-0645(02)00321-1
https://climatedataguide.ucar.edu/climate-data/north-pacific-np-index-trenberth-and-hurrell-monthly-and-winter
https://doi.org/10.1016/j.dsr2.2007.07.031
https://doi.org/10.1111/gcb.12195
https://doi.org/10.1111/1365-2656.12827
https://doi.org/10.1029/2008JC005105
https://doi.org/10.1029/2004JC002403
https://doi.org/10.1111/j.1365-2486.2007.01533.x
https://doi.org/10.1111/j.2007.0906-7590.05090.x
https://doi.org/10.1175/2007JCLI1702.1
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25000452&dopt=Abstract
https://doi.org/10.1371/journal.pone.0010960
https://doi.org/10.1034/j.1600-0706.2002.990114.x
https://doi.org/10.1073/pnas.1618819114
https://doi.org/10.5194/bg-14-203-2017
https://doi.org/10.1046/j.1365-2419.2001.00155.x
https://doi.org/10.1017/S0032247400006835
https://doi.org/10.1007/s10336-007-0204-7
https://doi.org/10.1175/1520-0442(2003)016%3C4134%3ATITSAM%3E2.0.CO%3B2
https://doi.org/10.1023/A%3A1015820616384
https://doi.org/10.1007/s00300-003-0477-0
https://doi.org/10.1029/2005GL022727
https://doi.org/10.1071/ZO9830891


Price et al.: Influence of climate on shearwater breeding

Serventy D (1967) Aspects of the population ecology of the
Short-tailed Shearwater, Puffinus tenuirostris. In: Snow
DW (ed) Proceedings of the 14th International Ornitho-
logical Congress. Blackwell, Oxford, 165−190

Serventy D, Curry P (1984) Observations on colony size,
breeding success, recruitment and inter-colony dispersal
in a Tasmanian colony of short-tailed shearwaters Puffi-
nus tenuirostris over a 30-year period. Emu 84: 71−79

Shaffer SA, Tremblay Y, Weimerskirch H, Scott D, and oth-
ers (2006) Migratory shearwaters integrate oceanic re -
sources across the Pacific Ocean in an endless summer.
Proc Natl Acad Sci USA 103: 12799−12802

Sharples J, Ross ON, Scott BE, Greenstreet SP, Fraser H
(2006) Inter-annual variability in the timing of stratifica-
tion and the spring bloom in the North-western North
Sea. Cont Shelf Res 26: 733–751

Shoji A, Elliott K, Fayet A, Boyle D, Perrins C, Guilford T
(2015) Foraging behaviour of sympatric razorbills and
puffins. Mar Ecol Prog Ser 520: 257−267

Skira I (1990) Human exploitation of the short-tailed shear-
water (Puffinus tenuirostris). Pap Proc R Soc Tasman 124: 
77−90

Skira IJ (1991) The short-tailed shearwater:  a review of its
biology. Corella 15: 45−52

Springer AM, van Vliet GB, Bool N, Crowley M, and others
(2018) Transhemispheric ecosystem disservices of pink
salmon in a Pacific Ocean macrosystem. Proc Natl Acad
Sci USA 115: E5038−E5045

Sprogis KR, Christiansen F, Wandres M, Bejder L (2018) El
Niño Southern Oscillation influences the abundance and
movements of a marine top predator in coastal waters.
Glob Change Biol 24: 1085−1096

Stammerjohn S, Martinson D, Smith R, Yuan X, Rind D
(2008) Trends in Antarctic annual sea ice retreat and
advance and their relation to El Niño−Southern Oscilla-
tion and Southern Annular Mode variability. J Geophys
Res Oceans 113: 1−20

Stenseth NC, Mysterud A (2002) Climate, changing pheno -
logy, and other life history traits:  nonlinearity and match−
mismatch to the environment. Proc Natl Acad Sci USA
99: 13379−13381

