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ABSTRACT: Climate change is likely to result in continued warming of the oceans and an increase in the frequency and intensity of storms. To gain some insight into how such changes
might affect little penguins, we studied how variation in sea surface temperature, chlorophyll a
concentrations and the occurrence of severe storms affected little penguin Eudyptula minor
breeding and survival at Oamaru, New Zealand. We examined the impact of prolonged,
extreme storms using the 99th percentile of significant wave heights. Long durations of such
wave heights at Oamaru were associated with a reduction in the number of penguins arriving
ashore each evening and a reduction in adult survival. Ocean productivity positively influenced
the penguins: increases in chlorophyll a were reflected by increases in survival of breeders, and
by earlier onset of egg laying that generated increases in breeding success. Global climate
change is highly likely to have negative impacts on the population of little penguins at Oamaru
through impacts from storms. It is unclear, however, how climate change will influence chlorophyll a concentrations, and so we cannot predict what impact this will have on little penguins.
Potential increases in chlorophyll a via increased nutrient input from the land may have positive
effects on the penguins.
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Seabirds are profoundly influenced by environmental variation, which can affect foraging behaviour (Catry et al. 2013) and subsequently breeding
and survival (e.g. Ramos et al. 2002, Sandvik et al.
2005, Bertram et al. 2009, Cubaynes et al. 2011). Foraging success of seabirds, for example, is directly
linked to a combination of prey abundance and prey
availability (e.g. Barrett & Krasnov 1996, Henkel
2006), which in turn are strongly influenced by environmental factors such as mixed layer depth and turbidity (e.g. Bertram et al. 2009, Bergeron & Masse
2011). It stands to reason, then, that understanding
relationships between demographic parameters of

seabirds and environmental variation can indicate
the likely ecological consequences of global climate
change.
Globally, ocean temperatures warmed during the
20th century (Levitus et al. 2012) and are likely to continue warming (IPCC 2014). In waters surrounding
New Zealand, ocean temperatures increased between
1981 and 2007 along the coast but cooled to the south
of the country (Matear et al. 2013). Increasing ocean
temperatures can impact marine predators directly
via effects on prey abundance. These effects can go
either way: for example, New Zealand snapper
Pagrus auratus show a strong positive correlation between juvenile recruitment and sea surface temperature (SST) (Francis 1993), while other fish species
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show increased egg mortality and reduced spawning
in warmer than average SSTs (Potts et al. 2014). Increasing SST can also affect predators indirectly via
reducing primary productivity (Behrenfeld et al. 2006,
Boyce et al. 2010) by reducing surface mixing of the
water column and increasing the depth of the mixed
layer, which limits nutrient supply to phytoplankton
(Boyce et al. 2010). While chlorophyll a (chl a) concentrations at the sea surface (a reliable measure of productivity) have decreased through the 20th century
by around 1% per year globally, it is uncertain how it
will change in coastal waters in the future (Boyce et al.
2010). Through increased runoff and input of nutrients
into the ocean, coastal waters at some locations have
increased in productivity since the 1980s and may
continue to do so (Gregg et al. 2005). Seabirds alter
their foraging habits in response to variation in productivity. For example, foraging trip distances of
Magellanic penguins Spheniscus magellanicus increased with decreasing productivity, and the probability of nest failure increased with distanced travelled
(Boersma & Rebstock 2009, Boersma et al. 2009).
Research has predicted that climate change will
negatively impact breeding success and survival of
some penguin species, i.e. emperor Aptenodytes
forsteri (Jenouvrier et al. 2012) and rockhopper penguins (Eudyptes chrysocome and E. moseleyi) (Dehnhard et al. 2013b) yet positively affect others, i.e.
macaroni penguins E. chrysolophus (Horswill et al.
2014). Some studies have identified different effects
for different life stages within the same species; for
example, Le Bohec et al. (2008) found warm events
negatively impacted breeding and survival of adult
king penguins A. patagonicus, and later, Saraux et
al. (2011b) showed juveniles survived better during
warmer conditions. Contrasting results have also
been found for little penguins Eudyptula minor. In
New Zealand, research has suggested that warming
will delay the onset of egg laying (Perriman et al.
2000), and in Australia, effects appear to vary with
location. Breeding success following periods of relatively high SST decreased in Western Australia (Cannell et al. 2012) but increased in Victoria (Cullen et
al. 2009). Sidhu et al. (2012) identified that the seatemperature gradient in Bass Strait, south-eastern
Australia, in addition to SST, was important in determining first-year survival of little penguins. Both the
gradient and SST are predicted to increase with climate change, yet they showed contrasting effects on
first-year survival (gradient negative and SST positive) (Sidhu et al. 2012).
For southern New Zealand, climate change is also
predicted to result in intensification of winter storms

(Mullan et al. 2011). Increased wind speeds and
wave heights associated with storms bring marine
sediments into suspension, and the longer increased
wave activity lasts, the longer those materials remain
in suspension (Verspecht & Pattiaratchi 2010). Increased river outflow following heavy rain also acts
to reduce water clarity and lowers the foraging efficiency of seabirds which rely on vision to detect prey
underwater (Braby et al. 2011). Further, mixing of the
water column caused by storms can disperse fish
aggregations associated with stratified layers (e.g.
thermoclines) (Peterman & Bradford 1987, Bergeron
& Masse 2011), making prey less available (RopertCoudert et al. 2009). The energetic demands of foraging increase and food intake is likely to decrease
during storms (Grubb 1977, Dehnhard et al. 2013a).
Other storm-related impacts on seabirds include
reduced survival rates of adults and juveniles (Harris
& Wanless 1996, Frederiksen et al. 2008), abandonment of nests and chicks (Wright et al. 2013), chick
deaths due to increased rainfall (Boersma & Rebstock
2014) or reduction in the amount of food delivered to
chicks (Finney et al. 1999, Stienen et al. 2000).
Little penguins are near-shore foragers with restricted foraging ranges due to their small size
(Hoskins et al. 2008). This constraint means that they
cannot forage further afield and breed successfully.
At Oamaru, New Zealand, the reproductive performance and survival of little penguins has been studied
in detail in an increasing population (Agnew et al.
2014). The impact of environmental variation on their
breeding and survival is unknown, however. Our
objective was to determine whether variation within
the coastal marine environment, represented by persistence of storm activity, SST and chl a concentration, affected the timing of breeding and annual survival of little penguins at Oamaru.

