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Abstract

1. Diet is a key factor affecting seabird foraging behaviour, ultimately influencing

survival, breeding success and long-term population viability. The density and

distribution of prey species in the marine environment are influenced by many

factors including climate effects such as El Niño southern oscillation and climate

change that alter water temperature.

2. While poor quality diet has been implicated as a contributing factor in the decline

of some mainland New Zealand yellow-eyed penguin (Megadyptes antipodes)

populations, little is known about their diet in the subantarctic where the majority

of the species breeds.

3. Blood and feather samples (n = 63) were collected for stable isotope analysis of

diet from 25 individual birds breeding on subantarctic Enderby Island, Auckland

Islands, New Zealand, from 2015 to 2018.

4. Diet data were analysed by factors such as breeding year, sex and foraging

behaviour. Stable isotope analysis demonstrated significant changes in diet during

each year of the study, which included both El Niño and La Niña conditions.

5. Diet during El Niño conditions comprised lower trophic level prey, which were

more benthic, and found closer to shore than diet during La Niña.

6. Coupled with the reported variable breeding success of yellow-eyed penguins in

the subantarctic, variable diet suggests prey availability is likely to be a limiting

factor in some years. Prey availability is therefore expected to be a major

influence on survival and breeding success of this endangered species in the

future, particularly if the effects of climate change become more pronounced.

7. This research highlights an urgent conservation need to identify prey species

utilized by the southern population, along with their distribution in time and

space, and therefore also the effect of diet on long-term population stability.
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1 | INTRODUCTION

The diet of long-lived marine predators is a key indicator of individual

foraging success (Emlen, 1966; MacArthur & Pianka, 1966), as it

affects adult survival (Keymer et al., 2001), chick provisioning (Jodice

et al., 2006), and ultimately breeding success and long-term

population viability (Emlen, 1966; MacArthur & Pianka, 1966;

Olsson, 1997; Moreno et al., 1999; McClung et al., 2004; Jodice

et al., 2006; Crawford et al., 2008). Prey availability is determined by

the density and distribution of prey species, with horizontal and

vertical distribution affecting predators' travel distance and dive depth

(Croxall, Reid & Prince, 1999; Inchausti et al., 2003; Boersma &

Rebstock, 2009). Prey species can be affected by changes in

environmental conditions such as water temperature, with diet quality

predicted to decrease for many marine species due to climate change

(Worm et al., 2006; Cury et al., 2011). Studying broader changes in

prey trophic level can shed light on foraging behaviour even where

prey species are not directly analysed (Chilvers, 2017a;

Chilvers, 2017b). Changes in the diet of a diving seabird can indicate

variability in prey species utilized between years, sexes and age

classes (Cherel, Hobson & Weimerskirch, 2000; Ainley et al., 2003;

Tremblay & Cherel, 2003), and, therefore, foraging variability.

Interpretation of dive data often relies on the assumption that

sampling a small number of foraging trips is representative of diving

behaviour over a whole breeding season, which may not be the case

(Amélineau et al., 2021). However, diet studies can be used to

interpret dive results, since significant differences in diet between

individuals in the same population can indicate that different foraging

behaviours were occurring, and that these were maintained across

multiple foraging trips for the period in question.

Stable isotope analysis (SIA) is a method of analysing diet

composition by determining the chemical makeup of prey items that

have been incorporated into body tissues (Hobson & Clark, 1992a;

Cherel, Hobson & Weimerskirch, 2000; Bearhop et al., 2002; Bearhop

et al., 2006). Stable isotope analysis offers advantages over other

techniques such as stomach contents analysis, which often represent

diet from only a single meal, and can be biased by differing prey

digestibility (Duffy & Jackson, 1986; van Heezik & Seddon, 1989; van

Heezik, 1990a; Pütz, 1995). Techniques such as faecal analysis, and

particularly faecal DNA analysis, can be used to determine prey

species over extended periods and multiple individuals to avoid the

single meal constraint, and faecal DNA avoids differential digestion

issues (Deagle et al., 2010; Young et al., 2020). However, DNA

samples need to be stored at �20�C to prevent degradation (Young

et al., 2020), so transport from the subantarctic is logistically difficult.

While results are easier to obtain from SIA than DNA analysis

(especially from feathers), SIA allows identification of prey to trophic

level only (Hobson, Piatt & Pitocchelli, 1994), making it useful for

measuring broad-scale taxonomic-level changes in the diet of marine

predators. Stable isotope analysis measures the dietary components

of prey species, which are assimilated in the tissues of consumers in a

reliable and predictable way (DeNiro & Epstein, 1978; DeNiro &

Epstein, 1981; Hobson & Clark, 1992a; Hobson & Clark, 1992b).

