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Abstract
Changes in the world’s oceans have altered nutrient flow, and affected the viability of predator populations when
prey species become unavailable. These changes are integrated into the tissues of apex predators over space and time
and can be quantified using stable isotopes in the inert feathers of historical and contemporary avian specimens. We
measured d13C and d15N values in Flesh-footed Shearwaters (Puffinus carneipes) from Western and South Australia
from 1936–2011. The Flesh-footed Shearwaters more than doubled their trophic niche (from 3.91  1.37 &2 to
10.00  1.79 &2), and dropped an entire trophic level in 75 years (predicted d15N decreased from +16.9 & to + 13.5
&, and d13C from 16.9 & to 17.9 &) – the largest change in d15N yet reported in any marine bird, suggesting a relatively rapid shift in the composition of the Indian Ocean food web, or changes in baseline d13C and d15N values. A
stronger El Ni~
no-Southern Oscillation results in a weaker Leeuwin Current in Western Australia, and decreased
Flesh-footed Shearwater d13C and d15N. Current climate forecasts predict this trend to continue, leading to increased
oceanic ‘tropicalization’ and potentially competition between Flesh-footed Shearwaters and more tropical sympatric
species with expanding ranges. Flesh-footed Shearwater populations are declining, and current conservation measures aimed primarily at bycatch mitigation are not restoring populations. Widespread shifts in foraging, as shown
here, may explain some of the reported decline. An improved understanding and ability to mitigate the impacts of
global climactic changes is therefore critical to the long-term sustainability of this declining species.
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Introduction
Anthropogenic effects on marine ecosystems are ubiquitous, and include bycatch of marine animals in fisheries, ocean acidification, warming waters and pollution
(Jennings & Kaiser, 1998; Rayner et al., 2003; Votier
et al., 2005; Mallory et al., 2010; Cheung et al., 2013;
Lavers et al., 2014). These alterations can result in
changes to species’ distributions, diets and behaviours
over ecological time (Reisewitz et al., 2006; Cheung
et al., 2013; Hazen et al., 2013). Large-scale climate
influences species reproductive success, survival, diet
and distributions (Jones et al., 2002; Durant et al., 2004;
Peron et al., 2010; Bond et al., 2011, 2012; Surman et al.,
2012). Such changes in the marine ecosystem can be
tracked using stable isotopes of carbon (d13C) and nitrogen (d15N) from historical and contemporary specimens, which serve as proxies for foraging location and
trophic level, respectively (Peterson & Fry, 1987; Kelly,
2000). These tracers can track changes in ecosystem
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nutrient flow, and reflect changes in predators’ diets
(Shindler et al., 1997; Becker & Beissinger, 2006). In the
marine environment, these changes include general
reduction of trophic level, restructuring of the food web
and changes in fisheries interactions (Pace et al., 1999;
Essington et al., 2006; Karpouzi et al., 2007; Cury et al.,
2011), all of which can have drastic consequences for
high-trophic predators, such as marine birds (Becker &
Beissinger, 2006; Jaeger & Cherel, 2011; Wiley et al.,
2013). Identifying impacts on marine food webs over
time requires historical baselines, which are often
sparse, rarely begin prior to 1960, and are generally rare
in the domain of oceanic birds: the open ocean (Wiley
et al., 2013). An important caveat, however, is that simply measuring a change in predators’ isotope values
does not necessarily signify that a dietary shift has
occurred. Isotope values at lower trophic levels, from
the base of the food web to the predators’ immediate
prey, all influence the d13C and d15N values in predators’ tissues. Food web restructuring could also result
in a predator’s diet remaining unchanged over time,
while d13C and d15N values change – a baseline shift.
Regardless of the mechanism (diet shift or baseline
© 2014 John Wiley & Sons Ltd