MATERIALS AND METHODS
Penguin data
The study was conducted at the Oamaru Blue Penguin Colony (OBPC, 45° 06’ 37” S, 170° 58’ 47” E),
Oamaru, South Island, New Zealand. The colony was
originally a harbour-side quarry operating from 1865
until the mid-1980s. Penguins began occupying the
site in the 1970s (Higham & Lück 2002). The site was
established as a tourism facility in 1992, which aimed
to manage visitors viewing the penguins coming
ashore in the evening and provide the penguins with
a safe breeding habitat (Johannesen et al. 2003).
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Staff at the colony recorded the number of penguins
arriving ashore for 1 h after the arrival of the first
penguin every evening from January 1993 onwards.
Penguins in the study colony are identified with
uniquely numbered metal flipper bands (Agnew et
al. 2014), applied to individuals as chicks prior to
fledging or when first encountered breeding in the
colony. The first penguins were banded in Oamaru in
1985, but regular banding did not occur until weekly
nest checks began in 1993, when all breeders and
their offspring were banded. Data from weekly nest
checks are maintained in a database by OBPC staff.
We examined data over 19 breeding seasons from
1993 to the end of the 2011 season in 2012, over
which time the population at the OBPC increased
from 61 to 288 breeders (Agnew et al. 2014).
At Oamaru the lay date of first eggs in each breeding season has varied by up to 5 mo from May to September (Agnew et al. 2014). For analysis of survival
of breeders with respect to storms, we divided the
breeding season into 4 mo periods according to the
breeding activity: May−August, early breeding; September−December, incubating and chick-rearing;
and January−April, late chick-rearing and moulting.
For annual survival estimates we defined a breeding
season as beginning 1 May and finishing 30 April of
the following calendar year (Agnew et al. 2014).
Breeding seasons are referred to by the year in which
breeding began.

Environmental variables
Data on significant wave height (4 times the square
root of the sea surface variance) were obtained from
hind-casts generated using numerical modelling by
MetOcean Solutions Limited (metocean.co.nz; Beamsley et al. 2009). The dataset was available as a 3hourly time series from 1 January 1979 to 31 December 2012. Spatial resolution was 5 km, with data
obtained from the nearest offshore node (45° 07’ 55” S,
171° 01’ 00” E), situated 3.8 km south-east of the study
area. We examined mean monthly and annual significant wave heights, then concentrated on the 99th percentile value of all 3-hourly records (as an indicator of
extreme values; Mullan et al. 2011) between 1 May
1993 and 30 April 2012. We used the number of consecutive 3-hourly records that exceeded the 99th percentile, defined as ‘P99 exceedance’, as an indicator of
the severity and duration of the most extreme storm in
each 4 mo period. We examined the immediate effects
of storms on penguins via a comparison of the daily
number of penguins arriving ashore before and after
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an increase in wave height. Since penguin numbers
increased each year, we calculated the lower quartile
of arrival numbers that occurred during the 30 d prior
to the increase in wave height and counted the subsequent number of days penguin arrivals were below
the lower quartile. We used the lower quartile value
instead of the median to ensure that metric was
not triggered by normal fluctuations in arrival numbers. Two storm covariates were also incorporated:
P99 exceedance and ‘storm scenario’ (a covariate
representing years grouped according to the persistence of extreme significant wave heights: Scenario 1,
years with a severe storm with ≥20 consecutive records above the 99th percentile, P99; Scenario 2, years
with < 20 consecutive records).
SSTs were extracted from a global dataset produced by the National Oceanic and Atmospheric
Administration (NOAA) National Climate Data Center and made available on the Physical Oceanography Distributed Active Archive Center website
(http://podaac.jpl.nasa.gov/dataaccess, NASA Jet Propulsion Laboratory, Pasadena, CA). The SST data
were part of a product referred to as the Group for
High Resolution Sea Surface Temperature global
Level 4 sea surface temperature analysis. The analysis used optimal interpolation of SSTs measured in
situ and satellite-derived SSTs from the (Version 5)
time series provided by the NOAA Advanced Very
High Resolution Radiometer Pathfinder. The data
were available from 1985 to the present and were
produced daily on a 0.25 degree (ca. 28 km) grid
(Reynolds et al. 2007). This analysis was documented
originally by Reynolds & Smith (1994) and reanalysed by Reynolds et al. (2002). We calculated
area-averaged 4 mo means for the grid encompassing
44.3−45.5° S and 170.8−171.6° E, where little penguins from the Oamaru colony are known to forage
during the breeding season (P. Agnew unpubl. data).
Sea surface chl a concentration data were gathered
by the Sea-viewing Wide Field-of-view Sensor mission and downloaded from the NASA website. The
monthly (9 km grid) chl a data are available from
September 1997 to September 2010; we calculated
the 4 mo mean for these data also.