Chemical elements with more than one isotopic form have different

molecular mass, and differing ratios of these can distinguish between

prey from different sources. The isotopic ratio of nitrogen (15N/14N)

indicates which trophic level an animal is feeding at (DeNiro &

Epstein, 1981; Bodey, Bearhop & McDonald, 2011), with fish and

cephalopods higher than zooplankton prey (Owens, 1988; Hobson,

Piatt & Pitocchelli, 1994). The isotopic ratios of carbon (13C/12C) can

be used to confirm foraging location, with higher (less negative) values

indicating more inshore versus offshore feeding (Hobson, Piatt &

Pitocchelli, 1994; Kelly, 2000) and more benthic versus pelagic

(Hobson, Piatt & Pitocchelli, 1994; Cherel et al., 2007). Stable

isotopes can be analysed from body samples such as feathers and

blood, which represent diet over different time frames (Bearhop

et al., 2002). Nitrogen and carbon signatures persist in blood for

around 1–5 weeks after prey consumption (Hobson & Clark, 1992a;

Haramis et al., 2001; Bearhop et al., 2002; Pearson et al., 2003;

Cherel, Hobson & Hassani, 2005), with a half-life of around 2 weeks

(Bearhop et al., 2002). Feather samples are logistically simpler and less

invasive to obtain than taking blood, or some other methods of

determining diet, such as stomach flushing. Isotope signatures in

feathers are stable but reflect the diet at the time they were grown

(Hobson & Clark, 1992a; Haramis et al., 2001; Bearhop et al., 2002;

Pearson et al., 2003; Cherel, Hobson & Hassani, 2005) meaning they

represent a portion of the diet of the total breeding season. Unlike

other seabirds, most species of penguin generally undergo a single

annual feather moult, which often occurs during a period of fasting at

the end of the breeding season (Adams & Brown, 1990). Since

penguins remain on shore and rely on stored energy reserves during

the period new feathers are grown (Adams & Brown, 1990), the SIA

signature in the feathers is therefore homogenous and represents the

nutritional content of the diet for a period of around 4–6 weeks

during the pre-moult period (Flemming & van Heezik, 2014;

Chilvers, 2017a).

Breeding penguins are central-place foragers that must frequently

travel from their nest to their foraging area at sea, and return to feed

chicks (Williams, 1995; Borboroglu & Boersma, 2013). Consequently,

breeding penguins and other seabirds are particularly vulnerable to

localized prey depletion, as well as to changes affecting the location

or depth of prey, which can increase the effort required to find and

exploit a food source (Birt et al., 1987). Penguins are diving predators,

capturing and consuming live prey underwater. The predominant dive

types are benthic diving (to the sea floor), which is characterized by

repeated dives to a uniform maximum depth limited by seabed depth

(Tremblay & Cherel, 2000); and pelagic diving, which occurs mid-

water with a more variable maximum depth between dives since prey

could be encountered anywhere in the water column (Tremblay &

Cherel, 2000). Deeper dives require more energy expenditure, so

benthic foraging can be more energetically expensive than pelagic

foraging, especially in deeper water (Costa et al., 2004). However,

benthic prey species tend to be a predictable, evenly distributed prey

source, although often occurring at low densities within a habitat

(Costa et al., 2004; Chilvers & Wilkinson, 2009). Conversely, while

pelagic foraging is unpredictable and may require birds to travel larger
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distances to search for prey, pelagic prey are often found in higher-

density aggregations, such as schools and bait balls, providing a richer

food source once located (Chilvers & Wilkinson, 2009). Overall,

pelagic prey are often more influenced by oceanographic and weather

conditions such as El Niño southern oscillation (ENSO) than are

benthic prey (Costa et al., 2004), meaning benthic prey may be a more

reliable food source when prey are less abundant. Successful foraging

must balance the energy expenditure required to catch prey with their

nutritional quality. Fish generally have a higher lipid and energy

content than do cephalopods or zooplankton and therefore represent

higher quality prey (Clarke & Prince, 1980; Cherel & Ridoux, 1992;

Meynier et al., 2008). Penguins feeding on a higher proportion of fish

are therefore expected to be in better body condition, and the body

condition of penguin chicks is positively correlated with the

proportion of fish in their diet (Forero et al., 2002). Factors affecting

the makeup of prey species in the diet can therefore affect foraging

success, which in turn has implications for both nutrition and chick

provisioning.

The yellow-eyed penguin (hoiho, Megadyptes antipodes) is

classified as Endangered (Couch-Lewis et al., 2016; Birdlife

International, 2020) and endemic to New Zealand, with a highly

restricted distribution. The northern population includes breeding

areas in the south east of the South Island, and Stewart and Codfish

Islands (Figure 1, above dotted line), and the southern population

includes the subantarctic Auckland and Campbell Islands (Figure 1,

below dotted line) (Seddon, Ellenberg & Van Heezik, 2013), with

F IGURE 1 (a) Map of yellow-eyed
penguin breeding range around
New Zealand (green), with the northern
population above the dotted line, and
southern population below the line. Also

shown is (b) an enlarged view of the
subantarctic Auckland Islands with
Enderby Island to the north east, and (c) a
close-up of Enderby Island showing the
area where breeding birds were sampled
(green ellipse). Modified from Muller et al.
(2020a)
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these areas representing discrete populations for conservation