T R O P H I C D E C L I N E O F A N A P E X M A R I N E P R E D A T O R 2101
shift), changes in d13C and d15N values in top predators
do reflect changes in nutrient cycling, and are useful in
examining ecosystem dynamics (Cabana & Rasmussen,
1994). In most systems, comparable time series of d13C
and d15N in other lower components of the food web
are unavailable, so while changes in stable isotope values are commonly ascribed to a change in predators’
diet, this is indistinguishable from changes in nutrient
cycling at lower trophic levels.
Flesh-footed Shearwaters (Puffinus carneipes) are apex
predators in the Indian and Pacific Oceans, whose population has declined significantly in the last 40 years on
their Australian & New Zealand breeding grounds
(JLL, unpublished data; Priddel et al., 2006; Reid et al.,
2013; Waugh et al., 2013). The diet of Flesh-footed
Shearwaters is poorly known, but likely consists of a
mixture of squid and fish, such as pilchard (Sardinops
sagax) (Gould et al., 1997; JLL, unpublished data).
We examined evidence of a trophic shift and change
in isotopic niche in breeding Flesh-footed Shearwaters
from Western and South Australia using measurements
of d13C and d15N in feathers grown on the breeding
grounds during a period of relatively rapid oceanographic change (as indicated by the Southern
Oscillation Index; SOI). Our goal was to determine
whether there had been any significant changes in
shearwaters’ foraging patterns over the last 75 years,
and use this information to provide insight into likely
future impacts faced by this vulnerable species.

Materials and methods
Details of samples collected, and methods used for stable isotope analysis are presented by Lavers et al. (2013). Briefly,
adult Flesh-footed Shearwaters were caught at breeding sites
in Western and South Australia (Fig. 1) during the Austral
summer of 2009–2011 and two breast feathers, grown during
the breeding season (Onley & Scofield, 2007), were removed
for stable isotope analysis. These contemporary samples were
supplemented by birds caught as bycatch around Australia
and New Zealand, and in the North Pacific Ocean during
1936–2011. Lavers et al. (2013) predicted the provenance of
these bycatch individuals of unknown provenance using spatially varying trace elements (e.g., G
omez-Dıaz & Gonz
alezSolıs, 2007). This resulted in a total of 119 birds originating in
Western and South Australia (Table 1). There were insufficient
samples from other breeding sites (Lord Howe Island or New
Zealand) to examine changes in d13C and d15N over time
(Lavers et al., 2013).

Table 1 Flesh-footed Shearwaters’ d13C and d15N stable isotope values in feathers from 1936–2011. Note that summary
values may differ slightly from modelled values (see Results).
Values are presented as the mean  S.D
Period

n

d13C (&)

d15N (&)

Early (1936–1949)
Mid (1979–1994)
Late (2002–2011)

9
33
77

16.0  0.8
17.2  1.7
17.4  1.6

+16.9  1.5
+13.8  2.0
+13.9  1.6

NORTHERN
TERRITORY
WESTERN
AUSTRALIA
Leeuwin
Current

SOUTH
AUSTRALIA

QUEENSLAND

NEW SOUTH
WALES
VICTORIA
TASMANIA

Fig. 1 We measured Flesh-footed Shearwater d13C and d15N from Western Australia and South Australia (black boxes; n = 119). The
Leeuwin Current is the main oceanographic feature of the region.
© 2014 John Wiley & Sons Ltd, Global Change Biology, 20, 2100–2107
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Samples were divided into three temporal groups: early
(1936–1949), mid (1979–1994) and late (2002–2011) based on
availability and existing gaps in historical sampling from
museum collections. Values of d13C were adjusted for the
Suess effect (Suess, 1955):

(
d Cadjusted ¼
13

d13 Craw  bhis  ðti  t1 Þ if ti  1978
d13 Craw  bhis  ð1978  t1 Þ  bmod  ðti  1978) if ti  1978