Statistical analysis
We used the Cormack-Jolly-Seber (CJS) liverecapture model in program MARK (White & Burnham 1999) to quantify 4-monthly and annual survival
estimates for breeding penguins and annual survival
estimates for first-year penguins in response to envi-
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ronmental variation. Sample sizes of nests monitored, fledglings and adults captured, banded and
then released each breeding season are shown in
Table S1 in the Supplement at www.int-res.com/
articles/suppl/m541p219_supp.pdf. To estimate survival of breeding penguins, recapture data were
extracted from the weekly monitoring programme
data and divided into the three 4 mo periods within
the breeding season. Multiple records within a 4 mo
period were treated as a single recapture in the
encounter history matrix. This process generated an
encounter history matrix with 54 columns: beginning
May−August 1994 (1993 was excluded due to regular
monitoring occurring after the beginning of the
breeding season) and finishing January−April 2012,
at the end of the 2011 season. We began with a general model that incorporated time dependent (t) variation in apparent survival (φ) and recapture probabilities ( p): [φ (t) p (t)], which was then constrained by
covariates using the design matrix. The 4-monthly
models tested survival and recapture structures that
varied with time, varied annually (Y), varied seasonally (4-monthly) (S), were additive (Y + S), were constant (.) or incorporated the storm covariates.
For estimating annual survival probabilities, we
separated the data into 2 datasets: one including all
penguins from when they were first recorded breeding (including individuals banded as chicks previously or banded as adults of unknown age and origin) to specifically examine survival of breeding
penguins, and one including all fledglings from the
colony to examine first-year survival. For the breeding penguins the encounter history matrix included
the period from May to the following April each
breeding season. We examined annual breeder survival using a CJS model for the years we had data
for all 3 environmental variables, from 1998 to 2010.
Multiple recaptures within a breeding season were
therefore treated as a single recapture; the encounter matrix for this model had 14 columns allowing for the recapture of individuals in 2011. To
quantify annual survival estimates of first-year penguins, individuals were first marked as fledglings
each season 1993−2009, and later recaptured in the
OBPC colony. This second model also had a 14 column encounter matrix (1998−2011). Chicks may
leave the colony as late as March; therefore, we
included storm intensity in the year after fledging as
a variable. The standard CJS model assumes that
survival and recapture probabilities do not vary
among individuals (Lebreton et al. 1992). To satisfy
this assumption for first-year estimates, the general
model included 2 age classes. The recapture of little

penguins is lowest in their first year (Sidhu et al.
2007); therefore, the 2 age classes were first-year
individuals (1) and all age classes thereafter (2). As
this model was developed to focus on first-year survival, the general model incorporated time-dependent variation in the first age class only: [φ1 (t), φ2 (.);
p1(t), p2(.)]. We assessed the fit of the general
models using parametric bootstrap GOF tests (performed in program MARK) which simulated encounter histories that exactly met the assumptions of
the model and generated a bootstrapped distribution of expected deviances (n = 100 replicates). The
over-dispersion parameter ( ĉ) was estimated as the
observed deviance of the general model divided by
the mean expected deviance, which provided a
measure of the amount of over-dispersion in the
data. The general model was deemed acceptable if
values of ĉ fell between 1 and 3 (Sandercock et al.
2005).
For each model, we calculated Akaike’s information criterion corrected for small sample size (AICc),
AICc difference (ΔAICc), model weight (wi) and deviance. The ΔAICc is the difference between the
AICc of the candidate model and the highest ranked
model with the lowest AICc. Models were regarded
as having substantial support if ΔAIC ≤ 2 (Burnham &
Anderson 2004). The model weight is the likelihood
of a model given the data and is represented as the
proportional weight of evidence for each model
relative to the entire set (Johnson & Omland 2004).
The proportion of model deviance accounted for by
each covariate (R2_DEV) was calculated as: [(DEV(.)
− DEV(cov))/(DEV(.) − DEV(t))], where DEV is the
deviance for the constant, covariate (cov) and general (t) models (Grosbois et al. 2008). To determine
the amount of further deviance explained by the
addition of a second covariate to a model, we used
the single covariate model as the constant model.
The second covariate was deemed to be influential if
it explained > 20% of additional variance (Grosbois
et al. 2008). We used odds ratios to quantify covariate
effects, provided on the logit scale (Zuur et al. 2007).
The lay date of first eggs, and median lay dates of
first clutches, were used as proxies for breeding success due to the significant relationship between lay
dates and breeding success, where early median lay
dates coincide with high breeding success via double
brooding (Agnew et al. 2014). We examined relationships between lay dates of first eggs and chl a and
SST, with linear regressions for each 4 mo mean from
the current and from the previous breeding season,
1998−2010. Analyses of median lay dates also examined effects of storms.
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RESULTS
Environmental variables
Significant wave heights modelled for the ocean
immediately offshore from Oamaru, for the 19 yr
from 1 May 1993 to 30 April 2012, ranged from 0.13
to 3.78 m with a mean of 1.05 m and 99th percentile
of 2.32 m. The direction of the largest waves was between 90° and 160° with a median of 132° (southeasterly). Across all years the period from May−
August had the highest number of consecutive days
above 2.32 m (the 99th percentile through 19 yr)
(Table S2 in the Supplement at www.int-res.com/
articles/suppl/m541p219_supp.pdf).

Immediate effects of storms
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2011 breeding season was a potential outlier in the
relationship; the number of consecutive days of reduced penguin arrivals may have remained low due
to the birds having started breeding already (and
therefore having more incentive to return to the
colony). Statistically, however, 2007 may also be an
outlier, and removing either year increased the significance of the relationship (2007: R2 = 0.63, p = 0.0007;
2011: R2 = 0.61, p = 0.001).
In the seasonal survival analyses, the general
model [φ(t) p(t)] was a good fit to the data (test, ĉ =
1.02) and revealed strong temporal variation having
the lowest AICc (Model 1, Table S3 in the Supplement). Further examination of the R2_DEV showed
that the second lowest model (Model 2, Table S3:
φ (storm scenario + Y) p (t)) explained 80% of the
variation in the data; however, this was likely driven
by the inclusion of annual variation in the model.
Model 2 predicted survival to be lower during severe
storm periods than for the other periods during the
same year (Fig. 2) and also correctly predicted this
trend for 4 of the years with the most persistent
storms (1999, 2001, 2007 and 2011; Fig. 2).