Stommel H (1963) Varieties of oceanographic experience.
Science 139: 572−576

Trathan PN, Forcada J, Murphy EJ (2007) Environmental
forcing and Southern Ocean marine predator popula-
tions:  effects of climate change and variability. Philos
Trans R Soc Lond B Biol Sci 362: 2351−2365

Trenberth KE (1997) The Definition of El Niño. Bull Am
Meteorol Soc 78: 2771−2777

Trenberth KE, Hurrell JW (1994) Decadal atmosphere-
ocean variations in the Pacific. Clim Dyn 9: 303−319

Vertigan C, McMahon C, Andrews-Goff V, Hindell M (2012)
The effect of investigator disturbance on egg laying,
chick survival and fledging mass of short-tailed shear -
waters (Puffinus tenuirostris) and little penguins (Eudyp-
tula minor). Anim Welf 21: 101−111

Warham J (1990) The petrels:  their ecology and breeding
systems. Acadamic Press, London

Warham J (1996) The behaviour, population biology and
physiology of the petrels. Academic Press, London

Weimerskirch H, Cherel Y (1998) Feeding ecology of short-
tailed shearwaters:  breeding in Tasmania and foraging
in the Antarctic? Mar Ecol Prog Ser 167: 261−274

Weimerskirch H, Zimmermann L, Prince PA (2001) Influ-
ence of environmental variability on breeding effort in a
long-lived seabird, the yellow-nosed albatross. Behav
Ecol 12: 22−30

Woehler EJ, Raymond B, Watts DJ (2003) Decadal-scale sea-
bird assemblages in Prydz Bay, East Antarctica. Mar Ecol
Prog Ser 251: 299−310

Wooller R, Bradley J, Skira I, Serventy D (1990) Reproduc-
tive success of short-tailed shearwaters Puffinus tenui -
rostris in relation to their age and breeding experience.
J Anim Ecol 59: 161−170

Yamamoto T, Hoshina K, Nishizawa B, Meathrel C, Phillips
R, Watanuki Y (2015) Annual and seasonal movements of
migrating short-tailed shearwaters reflect environmental
variation in sub-Arctic and Arctic waters. Mar Biol 162: 
413−424

Zador S, Hunt GL Jr, TenBrink T, Aydin K (2013) Combined
seabird indices show lagged relationships between envi-
ronmental conditions and breeding activity. Mar Ecol
Prog Ser 485: 245−258

Zuur AF, Ieno EN, Elphick CS (2010) A protocol for data
exploration to avoid common statistical problems. Meth-
ods Ecol Evol 1: 3−14

205

Editorial responsibility: Kyle Elliott, 
Sainte-Anne-de-Bellevue, Québec, Canada

Submitted: October 28, 2019; Accepted: April 14, 2020
Proofs received from author(s): May 23, 2020

https://doi.org/10.1071/MU9840071
https://doi.org/10.1073/pnas.0603715103
https://doi.org/10.1016/j.csr.2006.01.011
https://doi.org/10.3354/meps11080
https://doi.org/10.1073/pnas.1720577115
https://doi.org/10.1111/gcb.13892
https://doi.org/10.1029/2007JC004269
https://doi.org/10.1073/pnas.212519399
https://doi.org/10.1126/science.139.3555.572
https://doi.org/10.1098/rstb.2006.1953
https://doi.org/10.1111/j.2041-210X.2009.00001.x
https://doi.org/10.3354/meps10336
https://doi.org/10.1007/s00227-014-2589-1
https://doi.org/10.2307/5165
https://doi.org/10.3354/meps251299
https://doi.org/10.1093/oxfordjournals.beheco.a000374
https://doi.org/10.3354/meps167261
https://doi.org/10.7120/096272812799129493
https://doi.org/10.1007/BF00204745
https://doi.org/10.1175/1520-0477(1997)078%3C2771%3ATDOENO%3E2.0.CO%3B2