management (Boessenkool et al., 2009). Most populations around

mainland New Zealand are in serious decline due to successive poor

breeding seasons and ongoing high adult mortality, believed to be due

to threats at sea including poor foraging success, fisheries

interactions, pollution and human disturbance (Couch-Lewis

et al., 2016; Mattern et al., 2017; Mattern & Wilson, 2018). The

southern yellow-eyed penguin population comprises at least 60–79%

of the total population (Couch-Lewis et al., 2016; Muller et al.,

2020b), and while apparently not declining in the 2010s, there were

large fluctuations in breeding success, and counts have reduced since

the 1980s (Moore, 1992; Moore, Fletcher & Amey, 2001; Muller

et al., 2020b). As in most other penguin species, yellow-eyed penguins

typically moult after breeding; in late March on mainland

New Zealand (Seddon, Ellenberg & Van Heezik, 2013), or during April

in the subantarctic (Moore, Fletcher & Amey, 2001). Warmer water

has a detrimental effect on foraging and breeding success in the

northern population (Young, 2014; Mattern & Ellenberg, 2018). The

warmer water and more stochastic weather and wind patterns

associated with strong La Niña conditions around mainland

New Zealand negatively affect yellow-eyed penguin breeding success

(Moore & Wakelin, 1997; Darby, 2003; Young, 2014; Mattern

et al., 2017). However, there are few data on the effects of ENSO on

foraging and breeding success in the southern population, although a

greater proportion of pelagic foraging was observed during La Niña

conditions (Muller et al., 2021). Breeding yellow-eyed penguins

typically forage in coastal and mid-shelf waters around mainland

New Zealand (Moore, 1999; Mattern et al., 2007; Mattern

et al., 2013), while, at the subantarctic Auckland Islands, yellow-eyed

penguins forage further offshore than many mainland birds do (Muller

et al., 2021) and at greater depths (Muller et al., 2020a). Dive data

from the northern population revealed predominantly benthic

foraging behaviour (Seddon & van Heezik, 1990; Moore et al., 1995;

Mattern, 2006; Mattern et al., 2007; Mattern et al., 2013; Chilvers,

Dobbins & Edmonds, 2014). Earlier diet studies suggested that some

pelagic prey species were utilized (van Heezik, 1990b); however, more

recently, prey were interpreted as being mainly demersal (Moore &

Wakelin, 1997). A predominantly benthic foraging strategy in the

northern population may be influenced by changes in prey availability

and environmental conditions, with some pelagic foraging occurring

when visibility is poor at the sea bed (Mattern & Ellenberg, 2018). In

contrast, Enderby Island birds displayed apparently greater diving

plasticity, with foraging behaviour switching from benthic to almost

80% pelagic in some years, as well as trips consisting almost entirely

of pelagic dives (Muller et al., 2020a), a diving behaviour not common

in the northern population. It is likely that diving and foraging

plasticity is a function of the physical environment and changes in

prey availability and location, rather than an inherent characteristic of

either population (Muller et al., 2021).

Knowledge of diet diversity is important for ecosystem-based

management plans (Shiffman et al., 2012). Understanding diet and

foraging behaviour is essential for conservation monitoring because it

allows for informed management decisions such as predicting where

and how poor diet may affect population viability, and how to address

that when it occurs. Poor diet can result in poorer chick condition in

yellow-eyed penguins (van Heezik & Davis, 1990), leading to

decreased post-fledging survival rates (McClung et al., 2004). Poor

foraging success has also been linked to reduced adult survival, with

negative long-term population outcomes (Couch-Lewis et al., 2016;

Mattern & Wilson, 2018; Department of Conservation, 2020).

Variable breeding success is evident in the southern population,

probably linked to changes in foraging success (Muller et al., 2020b;

Muller et al., 2021). As yellow-eyed penguin foraging is influenced by

climate patterns (Moore & Wakelin, 1997; Darby, 2003; Young, 2014;

Mattern et al., 2017; Muller et al., 2021), a comprehensive

understanding of diet and foraging ecology across the range of the

species is essential for monitoring yellow-eyed penguin breeding and

guiding effective conservation management, particularly as the effects

of climate change are expected to become more pronounced in the

future (Collins et al., 2013; Ramírez et al., 2017). While variable

foraging behaviour has been identified in the subantarctic (Muller

et al., 2020a; Muller et al., 2021), little information on diet is available

for the southern population. Better knowledge of yellow-eyed

penguin diet will also help determine whether food availability or

quality might be limiting factors, and as a result, to anticipate any

possible impacts on successful breeding for these populations. The

aims of this study were therefore to better understand diet and

foraging in the southern population, by: (i) identifying changes in diet

between years and relating these to population-level changes in

foraging, breeding and ENSO state; (ii) identifying variability in diet

between sexes, or birds utilizing different foraging behaviours in order

to identify pressure on particular cohorts; and (iii) comparing diet

trends in the subantarctic with data published for mainland birds to

identify specific regional threats to the southern population.