Impacts on annual survival
The general model [φ(t) p(t)] was a good fit to the
data on breeder survival (GOF test, ĉ = 1.44). The
model with the lowest AICc included the 4 mo mean
chl a for January−April prior to the current breeding
season and P99 exceedance (Table 1). The second
model, with only P99 exceedance, was similarly well
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P99 exceedance
Fig. 1. Relationship between the number of consecutive 3hourly records above the 99th percentile significant wave
height (P99 exceedance) in each 4 mo period and the corresponding number of consecutive days the number of little
penguins arriving ashore was below the lower quartile
value during evening at Oamaru each breeding season,
1994−2011. Seasons in which breeding had begun prior to
(s), and when breeding began after (d), the onset of P99 exceedance (zero consecutive years excluded) are shown.
Data labels identify the worst affected years. Linear regression (solid line) and 95% confidence intervals (dashed lines):
R2 = 0.47, p = 0.005, y = 0.88x − 0.80

Survival probability

Duration of low penguin numbers (d)

Persistent extreme (significant) wave heights had a
clear effect on the number of penguins arriving
ashore each day. The higher the P99 exceedance (the
number of consecutive 3-hourly records that exceeded the 99th percentile), the greater the number
of days that arrival numbers remained low (Fig. 1).
Each extra 3 h duration of extreme significant wave
heights was met with an increase of nearly 1 d (0.88 d)
of reduced penguin arrivals (Fig. 1). Biologically, the
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Breeding season
Fig. 2. Four-monthly breeder survival estimates from the
time dependent model [φ(t) p(t)] (h) and predicted estimates
(d; ± 95% CI) from the best covariate model with the lowest
AICc [φ (storm scenario + Y) p (t)], for little penguins at
Oamaru each breeding season, 1994–2011
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The general model [φ1(t) p1(t)]
was a good fit to the annual first
year survival data (GOF test, ĉ =
1.17). The best model included
the 4 mo mean chl a for May−
August of the season of fledging
and P99 exceedance of the season following fledging, followed
closely by the second best model
(ΔAICc = 2.17) with P99 exceedance only (Table 1). There
was no support for the constant
(null) model: ΔAICc = 23.39. Survival was predicted to increase
with decreasing chl a (β = −0.47,
95% CI: −0.92, −0.02) and decreasing consecutive records of
extreme significant wave height
(β = −0.02, 95% CI: −0.02, –0.01).
Independently, P99 exceedance
explained 79% of variation in the
data, higher than chl a (Table 1);
however, there was some evidence that the covariate chl a
was influential because the addition of this covariate to the P99
model explained an additional
34% of variance. The multiplicative change in the survival odds
ratio followed the same trend as
for breeders: a decrease by 2%
(e−0.02) for each unit increase in
P99 exceedance (Fig. 4).

Table 1. Top 10 models in each set examining variation in annual breeder and first
year survival rates (φ) of little penguins at Oamaru, in relation to 4 mo mean sea surface temperatures (SST), 4 mo mean chlorophyll a (Chl) and the number of consecutive 3-hourly records above the 99th percentile significant wave height value (P99)
in the season of breeding for adults and the season after first-year penguins. AICc:
Akaike’s information criterion, the selection criterion corrected for small sample
size; ΔAICc: value of the difference between each model and the best model; wi:
Akaike weights; R2_DEV: proportion of model deviance accounted for by each covariate; PMA: Previous May−August; MA: current May−August; PSD: previous
September−December; SD: current September−December; PJA: previous January−April; JA: current January−April; t: time; 1: first-year penguins; (.) constant
variable; p: recapture
AICc

ΔAICc

Breeder survival
1
φ(Chl-PJA + P99) p(.)
2
φ(P99) p(.)
3
φ(t) p(.)
4
φ(Chl-PJA) p(.)
5
φ(SST-JA) p(.)
6
φ(t) p(t)
7
φ(Chl-SD) p(.)
8
φ(SST-MA) p(.)
9
φ(SST-SD) p(.)
10
φ(SST-PMA) p(.)

3142.84
3144.94
3148.32
3154.19
3158.18
3159.00
3159.52
3160.93
3161.62
3166.05

0
2.10
5.48
11.35
15.34
16.16
16.67
18.09
18.78
23.21

0.70 4
0.25 3
0.05 14
0.00 3
0.00 3
0.00 26
0.00 3
0.00 3
0.00 3
0.00 3

190.44
194.54
175.81
203.80
207.79
162.19
209.12
210.53
211.23
215.65

0.51
0.43

First-year survival
11
φ1(Chl-MA + P99) p1(t)
12
φ1(P99) p1(t)
13
φ1(Chl-JA) p1(t)
14
φ1(t) p1(t)
15
φ1(Chl-MA) p1(t)
16
φ1(SST-PSD) p1(t)
17
φ1(SST-MA) p1(t)
18
φ1(.) p1(t)
19
φ1(Chl-SD) p1(t)
20
φ1(Chl-PJA) p1(t)

5120.50
5122.67
5127.79
5130.48
5131.73
5132.18
5132.26
5132.37
5132.63
5133.37

0
2.17
7.29
9.98
11.23
11.68
11.76
11.86
12.13
12.87

0.72
0.24
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00

390.41
394.60
399.72
382.20
403.65
404.11
404.19
406.31
404.56
405.30

0.86
0.79
0.70

Variable

wi

k Deviance R2_DEV

17
16
16
26
16
16
16
15
16
16

supported (Table 1: Model 2, ΔAICc = 2.10). These
models explained 51 and 43% of the variation in the
data (Table 1). Results from Model 1 predicted survival to increase with increasing chl a concentrations
(β = 0.69, 95% CI: 0.02, 1.37) and decreasing P99
exceedance (β = −0.02, 95% CI: −0.02, −0.01). Other
combinations of variables did not lower AICc values.
There was no support also for the constant (null)
model: ΔAICc = 25.00. Examined separately, the
model with P99 exceedance as the predictor resulted
in a lower AICc than the model with chl a (by 9
points, Table 1), indicating that P99 exceedance was
more important in determining survival rates. Furthermore, the addition of chl a as a second covariate
to the P99 exceedance model explained an additional
13% of variation, indicating this covariate was not
significantly influential. The multiplicative change in
the survival odds ratio was a decrease by 2% (e−0.02)
for each unit increase in P99 exceedance (Fig. 3).