We used a value of 0.015 & for the modelled annual decline
in d13C around South and Western Australia after 1978 (bmod),
and 0.007 & for the modelled historical decline during 1936–
1949 (Gruber et al., 1999; McNeil et al., 2001; Tagliabue &
Bopp, 2008). This is a similar estimate to the Suess effect in
both global oceanic water and the atmosphere of 0.018 & yr1
(Quay et al., 1992; Keeling et al., 1995; Gruber et al., 1999).
Samples were ordered chronologically, where t1 was the earliest sample, and i = 1,. . .,n are the remaining ordered samples
from 1936 to 2011. The maximum adjustment was 0.5 &. d13C
values are also negatively influenced by higher CO2(aq) (Louanchi & Hoppema, 2000), but the magnitude of change in the
southern Indian Ocean is small; Hilton et al. (2006) and Jaeger
& Cherel (2011) estimated the maximum change in d13C to be
0.16 &, which is within, or close to, analytical error in stableisotope analysis (see Lavers et al., 2013), so we did not adjust
d13C values further.
We used an information theoretic approach to model shearwater isotope values. We constructed a series of biologically
relevant models that included the year of collection, and the
Southern Oscillation Index (SOI), a measure of the large-scale
El Ni~
no-Southern Oscillation (Trenberth, 1984). The SOI is
strongly correlated with local oceanographic features that
influence seabird ecology (Surman & Nicholson, 2009a; Surman et al., 2012; Feng et al., 2013). Because the SOI is generally
increasing over time (b = 0.093  0.037, P = 0.012 for the
years covering our samples), we used the residuals of the linear regression of SOI over time. Our multivariate candidate
models predicting d13C and d15N included the year of collection and SOI (and their interaction) as predictors. Models were
ranked using Akaike’s Information Criteria (Akaike, 1974),
and model weights (wi) were used in model averaging to generate parameter estimates and their unconditional standard
error (Burnham & Anderson, 2002).
To determine shearwaters’ niche width during each period,
we calculated the standard ellipse area Bayesian techniques
(SEAB) (Jackson et al., 2011). We compared 10 000 posterior
Bayesian estimates for each time group using an analysis of
variance (ANOVA), and Ryan’s Q post-hoc test (Ryan, 1960; Day
& Quinn, 1989). P-values <0.05 were considered significant.

Results
15

considerable support (Table S1). Year was the most
likely parameter, followed by the SOI when models
were averaged; d15N was negatively related to year
(b = 0.026  0.014) and the year 9 SOI interaction

Flesh-footed Shearwater d N values were best
explained by a model including year, the SOI, and their
interaction (wi = 0.62), but other models also received

(b = 0.014  0.014), and positively associated with
the SOI itself (b = 28.038  28.797; Table 2).
Many models in the candidate set predicting d13C
received substantial support; d13C as a function of collection year was the top-ranked model (wi = 0.36);
year + SOI was also well supported (DAICc = 0.67;
Table S2). The most important model-averaged parameter was year, which was negatively related to d13C
(b = 0.011  0.011), followed by the SOI, which was
positively related (b = 1.753  8.162; Table 3).
Using model-averaged parameters, the predicted
d15N decreased from +16.9 & to +13.5 &, a difference
of 3.4 &, or the equivalent of an entire trophic level
(Peterson & Fry, 1987; Kelly, 2000). Predicted d13C also
decreased from 16.9 & to 17.9 &, again, the equivalent one trophic level.
Table 2 Flesh-footed Shearwaters’ d15N was negatively
related to the year of collection and the year 9 Southern Oscillation Index (SOI) interaction, and positively related to the
SOI. Parameter estimates are averaged across all candidate
models (see Table S1)

Parameter

Parameter
likelihood

Weighted
estimate

Unconditional
SE

Intercept
Year
SOI
Year 9 SOI

1.000
0.999
0.943
0.623

65.860
0.026
28.038
0.014

28.566
0.014
28.797
0.014

Table 3 Flesh-footed Shearwaters’ d13C was negatively
related to the year of collection and the year 9 Southern Oscillation Index (SOI) interaction, and positively related to the
SOI. Parameter estimates are averaged across all candidate
models (see Table S2)

Parameter

Parameter
likelihood

Weighted
estimate

Unconditional
SE

Intercept
Year
SOI
Year 9 SOI

1.000
0.733
0.482
0.113

4.565
0.011
1.753
0.001

21.006
0.011
8.162
0.004
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Shearwater’s isotopic niche size increased significantly from 3.91  1.37 &2 in early samples, to
7.48  0.86 &2 in mid-period samples, to 10.00  1.79
&2 in late samples (F2,29997 = 48521, P < 0.0001, all pairwise comparisons significant; P < 0.0001; Fig. 2).

Discussion
We conducted a retrospective study of Flesh-footed
Shearwater foraging ecology based on stable-isotope
values from samples collected during 1936–2011. Shearwaters’ foraging changed significantly between the
1930s and today: d15N and d13C decreased significantly,
and their niche has expanded. The most parsimonious
explanation for this change in shearwater isotope values is trophic – the concurrent decline in d15N and d13C
of a magnitude expected with one trophic level. We
refrain from making direct dietary links as the shearwaters’ trophic position may have decreased, while the
composition of their diet may remain unchanged.