2 | METHODS

2.1 | Fieldwork

Ground-based fieldwork was carried out on Enderby Island, Auckland

Islands, in the New Zealand subantarctic (50�2904500S 166�1704400E,

Figure 1) for three breeding seasons 2015 (November 2015–February

2016), 2016 (November 2016–February 2017), and 2017 (November

2017–January 2018). GPS foraging data were collected during

concurrent research in 2016 and 2017 (Muller et al., 2021), and dive

and breeding success data were collected in all three years (Muller

et al., 2020a; Muller et al., 2020b). Nests were located using manual

ground searching, ground-based very high frequency radio tracking,

and aerial tracking using an unmanned aerial vehicle equipped with a

very high frequency receiver (Muller et al., 2019). Adult penguins

were captured by hand as they returned to the shore in the evening

following a foraging trip at sea, and transferred to a custom-made

holding bag. This held the wings against the body but left the head

and feet exposed for processing and collection of morphometric data

using a spring balance and callipers. Birds were marked with a
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microchip for permanent individual identification (Muller

et al., 2020b), and sex was determined using the relationship between

head plus beak length and foot length (Setiawan, Darby &

Lambert, 2004), or the relative sizes between breeding partners with

males assumed to be the larger (Setiawan, Darby & Lambert, 2004).

Blood and feather samples for SIA were taken while birds were

restrained.

2.2 | Sampling and stable isotope analysis

Blood samples were collected in November 2015 only, due to

logistical constraints. A 1-ml sample of blood was taken using a

25-gauge needle from either the medial metatarsal vein (inside of the

leg) or dorsal digital vein (on top of the foot) while penguins were

restrained in the holding bag. Blood samples were transferred to an

Eppendorf tube then spun in the field using a centrifuge, and the

serum and red blood cell components were transferred into separate

tubes and frozen in liquid nitrogen for transfer back to the mainland.

Serum samples were then freeze-dried and ground to a fine powder

for SIA analysis.

Feather samples were collected in the 2015, 2016 and 2017

breeding seasons (representing diet during pre-moult periods in the

2014, 2015 and 2016 seasons, respectively). Six feathers were cut

with scissors from haphazard locations on the central and lower back

of each bird. Feathers were cleaned by soaking for 5 min each in

distilled water, followed by a 2:1 solution of chloroform and methanol

to remove lipids, then rinsed in clean distilled water again for 1 min to

remove solvents (Cherel et al., 2007). Feathers were dried using clean

paper towels, and placed in clean Ziploc bags for storage.

Stable isotope analysis of blood and feathers was conducted by

Waikato Stable Isotope Unit (Department of Biological Sciences,

University of Waikato). Blood samples were compared with feather

samples from the same bird, representing a similar nutritional period

(i.e. feathers collected during the following breeding season in 2016).

Feathers and powdered serum were weighed and packed in tin-foil

capsules, and carbon and nitrogen isotope ratios were determined by

a Dumas elemental analyser (Europa Scientific ANCA-SL) interfaced

to an isotope mass spectrometer (Europa Scientific 20–20 Stable

Isotope Analyser). Results are presented in the conventional notation

relative to a laboratory standard or reference for sucrose (13C) and

urea (15N), with urea calibrated relative to atmospheric nitrogen.

Quality-control samples were run before and after every 12 samples,

and unless otherwise stated, data are presented as means ± SE and

results are considered significant at the P < 0.05 level.

Statistical analyses were performed in R Studio version 1.1.456

running R version 3.5.1 (R. Core Team, 2017), and using the lme4

package (Bates et al., 2015). All continuous variables were visually

assessed to be normally distributed using histograms and Q-Q plots,

so dependent variables were not transformed. Stable isotope analysis

results were analysed using general linear mixed effects models, with

bird ID (an individual identifier) as a random effect to avoid pseudo-

replication. A separate ANOVA test of models with and without bird

ID was used to test whether bird ID significantly improved the model

fit, based on the resulting corrected Akaike's information criterion

(AICc) values. This hypothesis-driven test was used to investigate

whether any individual preferences in diet existed. Graphs were

generated in R including the ggplot2 package (Wickham, 2016).

2.3 | Dive type and foraging distance

Concurrent dive data were collected using Lotek LAT 1400 time

depth recorders attached to the middle of the back using waterproof

tape, as described in Muller et al. (2020a). Dives were categorized as

benthic if the depth change between subsequent dives was <2.9%,

with the remainder of dives classed as pelagic (Muller et al., 2020a).

Foraging trips were also classified using Bayesian analysis, with

benthic trips having >3.6% benthic dives, accounting for the large

proportion of non-feeding travelling dives and ensuring that the

remaining trips classified as pelagic contained no significant instances

of benthic diving (Muller et al., 2020a).

Foraging data were collected using customized CatTraQ GPS

loggers modified for underwater use according to Pelletier

et al. (2014), and attached to the lower back (Muller et al., 2021). GPS

data were interpolated to account for missed fixes, and distance

measures were calculated including the foraging distance (maximum

straight-line distance away from shore, measured from the sea access

point) and the total trip distance (cumulative distance travelled

between all points in a foraging trip) (Muller et al., 2021). Where

possible, electronics were deployed for only one foraging trip before

being recovered to minimize attachment time. However, if penguins

undertook more than one foraging trip before electronics were

recovered, the data were divided into separate trips. For full

methodology refer to Muller et al. (2021).