0.27
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0.18
0.16
0.14
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0.61
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P99 exceedance
Fig. 3. Modelled estimates from the general model [φ(t) p(t)]
(d) and covariate model [φ(P99) p(.)] (solid line; ± 95% CI:
dashed lines) for survival probabilities of breeding little penguins at Oamaru, 1998−2010. P99 exceedance: number of
consecutive 3-hourly records above the 99th percentile
significant wave height value
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Table 2. Top 10 linear models examining variation in the lay
date of first eggs for the colony and median lay date of first
clutches of little penguins at Oamaru, 1998−2010, in relation
to 4 mo mean sea surface temperatures (SST), 4 mo mean
sea surface chlorophyll a concentration (Chl) and the number of consecutive 3-hourly records above the 99th percentile significant wave height value (P99). Abbreviations as
in Table 1

0.30
0.25
0.20
0.15
0.10

AICc

ΔAICc

wi

R2

First eggs
Chl-PJA
SST-PJA
Null
SST-MA
SST-JA
Chl-SD
Year
Chl-MA
SST-PMA
SST-SD

132.48
133.07
133.42
134.92
135.05
135.47
135.52
135.91
136.03
136.67

0
0.59
0.94
2.44
2.57
2.99
3.04
3.43
3.55
4.19

0.25
0.19
0.16
0.07
0.07
0.06
0.05
0.05
0.04
0.03

0.29
0.25

Median eggs
Chl-PJA
Year
Null
P99
SST-JA
SST-MA
SST-PJA
Chl-MA
SST-PMA
Chl-SD

122.31
127.40
127.64
128.80
129.60
129.67
129.86
129.90
130.09
130.91

0
5.09
5.33
6.49
7.29
7.36
7.55
7.59
7.78
8.60

0.74
0.06
0.05
0.03
0.02
0.02
0.02
0.02
0.02
0.01

Variable
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0
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Fig. 4. Modelled estimates from the general model [φ1(t)
p1(t)] (d) and covariate model [φ1(P99) p1(t)] (solid line;
± 95% CI: dashed lines) for survival probabilities of firstyear little penguins at Oamaru, 1998−2009. P99 exceedance: number of consecutive 3-hourly records above
the 99th percentile significant wave height value

Impacts on breeding
The proxy for storms (P99 exceedance) was excluded from the analyses of lay date of first eggs because the date of P99 exceedance occurred after the
onset of egg laying in 6 of the 13 breeding seasons
from 1998−2010. The 2 best supported models for lay
date of first eggs included the 4 mo mean chl a and
SST for January−April prior to the breeding season
(Table 2). These variables explained little variation in
lay dates, however, as the third model in the set, the
null model, also had ΔAICc < 2.
For the median lay dates, the model with the lowest
AICc included the 4 mo mean chl a for January−April
prior to the breeding season (Table 2). Annual
median lay dates were 12 d earlier for each increase
in chl a by 0.1 mg m−3; the relationship was significant (p = 0.008) and explained 49% of variation in the
data (Fig. 5). The next model in the set was only
slightly better supported than the null model. In the
model, median lay dates were earlier through time
(R2 = 0.25).
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DISCUSSION
Impacts from storms
At Oamaru, fewer penguins came ashore during
periods of rough seas. The longer a storm persisted,
the longer the number of penguin arrivals ashore
remained low. High winds and wave action during

Fig. 5. Observed (d) and predicted (solid line) estimates of
the median lay date of first clutches for breeding pairs of little penguins at Oamaru, 1998−2010. Predicted estimates
(± 95% CI: dashed lines) generated from the fit of the model
with the lowest corrected Akaike’s information criterion
(AICc; Table 2), in relation to the 4 mo mean sea surface
chlorophyll a concentration from January−April prior to the
breeding season. Linear regression: R2 = 0.49, p = 0.008,
y = −123.8 × chl a + 267.5
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intense storms likely caused increased mixing of the
water column resulting in the re-suspension of sediments, reducing water clarity (Verspecht & Pattiaratchi 2010) and impeding visual feeding. Berlincourt & Arnould (2015) found the proportion of time
spent diving by little penguins decreased with increasing wave height in south-eastern Australia. The
propensity of penguins to return to the colony may be
higher when storms occur after the onset of egg laying. This was difficult to assess in the current study
because only one severe storm occurred after egg
laying began, and in this season (2011) the penguins
returned to the colony sooner than in other years of
comparative storm intensity. The 2011 storm was still
severe enough to disrupt egg laying and incubation:
failure of penguins to return to the colony caused
incubating partners to abandon eggs, and subsequently 15 of 16 nests failed (Agnew et al. 2013). Egg
laying ceased in August and recommenced late September. Further research into the impacts of storms
after the onset of egg laying will allow assessment of
effects on feeding and provisioning rates, and body
condition.
Storms clearly had an impact on the survival of little penguins. A reduction in annual survival of
breeders occurred during years with the highest P99
exceedance. Increased P99 exceedance in the year
following fledging, when the penguins are first at
sea, caused a reduction in first-year survival. Foraging difficulty, resulting in decreased food intake and
subsequent loss of body mass, is probably the mechanism driving the effect of storms on survival rate.
Climatic perturbations may negatively affect flipperbanded penguins more so than unbanded penguins
(Saraux et al. 2011a) and will be the subject of future
research for little penguins at Oamaru. Population
growth rates in long-lived vertebrates are highly sensitive to variation in adult survival rates (Sæther &
Bakke 2000). Frederiksen et al. (2008) showed that
reduced survival attributable to winter storms leads
to reduced population growth and increased probability of extinction of European shags Phalacrocorax
aristotelis. Reduced annual survival rates of both
adults and first-year penguins is likely to lead to reduced population growth of little penguins at
Oamaru.

Influence of chl a and SST variation
Annual survival increased with increasing chl a
concentrations recorded during January−April prior
to the breeding season. A negative relationship was