Changes in flesh-footed shearwater foraging
Large-scale climatic patterns are frequently related to
measures of seabird diet and demography (Stenseth
et al., 2003; Durant et al., 2004, 2009; Lavers et al., 2008;
Bond et al., 2012), and most likely reflect bottom-up processes by affecting the abundance and availability of
prey (Durant et al., 2004, 2007; Hipfner, 2008). The El
Ni~
no-Southern Oscillation is known to influence these
aspects of seabirds’ ecology and behaviour (Barber &
Chavez, 1983; Schreiber & Schreiber, 1984; Harding
et al., 2003; Stenseth et al., 2003; Surman & Nicholson,
2009a). A negative SOI (related to a decrease in

Fig. 2 Flesh-footed Shearwaters’ isotopic niche increased over
time (F2,29997 = 48521, P < 0.0001; all pairwise comparisons significant, P < 0.0001). Niches are represented by 10 000 Bayesian
iterations of the standard ellipse area (SEAB). Lines indicate the
median, boxes represent 1st and 3rd quartiles, whiskers are 95%
credible intervals and dots are final outliers.
© 2014 John Wiley & Sons Ltd, Global Change Biology, 20, 2100–2107

shearwaters’ d13C and d15N) indicates El Ni~
no conditions. Around Australia, this is manifested in a weaker
Leeuwin Current (the main nutrient transport current
in Western Australia and the Great Australia Bight;
Cresswell & Domingues, 2009; Feng et al., 2013, 2009;
Pattiaratchi & Buchan, 1991; Surman & Nicholson,
2009a), and changes in the vertical and horizontal distribution of shearwaters’ prey around breeding colonies
(Fletcher, 1992; Caputi et al., 1996; Muhling et al., 2008).
Such conditions result in poorer reproductive performance of seabird prey, and more importantly, reduced
abundance of these important prey species (Surman &
Nicholson, 2009b). This is particularly worrying, as the
Leeuwin Current is predicted to weaken under current
climate models, and result in decreases in seabird populations through bottom-up mechanisms (Pattiaratchi &
Buchan, 1991; Garnaut, 2008; Chambers et al., 2011;
Hobday & Lough, 2011). Although there have been
large-scale mortality events in pilchards in Western
Australia, caused primarily by viral infections (Gaughan et al., 2000), these did not occur during years for
which we had samples (1995, 1998), and pilchard stocks
recovered quickly (Murray & Gaughan, 2003; Department of Primary Industries, 2009).
There have been few studies of dietary change in marine birds over comparable periods. The 3.4 & shift in
shearwaters’ d15N is equivalent to an annual change of –
0.045 & yr1, and exceeds that reported for other marine
birds (Thompson et al., 1995; Becker & Beissinger, 2006;
Hilton et al., 2006; Farmer & Leonard, 2011; Jaeger &
Cherel, 2011; Wiley et al., 2013). Previous controversial
papers have used the trophic level of fisheries landings
to demonstrate an overall decrease in the marine system
(‘fishing down the food web’; Pauly et al., 1997), but the
decline in the trophic level of fisheries catch may also be
the result of a dilution of the total catch with lower trophic species, or ‘fishing through marine food webs’ (i.e.
not necessarily the replacement of high-trophic catch
with that from lower trophic levels; Essington et al.,
2006). Unlike these multispecies assessments using fisheries catch, the evidence from seabirds, though from
only a few studies, is unequivocal and indicates widespread trophic declines across diverse locations, among
multiple foraging guilds, and often in association with