3 | RESULTS

3.1 | Summary

A total of 63 SIA samples were processed, from 25 individual birds

(14 males and 11 females; Table S1). This included 10 blood samples

from 10 different birds collected in 2015, and 53 feather samples

TABLE 1 Isotope values (‰) for blood and feather samples from
yellow-eyed penguins breeding on Enderby Island

Blood Feathers

δ15N δ13C δ15N δ13C

Min 10.28 �20.99 10.98 �19.01

Max 11.40 �20.10 12.75 �17.58

Difference 1.12 0.89 1.77 1.43

Mean 10.69 �20.50 11.78 �18.40

SD 0.40 0.28 0.38 0.32
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from 25 birds collected from 2015 to 2017 and representing

diet years 2014 (n = 10), 2015 (n = 23) and 2016 (n = 20). Included

in the feather samples were seven birds sampled in all three years,

14 birds sampled in two different years, and four birds sampled in a

single year only. SIA data were matched with 22 dive logs, including

15 benthic and seven pelagic foraging trips (Muller et al., 2020a).

A comparison (n = 9 pairs) was also made between blood and

feathers representing the 2015 diet year (Figure S1). Foraging data

were analysed in detail in concurrent studies (Muller et al., 2020a;

Muller et al., 2021). Summary data are provided for each individual

bird (Table S1).

3.2 | Blood versus feathers

The nitrogen (δ15N) values for blood and feathers had a range of 1.1

and 1.8‰, respectively, and the carbon (δ13C) values had a range of

0.9 and 1.4‰, respectively (Tables 1, S1). Blood SIA values generally

followed a similar trend to feather samples from the same diet year,

but were offset lower. This was the case for all δ13C and most δ15N

measures (Figure S1). General linear models comparing isotope values

confirmed that blood and feather samples were significantly different

for both δ15N (t = 8.278, P = 1.31e-11) and δ13C (t = 19.62, P < 2e-

16). Therefore, although their trends were similar, SIA results for

blood and feathers needed to be considered separately. Since blood

was collected only in 2015, feather samples were analysed to

compare diet with other factors between multiple years, although

feathers were not available for the final breeding year.

3.3 | Isotope analysis

The δ15N isotope values were lowest in 2015 (Figures 2a and 3a).

General linear models comparing nitrogen isotope values showed that

all were significantly different between years; 2016 and 2015 were

both significantly different from 2014 (t = 2.717, P = 0.00897, and

t = �2.521, P = 0.01486 respectively), and 2014 and 2015 were both

significantly different from 2016 (t = �2.717, P = 0.00897, and

t = �6.623, P = 2.14e-08 respectively). A linear mixed effects model

with bird ID as a random effect (to account for individual birds'

preferences as a potential confounding effect) had the same result,

with a significant difference between years (χ2 = 114.73, P < 2.2e-16).

The δ13C isotope values were the inverse of nitrogen values, and

were highest in 2015 (Figure 2a, Figure 3a). General linear models

comparing carbon isotope values showed that all years were

significantly different; 2016 and 2015 were both significantly

different from 2014 (t = 3.417, P = 0.00125, and t = 10.089,

P = 9.53e-14), and 2014 and 2015 were both significantly different

from 2016 (t = �3.417, P = 0.00125, and t = 8.312, P = 4.74e-11

respectively). A linear mixed effects model with bird ID as a random

effect (to account for individual bird's preferences as a potential

confounding effect) also found that year was significant (χ2 = 230.06,

P < 2.2e-16).

F IGURE 2 Comparison of stable isotope analysis results
extracted from feathers for different groups of foraging yellow-eyed
penguins, breeding on Enderby Island in the New Zealand

subantarctic (n = 54 birds). Results show nitrogen (δ15N) and carbon
(δ13C) isotopes in ‰ for: (a) the diet year when feather samples were
formed (during the pre-moult period); (b) birds conducting different
dive types (benthic or pelagic) as per Muller et al. (2020a); and (c) for
birds of different sex
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A general linear model comparing δ15N isotope values with

foraging type (Figure 2b) was not significant (t = 0.492, P = 0.628);

however, sex was significant (t = �2.795, P = 0.00725), with males

tending towards larger δ15N values (Figure 2c). This was not the case

when only blood samples were analysed, with no significant

difference evident between sexes in this case (t = 1.432, P = 0.19),

although sample sizes were much smaller (n = 5 males and 5 females

for blood sample analysis). While carbon δ13C isotope values were

generally lower for benthic foragers (Figure 2b) and some males

tended towards smaller (less negative) δ13C values (Figure 2c), these

values were not significantly different for either foraging type

(t = �2.069, P = 0.0517) or sex (t = �1.403, P = 0.167). Individual

bird ID (as a random effect) significantly improved the linear mixed

effects model fit for δ15N (χ2 = 11.097, P = 0.0008647), and δ13C

(χ2 = 7.9297, P = 0.004863).

General linear models comparing isotope values with foraging

distances in 2016 (Table S1) showed that foraging distance (maximum

distance offshore) had no significant effect on δ15N ratios

(t = �2.083, P = 0.0561); however, the total foraging distance

(cumulative distance travelled) did have a significant effect on δ15N

(t = �2.162, P = 0.0484). Neither maximum distance nor cumulative

distance travelled had a significant effect on δ13C (t = �1.031,

P = 0.32, t = �0.48, P = 0.638 respectively). Distance and year could

not be tested in the same model since there was only one year where

both GPS and SIA data were available (2016).