apparent between chl a and the median date of egg
laying, indicating earlier onset of laying with increasing chl a from January−April prior to breeding.
Small, inshore schooling fish predominate in the diet
of little penguins at Oamaru, mainly slender sprat
Sprattus antipodum and Graham’s gudgeon Grahamichthys radiata (Fraser & Lalas 2004, Flemming
et al. 2013). Slender sprat grow to 120 mm in length
(Whitehead et al. 1985), spawn from June to November (Colman 1979, Robertson 1980) and are very
abundant in Canterbury Bight, including off Oamaru
(Colman 1979). Fish production is known to be influenced both by spawning conditions and primary productivity (Basilone et al. 2004). The abundance of
sprat is likely to be influenced both by conditions
during spawning and in the year following. Slender
sprat eaten by little penguins at Oamaru during the
1994 breeding season were largest (50−60 mm) during January to April (Fraser & Lalas 2004). Interannual variability in primary productivity during this
time seems likely to influence the abundance and
size of fish available to little penguins. Correlations
between chl a and body growth have been found for
other marine fish species (Iverson 1990, Basilone et
al. 2004). Fish abundance during the January−April
prior to breeding therefore may act as an indicator of
prey availability for penguins in the coming year.
Studies examining the effects of environmental
variation on little penguins have reached contrasting conclusions. Studies at Phillip Island noted that
an earlier start to egg laying and higher breeding
success was associated with warmer SST (Cullen
et al. 2009), yet earlier work found the opposite
(Mickelson et al. 1992). A study in Western Australia also found an earlier start to egg laying but
reduced breeding success with higher SST (Cannell
et al. 2012), and in New Zealand a later start
occurred, but climatic perturbations did not influence breeding success (Perriman et al. 2000).
Cullen et al. (2009) and Cannell et al. (2012) both
attributed their findings to variation in fish abundance; however, the underlying ecological mechanisms are unclear, as warm water was predicted to
cause a decrease fish abundance in Western Australia yet an increase in Victoria. Investigations of
relationships with chl a variation during each of
the studies in Australia may have helped explain
their results, as in our study lay dates related to
chl a concentration rather than SST. Berlincourt &
Arnould (2015) found a link between both SST and
chl a and the timing of breeding, suggesting that
earlier changes in SST and/or chl a lead to earlier
egg laying. Links between productivity and pen-
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guin reproductive success have been found in other
temperate penguin species (Boersma & Rebstock
2009, Boersma et al. 2009).
In response to global climate change, primary
productivity is predicted to decline with increasing
SST in open oceans (particularly at low latitudes)
and with increasing SST at high latitudes (Behrenfeld et al. 2006). Seabirds at both extremes of latitude are sensitive to variation in productivity. For
example, tropical roseate terns Sterna dougallii
had higher breeding success in years of higher chl
a and phytoplankton growth than in years of weak
growth (Monticelli et al. 2007). Seabirds in the
Southern Ocean concentrate their foraging on
highly productive areas (Péron et al. 2010). Productivity is highly variable in coastal waters due to
the complex nature of land –sea interactions, which
makes predictions of the effects of global climate
change difficult (Cloern 1996, Cloern & Jassby
2008). There may actually be an increase in productivity in coastal waters due to increased nutrient input from the land (Gregg et al. 2005). Seabirds may well be differently affected depending
on their location and proximity of their foraging to
land.
In conclusion, the ecological mechanisms driving
prey abundance are complex, and even though
SSTs are predicated to increase with global climate
change, chl a concentrations may also increase independently (Gregg et al. 2005). As the current study
emphasises, it is therefore important to consider the
effects of multiple environmental variables on several demographic parameters. Not only are average
conditions changing, the frequency and intensity
of extreme events is increasing. We suggest that
extreme events linked to global climate change are
likely to affect both breeding and survival of little
penguins at Oamaru. How local variation in productivity will be affected by climate change, and subsequently affect the penguins, is unknown but may be
positive. If so, it may mitigate, at least to some extent,
impacts from storms or increases in SST.

LITERATURE CITED

➤ Agnew P, Lalas C, Wright J, Dawson S (2013) Effects of
➤

➤
➤

➤
➤

➤

➤
➤
➤
➤
➤
➤
➤

Acknowledgements. We thank the many volunteers and
staff from the Oamaru Blue Penguin Colony, past and present, who have been involved with monitoring and maintenance of the database. Thanks to the Waitaki Development
Board (now Tourism Waitaki) for funding the project and
providing logistical support. We are very grateful to Peter
McComb, from MetOcean Solutions, for providing the wave
data and to the reviewers for their helpful comments. All
fieldwork was carried out in accordance with handling and
banding permits from the Department of Conservation, New
Zealand.

227

➤

➤

attached data-logging devices on little penguins (Eudyptula minor). Mar Biol 160:2375−2382
Agnew P, Houston D, Lalas C, Wright J (2014) Variation in
reproductive performance of little penguins (Eudyptula
minor) attributable to double brooding. J Ornithol 155:
101−109
Barrett RT, Krasnov YV (1996) Recent responses to changes
in stocks of prey species by seabirds breeding in the
southern Barents Sea. ICES J Mar Sci 53:713−722
Basilone G, Guisande C, Patti B, Mazzola S, Cuttitta A,
Bonanno A, Kallianiotis A (2004) Linking habitat conditions and growth in the European anchovy (Engraulis
encrasicolus). Fish Res 68:9−19
Beamsley B, Johnson D, McComb P, Zyngfogel R (2009)
Metocean data-cube for port and coastal studies. In:
Proceedings of the 2009 Coasts and Ports conference.
Engineers Australia, 2009, Wellington, p 462−468
Behrenfeld MJ, O’Malley RT, Siegel DA, McClain CR and
others (2006) Climate-driven trends in contemporary
ocean productivity. Nature 444:752−755
Bergeron JP, Masse J (2011) Change in the shoaling behaviour and nutritional condition of anchovies (Engraulis
encrasicolus L.) during a wind-induced water column
disturbance: a natural event test of a general hypothesis.
Mar Freshw Behav Physiol 44:93−107
Berlincourt M, Arnould JPY (2015) Influence of environmental conditions on foraging behaviour and its consequences on reproductive performance in little penguins.
Mar Biol 162:1485−1501
Bertram DF, Harfenist A, Hedd A (2009) Seabird nestling
diets reflect latitudinal temperature-dependent variation
in availability of key zooplankton prey populations. Mar
Ecol Prog Ser 393:199−210
Boersma PD, Rebstock GA (2009) Foraging distance affects
reproductive success in Magellanic penguins. Mar Ecol
Prog Ser 375:263−275
Boersma PD, Rebstock GA (2014) Climate change increases
reproductive failure in Magellanic penguins. PLoS ONE
9:e85602
Boersma PD, Rebstock GA, Frere E, Moore SE (2009) Following the fish: penguins and productivity in the South
Atlantic. Ecol Monogr 79:59−76
Boyce DG, Lewis MR, Worm B (2010) Global phytoplankton
decline over the past century. Nature 466:591−596
Braby J, Underhill LG, Simmons RE (2011) Prey capture success and chick diet of Damara terns Sterna balaenarum
in Namibia. Afr J Mar Sci 33:247−254
Burnham KP, Anderson DR (2004) Multimodel inference —
understanding AIC and BIC in model selection. Sociol
Methods Res 33:261−304
Cannell BL, Chambers LE, Wooller RD, Bradley JS (2012)
Poorer breeding by little penguins near Perth, Western
Australia is correlated with above average sea surface
temperatures and a stronger Leeuwin Current. Mar
Freshw Res 63:914−925
Catry T, Ramos JA, Catry I, Monticelli D, Granadeiro JP
(2013) Inter-annual variability in the breeding performance of six tropical seabird species: influence of lifehistory traits and relationship with oceanographic
parameters. Mar Biol 160:1189−1201
Cloern JE (1996) Phytoplankton bloom dynamics in coastal
ecosystems: a review with some general lessons from