the onset or collapse of large-scale fisheries operations.
Furthermore, we demonstrate not only a trophic
decline, but a rapid shift in niche size. Without concurrent data on shearwaters’ prey composition, and the
isotope values of those prey species, we can only speculate as to the cause of the shearwaters’ niche expansion.
It is possible that shearwater diet was historically more
conservative, and less diverse, but the increase in
industrial fishing or changing ocean conditions have
removed key species from the food web and altered the
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trophic relationships such that shearwaters’ formerly
preferred prey is no longer as abundant (Fletcher,
1992). This could result in shearwaters feeding on more
diverse, but lower quality species (a ‘take what you can
get’ strategy), as has been observed in other seabird
species (Harris et al., 2007; Lavers & Jones, 2007). Also
possible is that shearwaters and large pelagic fish competed for similar prey (perhaps forage fish or squid),
and the removal of tunas and other predatory fish
released shearwaters from this competition causing
their niche to expand (Bolnick et al., 2009). Shearwaters
and their prey may also be responding differently to
changing conditions, resulting in a spatial mismatch
(Hazen et al., 2013). Opportunistic use of discards from
fishing vessels by the birds have not likely contributed
to a broader diet, as at-sea discards in Western and
South Australian fisheries are rare (e.g., Division of Primary Industries & Resources, 2011). Regardless of the
mechanism, the rapid doubling of shearwaters’ trophic
niche is a signal of considerable change in the marine
environment of the eastern Indian Ocean.
The decrease in d13C by 1.4 & has four possible explanations. First, Schell (2000) proposed that a decrease in
d13C was a reflection of a reduction in primary production, based on the relationship between phytoplankton
cellular growth rates and d13C, even after accounting
for the Suess effect (Cullen et al., 2001; Schell, 2001).
Consequently, Hilton et al. (2006), and Jaeger & Cherel
(2011) interpreted the synchronous decline in d13C
among multiple penguin species over a large area as a
decline in the primary production (and therefore carrying capacity) of the southern oceans.
Second, changes in the concentration of aqueous CO2
could have shifted phytoplankton d13C (i.e. the baseline
d13C value in the system) over time, in addition to the Suess effect caused by anthropogenic CO2 (Rau et al., 1992;
Louanchi & Hoppema, 2000). There are no data for Australian phytoplankton over the timescale in which we
are interested, but we believe that any directional change
in d13C would be accounted for in our correction for the
Suess effect (Gruber et al., 1999; McNeil et al., 2001), and
any adjustment for dissolved CO2 would be small (Hilton et al., 2006; Jaeger & Cherel, 2011).
Third, the foraging distribution of Flesh-footed
Shearwaters could have changed over time from areas
of lower d13C and d15N. There can be considerable spatial variation in stable isotope values at landscape scales
(Graham et al., 2010; McMahon et al., 2013), as well as
smaller scales near the transition between benthic and
pelagic systems (Hobson et al., 1994; Dorresteijn et al.,
2012). While climate change is expected to alter the distributions of marine predators (Hazen et al., 2013), we
have no evidence that this has yet occurred in Fleshfooted Shearwaters.