4 | DISCUSSION

Significant differences were evident in the isotope ratios of both

nitrogen and carbon in different breeding seasons, indicating dietary

shifts by foraging yellow-eyed penguins. The models including bird ID

were a better fit, implying that individual diet preferences were

present for both nitrogen (approximating trophic level) and carbon

(approximating foraging location) isotopes.

4.1 | Blood versus feathers comparison

Isotope values for blood and feathers followed similar trends to each

other; however, all δ13C and most δ15N blood values were

significantly lower than feather samples from the same diet year

(Figure S1), meaning that they could not be grouped together for

analysis. This is consistent with Cherel, Hobson & Hassani (2005) who

found significantly lower isotope values for blood compared to

feathers in all penguin species studied, and is due to fractionation

differences, which mean that SIA signatures of feathers are typically

enriched relative to blood for many seabird species (Ogden, Hobson &

Lank, 2004; Quillfeldt et al., 2008; Bond & Jones, 2009).

4.2 | Nitrogen 15 analysis (trophic level)

Isotopic ratios of nitrogen (15N/14N) represent the trophic level at

which an animal is feeding (DeNiro & Epstein, 1981; Bodey, Bearhop

& McDonald, 2011), with fish being a higher trophic level to

cephalopods to zooplankton prey (Owens, 1988; Hobson, Piatt &

Pitocchelli, 1994). The δ15N isotope levels of prey obtained by

breeding yellow-eyed penguins in the subantarctic were significantly

different in each year, indicating that penguins consumed differing

proportions of prey from different trophic levels in different breeding

seasons. A change of δ15N isotope levels of around 2.3–3.4‰ is

considered to represent a change in trophic level (McCutchan

et al., 2003). The δ15N results had a range of 1.8‰ for feathers, which

was lower than this threshold, meaning that the variability in the diet

of yellow-eyed penguins probably relates to differing amounts of prey

from each trophic level rather than comprehensive switches between

trophic levels.

The trophic level inferred from nitrogen isotope levels was not

significantly affected by dive type, implying that benthic and pelagic

foragers were generally feeding at similar trophic levels. There was

also no significant effect from the maximum foraging distance away

from the colony, indicating that there was no consistent correlation

between distance from the colony and the availability of different

trophic level prey. However, the trophic level was affected by the

cumulative total foraging distance (length of trip), implying that birds

undertaking trips of longer total distance may have been targeting

prey at a different trophic level.

Nitrogen isotope levels were also affected by sex, with females

having a lower δ15N value implying feeding at a lower trophic level or

consuming greater amounts of lower trophic level prey. However, sex

was not significant when only blood samples were analysed. The

variances in feather and blood samples were similar (0.14 and 0.16,

respectively) so this is unlikely to have influenced this result;

however, the sample size for blood was smaller so may not have been

representative. There is no evidence for different diving behaviour

between sexes from mainland New Zealand (Seddon & van

Heezik, 1990; Moore, 1999; Mattern et al., 2007). This is also true in

the subantarctic, although some individual birds of each sex may

consistently use benthic foraging in preference to other methods

F IGURE 3 Comparison of stable isotope analysis results
extracted from feathers for foraging yellow-eyed penguins breeding
on Enderby Island in the New Zealand subantarctic (n = 54 birds) in
different diet years (when feathers were formed), showing isotopes in
‰ for: (a) nitrogen δ15N (left); and (b) carbon δ13C (right). N and C
values in all years were significantly different from each other
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(Muller et al., 2020a), and females may use a larger foraging area

during the guard phase (Muller et al., 2021). These foraging trends

suggest that some females in the southern population may target

different prey species (or differing amounts of each species) than

males.

4.3 | Carbon 13 analysis (foraging location)

Isotopic ratios of carbon (13C/12C) can be used to infer foraging

location, differentiating between inshore versus offshore and benthic

versus pelagic feeding (Kelly, 2000; Cherel et al., 2007). The δ13C

isotope levels of prey obtained by breeding yellow-eyed penguins in

the subantarctic were significantly different in all years, implying that

penguins were feeding at different locations or on prey with different

carbon inputs in different breeding seasons. While this implies

changing foraging locations, carbon inputs in the same physical

location may also be influenced by ocean currents bringing varying

amounts of nutrients (Cherel & Hobson, 2007). The δ13C isotope

levels were highest (less negative) in 2015, indicating that foraging

was associated with more inshore and benthic habitats during this

severe El Niño season. This is consistent with the higher proportion of

benthic foraging trips evident in 2015 (Muller et al., 2020a). Carbon

isotope levels were not affected by the maximum foraging distance

away from the colony, or the cumulative foraging distance (length of

trip). There was also no difference evident between sexes or dive

types.

4.4 | Diet plasticity

Dietary partitioning has also been demonstrated in other penguin

species using SIA analysis. SIA of blood from breeding Adélie

penguins was able to distinguish between prey at a broad taxonomic

level (e.g. fish vs. krill), and this was confirmed by stomach contents

analysis (Tierney et al., 2008). They also found that diet composition

changed during the breeding season. SIA demonstrated broad diet

composition (e.g. fish, cephalopod, crustacean) in little blue penguins,

with greater accuracy than stomach sampling (Flemming & van

Heezik, 2014). In that study, blood isotopes had narrower confidence

intervals but also mirrored trends for feathers.