228

➤
➤
➤
➤

➤

➤

➤

➤

➤
➤

➤
➤
➤
➤

➤

Mar Ecol Prog Ser 541: 219–229, 2015

sustained investigation of San Francisco Bay, California.
Rev Geophys 34:127−168, doi:10.1029/96RG00986
Cloern JE, Jassby AD (2008) Complex seasonal patterns of
primary producers at the land –sea interface. Ecol Lett
11:1294−1303
Colman JA (1979) Spawning of the sprat, Sprattus antipodum (Hector), round the South Island of New Zealand.
NZ J Mar Freshw Res 13:263−272
Cubaynes S, Doherty PF, Schreiber EA, Gimenez O (2011)
To breed or not to breed: a seabird’s response to extreme
climatic events. Biol Lett 7:303−306
Cullen JM, Chambers LE, Coutin PC, Dann P (2009) Predicting onset and success of breeding in little penguins
Eudyptula minor from ocean temperatures. Mar Ecol
Prog Ser 378:269−278
Dehnhard N, Ludynia K, Poisbleau M, Demongin L,
Quillfeldt P (2013a) Good days, bad days: wind as a
driver of foraging success in a flightless seabird, the
southern rockhopper penguin. PLoS ONE 8:e79487
Dehnhard N, Poisbleau M, Demongin L, Ludynia K, Lecoq
M, Masello JF, Quillfeldt P (2013b) Survival of rockhopper penguins in times of global climate change. Aquat
Cons Mar Freshw Ecosyst 23:777−789
Finney SK, Wanless S, Harris MP (1999) The effect of
weather conditions on the feeding behaviour of a diving
bird, the common guillemot Uria aalge. J Avian Biol 30:
23−30
Flemming SA, Lalas C, van Heezik Y (2013) Little penguin
(Eudyptula minor) diet at three breeding colonies in New
Zealand. NZ J Ecol 37:199−205
Francis MP (1993) Does water temperature determine year
class strength in New Zealand snapper (Pagrus auratus,
Sparidae)? Fish Oceanogr 2:65−72
Fraser MM, Lalas C (2004) Seasonal variation in the diet of
blue penguins (Eudyptula minor) at Oamaru, New
Zealand. Notornis 51:7−15
Frederiksen M, Daunt F, Harris MP, Wanless S (2008) The
demographic impact of extreme events: stochastic
weather drives survival and population dynamics in a
long-lived seabird. J Anim Ecol 77:1020−1029
Gregg WW, Casey NW, McClain CR (2005) Recent trends in
global ocean chlorophyll. Geophys Res Lett 32:L03606,
doi:10.1029/2004GL021808
Grosbois V, Gimenez O, Gaillard JM, Pradel R and others
(2008) Assessing the impact of climate variation on survival in vertebrate populations. Biol Rev Camb Philos Soc
83:357−399
Grubb TG (1977) Weather-dependent foraging in Ospreys.
Auk 94:146−149
Harris MP, Wanless S (1996) Differential responses of guillemot Uria aalge and shag Phalacrocorax aristotelis to a
late winter wreck. Bird Study 43:220−230
Henkel LA (2006) Effect of water clarity on the distribution
of marine birds in nearshore waters of Monterey Bay,
California. J Field Ornithol 77:151−156
Higham J, Lück M (2002) Urban ecotourism: a contradiction
in terms? J Ecotourism 1:36−51
Horswill C, Matthiopoulos J, Green JA, Meredith MP and
others (2014) Survival in macaroni penguins and the relative importance of different drivers: individual traits,
predation pressure and environmental variability.
J Anim Ecol 83:1057−1067
Hoskins AJ, Dann P, Ropert-Coudert Y, Kato A, Chiaradia A,
Costa DP, Arnould JPY (2008) Foraging behaviour and
habitat selection of the little penguin Eudyptula minor