Yellow-eyed penguins are predominantly benthic divers in the

northern population (Mattern et al., 2007; Mattern et al., 2013;

Chilvers, Dobbins & Edmonds, 2014). The greater variability in diet at

Enderby Island was also consistent with greater plasticity in diving

and foraging behaviour, with significant proportions of pelagic diving,

probably influenced by different foraging conditions affecting prey

species availability and their distribution over time (Muller

et al., 2020a).

In multiple trips recorded for the same individuals, the majority of

birds (72%) displayed consistent foraging behaviour during multiple

trips within a season (Muller et al., 2020a). This is also consistent with

the significant differences evident in dietary stable isotopes when

individual bird ID was included as a factor, demonstrating that

individual foraging preferences were maintained over the period while

feathers were formed.

4.5 | Yellow-eyed penguin diet

The diet of the northern population consists primarily of demersal fish

species. The main prey species in the 1980s by frequency eaten, were

sprat (Sprattus antipodum), and by proportion of mass eaten, were red

cod (Pseudophycis bachus) and opalfish (Hemerocoetes spp.), with

smaller amounts of other fish species, and arrow squid (Nototodarus

sloanii), other cephalodpds and crustaceans (van Heezik, 1990a).

There were considerable differences in diet between locations and

years (van Heezik, 1990a). Later studies revealed a dietary shift to less

feeding on red cod, and more blue cod (Parapercis colias) along with

opalfish (Moore & Wakelin, 1997; Mattern et al., 2017; Mattern &

Ellenberg, 2018; Mattern & Wilson, 2018). Regional differences in

diet composition are evident for the northern population, probably

due to differing benthic habitat (Mattern & Ellenberg, 2018). Diet can

also be influenced in regions exposed to disturbance caused by

bottom trawls favouring scavenging species such as blue cod (Mattern

et al., 2013), which can be more difficult for penguins to locate and

capture (Mattern et al., 2018), and as a food source such prey may

therefore be restricted to individuals with acquired foraging

experience (Forslund & Pärt, 1995). In the northern population, larval

fish, gelata and other mid-water species were targeted during short

periods of pelagic foraging but only when poor visibility prevented

benthic foraging (Mattern et al., 2017; Mattern et al., 2018; Mattern

& Ellenberg, 2018).

Diet composition of the southern population was unknown prior

to this study. Consequently, there is no information on subantarctic

prey species targeted by yellow-eyed penguins. Furthermore, many of

the northern prey species do not occur in the subantarctic. Diet of the

northern population includes juveniles of some commercial species

(van Heezik, 1990a,; van Heezik, 1990b; Moore & Wakelin, 1997;

Browne et al., 2011) and this may also be the case in the subantarctic

(Table S2). Diversity of reef fishes is negatively correlated with

latitude, and the subantarctic Auckland and Campbell Islands have a

low diversity of reef fishes compared to other New Zealand

ecosystems (Francis, 1996), which would be expected to reduce the

number of benthic fish species available as a food resource for

penguins (Table S2). Benthic diving occurs at Campbell Island

(P. Moore, personal communication), with pelagic dives possible but

not confirmed there, and prey species similarly unknown.

Future SIA work in the subantarctic would benefit from a

reference collection of yellow-eyed penguin prey species and

determination of their isotopic signatures, enabling the use of mixing

models to estimate relative contributions of specific prey types.

Faecal DNA analysis can also assist with identifying diet to species

level (Young et al., 2020), provided suitable logistics can be arranged

for DNA samples to be transported to New Zealand for analysis. In

combination with data on foraging area and diving behaviour from
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GPS/time depth recorder device deployment (Muller et al., 2020a;

Muller et al., 2021), this could provide more detailed information on

yellow-eyed penguin foraging ecology in the face of climate change.

4.6 | Breeding success

Adult seabirds may be able to compensate for declining availability of

high-energy prey by bringing back a larger volume of prey (Suryan,

Irons & Benson, 2000; Litzow et al., 2002). However, declining diet

quality has been linked to selective provisioning and poor

reproductive success of yellow-eyed penguins on Stewart and

Codfish Islands in the northern population (Browne et al., 2011).

Stable isotope analysis has shown that poorer chick nutrition was

associated with unsuccessful foraging trips by parents, as well as prey

species having a lower energetic content, or being unsuitable for

chicks to eat (Browne et al., 2011). Larger food items are less suitable

for feeding to chicks, and can result in poorer nutritional outcomes

(Moore & Wakelin, 1997; Mattern et al., 2017; Mattern &

Ellenberg, 2018), and a corresponding reduction in breeding success

(Browne et al., 2011; Mattern & Ellenberg, 2018). However, there is

no evidence that prey size is an issue for chick nutrition in the

southern population.

The amount and distribution of many fish species around

New Zealand are affected by water temperature, with warmer water

leading to lower recruitment and subsequent biomass (Francis, 1996;

Beentjes & Renwick, 2001), and increasing water temperature since

the mid-1990s has been implicated in reduced survival rates and

population decline for the northern yellow-eyed penguin population

(Mattern et al., 2017).

4.7 | Climate

In New Zealand waters, El Niño corresponds to a cooler and wetter

climate, with implications for many marine species including yellow-

eyed penguins (see Peacock, Paulin & Darby, 2000 for review). In the

northern population, colder temperatures (including air and sea

surface temperatures) and wetter conditions are generally more

favourable for breeding success (Peacock, Paulin & Darby, 2000;

Darby, 2003), and warmer conditions, such as warm water events

associated with La Niña, generally result in poorer and more variable

breeding success outcomes (Moore & Wakelin, 1997; Young, 2014;

Mattern et al., 2017). High air temperatures around mainland

New Zealand can also subject nesting birds to heat stress, which can

affect breeding success (Seddon & Davis, 1989; Clark, Mathieu &

Seddon, 2015). This study suggests that subantarctic populations may

differ from the mainland, and El Niño conditions may be less

productive or even detrimental to breeding success. However, it may

also be the case that any severe climate effects are detrimental,

regardless of type.

El Niño conditions were present in 2014 (weak) and 2015

(severe), and both 2016 and 2017 were mild La Niña years

(Null, 2019). At Enderby Island, the δ15N isotope levels were lowest in

2015, suggesting that birds were feeding more on lower trophic level

prey during this severe El Niño season, and levels were highest in

2016 during mild La Niña conditions. Lower trophic level prey

generally have a lower energy content than prey of higher tropic level

(Meynier et al., 2008), which indicates poorer-value prey during the El

Niño conditions in 2015. Stable isotope analysis of carbon indicated

foraging (based on prey species composition) was on average closer

to shore and more benthic in 2015 than in 2016 or 2017. This

corresponded with a high incidence of benthic foraging recorded for

subantarctic yellow-eyed penguins in 2015 (Muller et al., 2020a), and

a lower breeding population and breeding attempts during El Niño

conditions these years (Muller et al., 2020b).

Studies on many prey species have shown poorer recruitment

and lower biomass related to periods of warmer water, including for

red cod (Beentjes & Renwick, 2001), an important part of the diet of

the northern population, and for southern blue whiting, an important

species in subantarctic fisheries (Hanchet & Renwick, 1999). Southern

blue whiting are also negatively affected by other weather events in

the subantarctic (Willis, Fu & Hanchet, 2007). Our study indicates that

diet and foraging for the southern yellow-eyed penguin population

are variable, and may also be affected by ENSO index, with

implications for breeding success.

These results corresponded to poorer breeding success during

the severe El Niño in 2015, and also the La Niña in 2017, but positive

breeding success during a weak La Niña in 2016 (Muller et al., 2020b).

Since weather conditions can be more severe in the subantarctic

(Eden, 1955; Higham, 1991), it may be that individual weather events

play a more significant role than ENSO state in the region, although

climate changes that lead to an increase in number or severity of

severe weather events would be expected to have a detrimental

effect on yellow-eyed penguin population stability.

4.8 | Conservation considerations

In addition to direct impact on individual foraging success, climate

effects can also increase the pressure on a population rendering it less

able to respond to non-climate related impacts, such as fisheries

interactions, habitat degradation, human disturbance, and prey

availability, which have all been implicated in declines in the northern

yellow-eyed penguin population (Mattern et al., 2017). This study

demonstrates that yellow-eyed penguin diet is variable in the

subantarctic, probably influenced by local climatic conditions including

ENSO. Diet during El Niño conditions comprised lower trophic level

and more benthic prey, and during La Niña conditions was more

pelagic and associated with greater foraging distances. By implication,

prey availability is probably also a limiting factor in this region in some

years, and therefore a major influencer of future survival and breeding

success. This could be exacerbated if the effects of climate change

become more pronounced as predicted (Easterling et al., 2000;

Ramírez et al., 2017). Therefore, the findings of this study suggest

that poor breeding seasons driven by reduced prey availability could
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become more common in the future. Subantarctic yellow-eyed

penguins are also vulnerable to other threats such as nest predation

on islands with introduced predators, potential negative interactions

with commercial fisheries in the area, including resource competition

as well as adult mortality, and to catastrophic events such as oil spills

(Muller et al., 2020b), all of which could compound the effects of a

poor breeding season. Unlike in the northern population, logistical

constraints largely prevent direct intervention in the subantarctic to

rehabilitate individual adults or chicks in poor condition. As a result,

intervention is likely to be only possible at a population level to

attempt to mitigate large-scale threats. Therefore, ongoing future

monitoring of population and breeding success is needed to identify

declines and allow intervention as soon as possible. Any potential

threats to yellow-eyed penguin survival and foraging need to be

investigated in greater detail, and if necessary, pre-emptive

interventions made to ensure they do not become a significant

contributor to declines in yellow-eyed penguin foraging efficiency or

population. The isotope signatures collected for this study provide a

foundation to match with the SIA signatures of individual prey

species, and this could be expanded on by the use of DNA diet

analysis to identify prey species around the Auckland Islands

archipelago. This is a key step to understanding the distribution of

prey species in space and time, in order to model and predict future

constraints on food availability. Future management of the species

will benefit from greater knowledge of all potential threats to foraging

success, and therefore also to breeding success and population

stability.
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