➤
➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤
➤
➤

during early chick rearing in Bass Strait, Australia. Mar
Ecol Prog Ser 366:293−303
IPCC (2014) Clim change 2014: synthesis report. In: Core
Writing Team, Pachauri RK, Meyer LA (eds) Contribution of Working Groups I, II and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change, IPCC, Geneva
Iverson RL (1990) Control of marine fish production. Limnol
Oceanogr 35:1593−1604
Jenouvrier S, Holland M, Stroeve J, Barbraud C, Weimerskirch H, Serreze M, Caswell H (2012) Effects of climate
change on an emperor penguin population: analysis of
coupled demographic and climate models. Glob Change
Biol 18:2756−2770
Johannesen E, Houston D, Russell J (2003) Increased survival and breeding performance of double breeders in
little penguins Eudyptula minor, New Zealand: evidence
for individual bird quality? J Avian Biol 34:198−210
Johnson JB, Omland KS (2004) Model selection in ecology
and evolution. Trends Ecol Evol 19:101−108
Le Bohec C, Durant JM, Gauthier-Clerc M, Stenseth NC and
others (2008) King penguin population threatened by
Southern Ocean warming. Proc Natl Acad Sci USA 105:
2493−2497
Lebreton JD, Burnham KP, Clobert J, Anderson DR (1992)
Modeling survival and testing biological hypotheses
using marked animals — a unified approach with case
studies. Ecol Monogr 62:67−118
Levitus S, Antonov JI, Boyer TP, Baranova OK and others
(2012) World ocean heat content and thermosteric sea
level change (0−2000 m), 1955−2010. Geophys Res Lett
39:L10603, doi:10.1029/2012GL051106
Matear RJ, Chamberlain MA, Sun C, Feng M (2013) Climate
change projection of the Tasman Sea from an eddyresolving ocean model. J Geophys Res Oceans 118:
2961−2976
Mickelson MJ, Dann P, Cullen JM (1992) Sea temperature in
Bass Strait and breeding success of the little penguin
Eudyptula minor at Phillip Island, south-eastern Australia. Emu 91:355−368
Monticelli D, Ramos JA, Quartly GD (2007) Effects of annual changes in primary productivity and ocean indices on
the breeding performance of tropical roseate terns in the
western Indian Ocean. Mar Ecol Prog Ser 351:273−286
Mullan AB, Carey-Smith T, Griffiths G, Sood A (2011) Scenarios of storminess and regional wind extremes under
climate change, NIWA Client report WLF2010-31 prepared for the Ministry of Agriculture and Forestry.
National Institute of Water & Atmospheric Research,
Wellington
Péron C, Delord K, Phillips RA, Charbonnier Y, Marteau C,
Louzao M, Weimerskirch H (2010) Seasonal variation in
oceanographic habitat and behaviour of white-chinned
petrels Procellaria aequinoctialis from Kerguelen Island.
Mar Ecol Prog Ser 416:267−284
Perriman L, Houston D, Steen H, Johannesen E (2000) Climate fluctuation effects on breeding of blue penguins
(Eudyptula minor). NZ J Zool 27:261−267
Peterman RM, Bradford MJ (1987) Wind-speed and mortality-rate of a marine fish, the northern anchovy (Engraulis
mordax). Science 235:354−356
Potts WM, Booth AJ, Richardson TJ, Sauer WHH (2014)
Ocean warming affects the distribution and abundance
of resident fishes by changing their reproductive scope.
Rev Fish Biol Fish 24:493−504

Agnew et al.: Success and survival of Eudyptula minor

229

➤ Ramos JA, Maul AM, Ayrton V, Bullock I and others (2002) ➤ Saraux C, Viblanc VA, Hanuise N, Le Maho Y, Le Bohec C

➤
➤
➤

➤

➤
➤
➤
➤

Influence of local and large-scale weather events and
timing of breeding on tropical roseate tern reproductive
parameters. Mar Ecol Prog Ser 243:271−279
Reynolds RW, Smith TM (1994) Improved global sea-surface
temperature analyses using optimum interpolation. J Clim
7:929−948
Reynolds RW, Rayner NA, Smith TM, Stokes DC, Wang WQ
(2002) An improved in situ and satellite SST analysis for
climate. J Clim 15:1609−1625
Reynolds RW, Smith TM, Liu C, Chelton DB, Casey KS,
Schlax MG (2007) Daily high-resolution-blended analyses for sea surface temperature. J Clim 20:5473−5496
Robertson DA (1980) Hydrology and the quantitative distribution of planktonic eggs of some marine fishes of the
Otago coast, south-eastern. NZ Fish Res Bull 21:1−69
Ropert-Coudert Y, Kato A, Chiaradia A (2009) Impact of
small-scale environmental perturbations on local marine
food resources: a case study of a predator, the little penguin. Proc R Soc B 276:4105−4109
Sæther BE, Bakke O (2000) Avian life history variation and
contribution of demographic traits to the population
growth rate. Ecology 81:642−653
Sandercock BK, Szekely T, Kosztolanyi A (2005) The effects
of age and sex on the apparent survival of Kentish Plovers
breeding in southern Turkey. Condor 107:583−596
Sandvik H, Erikstad KE, Barrett RT, Yoccoz NG (2005) The
effect of climate on adult survival in five species of North
Atlantic seabirds. J Anim Ecol 74:817−831
Saraux C, Le Bohec C, Durant JM, Viblanc VA and others
(2011a) Reliability of flipper-banded penguins as indicators of climate change. Nature 469:203−206
Editorial responsibility: Rory Wilson,
Swansea, UK

➤
➤

➤

➤
➤

➤

(2011b) Effects of individual pre-fledging traits and environmental conditions on return patterns in juvenile king
enguins. PLoS ONE 6:e20407
Sidhu LA, Catchpole EA, Dann P (2007) Mark-recapturerecovery modeling and age-related survival in little penguins (Eudyptula minor). Auk 124:815−827
Sidhu LA, Dann P, Chambers L, Catchpole EA (2012) Seasonal ocean temperature and the survival of first-year little penguins Eudyptula minor in south-eastern Australia.
Mar Ecol Prog Ser 454:263−272
Stienen EWM, Van Beers PWM, Brenninkmeijer A,
Habraken J, Raaijmakers M, Van Tienen PGM (2000)
Reflections of a specialist: patterns in food provisioning
and foraging conditions in sandwich terns Sterna sandvicensis. Ardea 88:33−49
Verspecht F, Pattiaratchi C (2010) On the significance of
wind event frequency for particulate resuspension and
light attenuation in coastal waters. Cont Shelf Res 30:
1971−1982
White GC, Burnham KP (1999) Program MARK: survival
estimation from populations of marked animals. Bird
Study 46:S120−S139
Whitehead PJP, Smith PJ, Robertson DA (1985) The two
species of sprat in New Zealand waters (Sprattus
antipodum and S. muelleri). NZ J Mar Freshw Res 19:
261−271
Wright SK, Byrd GV, Renner HM, Sowls AL (2013) Breeding
ecology of red-faced cormorants in the Pribilof Islands,
Alaska. J Field Ornithol 84:49−57
Zuur AF, Ieno EN, Smith GM (2007) Analysing ecological
data. Springer, New York, NY
Submitted: December 10, 2014; Accepted: October 31, 2015
Proofs received from author(s): December 3, 2015