And fourth, the change in shearwaters’ d13C could
result from a diet shift (either in the shearwaters or
their prey) to food sources with lower d13C. The
concurrent decrease in d15N and rapid trophic niche
expansion supports the idea that shearwaters’ diet has
changed over time, and so we believe this to be the
most parsimonious explanation. A decrease of 0.5 & is
expected with a drop in trophic level (McCutchan et al.,
2003). Again, this change could occur at any level of the
food web (i.e. shearwaters’ diet may not have changed,
but the food web certainly has).
Flesh-footed Shearwaters’ d15N, an indicator of trophic position, declined from +16.9 & to +13.5 &, representing a decrease in approximately one trophic level
(Kelly, 2000). As with the change in d13C, this could be
explained by a shift in baseline isotopic values, or a
change in shearwaters’ foraging distribution. More
likely, although, is that the length of the food web culminating in Flesh-footed Shearwaters has shortened
(Cabana & Rasmussen, 1994; Vander Zanden & Rasmussen,
1999; Becker & Beissinger, 2006). This trophic restructuring
can have significant effects on predators’ contaminant exposure (Lavoie et al., 2013), physiology (Kouwenburg et al.,
2013) and demography (Durant et al., 2003).

Changes to trophic structure in the marine environment
The marine environment in Western and South Australia is undergoing rapid changes, and increased ‘tropicalization’ (Cheung et al., 2012). This coincides with
changes in local oceanography (Pattiaratchi & Buchan,
1991; Garnaut, 2008; Cresswell & Domingues, 2009; Feng
et al., 2009; Kendrick et al., 2009; Lenanton et al., 2009),
significant population declines in Flesh-footed Shearwaters (JLL, unpublished data) and wide-ranging distributional, demographic, dietary and ecological effects on
better-studied seabird species (Chambers et al., 2011).
These environmental changes are compounded by
threats from fisheries bycatch, invasive species, plastic
pollution and increased competition for nest sites with
Wedge-tailed Shearwaters (Puffinus pacificus), a more
tropical congener now expanding its range (Chambers
et al., 2011; Croxall et al., 2012; Fullagar et al., 1990; R.
Johnstone, personnel communication; JLL, unpublished
data). Increasing air temperature associated with ENSO
events and global climate change will also put pressure
on shearwater populations as thermal stress and heavy
rainfall have been linked to nest abandonment and
breeding failure in seabirds (Howell & Bartholomew,
1961; Whittow, 1979; Whittow et al., 1987; Thompson &
Furness, 1991; Ludwig et al., 1993; Tiller et al., 2013).
As seabirds’ diet (and distribution) shifted globally
over the last 50–150 years, competition between seabirds and fisheries for an ever-decreasing biomass of
© 2014 John Wiley & Sons Ltd, Global Change Biology, 20, 2100–2107
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fish, squid and other invertebrates also changed,
intensifying in some areas, and decreasing in others
as new fisheries open and others close (Green et al.,
1998; Brooke, 2004; Karpouzi et al., 2007; Cury et al.,
2011; Hazen et al., 2013). There was minimal
resource overlap between seabirds and fisheries in
Western and South Australia in the 1990s (Karpouzi
et al., 2007). Pilchards are both a key prey species
for shearwaters in Western Australia, and a commercial stock, although current competition between seabirds and harvesting is classified as low to moderate
risk (Nardi et al., 2006; Department of Fisheries,
2008; Fletcher & Santoro, 2011). Flesh-footed Shearwaters increasing niche size may increase their competition with fisheries, as they exploit novel prey
resources (Jennings & Kaiser, 1998), or may be the
result of a mesopredator release as higher-trophic
marine species are removed (Crooks & Soule, 1999;
Bergstrom et al., 2009).
The decline in Flesh-footed Shearwater populations
has been largely attributed to direct anthropogenic
threats such as plastic pollution, and fisheries bycatch
(Baker & Wise, 2005; Priddel et al., 2006; Lavers et al.,
2014). However, our results indicate changes or reductions in the prey base for this species through largescale climatic and oceanographic processes has likely
contributed to the serious reduction in the Flesh-footed
Shearwaters’ trophic position, and niche expansion.
This could be a serious, but previously unknown, threat
to this declining species, and may partially explain why
conservation actions (e.g., fisheries bycatch mitigation)
have not resulted in population recovery (Reid et al.,
2013; JLL, unpublished data).
Time series of museum specimens can be used to
reconstruct historical (and prehistorical) marine trophic
dynamics in relation to population change and demographics (Hobson et al., 2004; Newsome et al., 2007;
Norris et al., 2007; Wiley et al., 2013). With a changing
climate, these reconstructions of historic and prehistoric
foraging provide a much needed baseline with which to
assess changes in nutrient flow and population dynamics of marine predators. Our results suggest that the
food web in the eastern Indian Ocean has changed drastically; it is also predicted to worsen in coming years
and that will have implications for other apex predators
(Garnaut, 2008). Crucial baseline data on the factors
influencing the diet and demography of predators and
their prey are sorely lacking; our retrospective analysis
provides a starting point and offers several new lines of
inquiry into the causes of trophic shifts in Leeuwin Current predators.
Additional research into shearwater diet, and
historical changes in the ecology of other Indian Ocean
predators would provide much needed insight into the
© 2014 John Wiley & Sons Ltd, Global Change Biology, 20, 2100–2107

scale of change to marine food webs in the region, and
further our understanding of how this complex system
has changed in ecological time.
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Supporting Information
Additional Supporting Information may be found in the
online version of this article:
Table S1. The model set for predicting flesh-footed shearwaters’ d15N values from 1936–2011. N: number of samples, K:
number of parameters, AICc: Akaike’s Information Criteria
adjusted for small sample size, wi: Akaike weight.
Table S2. The model set for predicting flesh-footed shearwaters’ d15N values from 1936–2011. Abbreviation as in Table
S1.

SUPPLEMENTAL MATERIAL
Table S1 – The model set for predicting Flesh-footed Shearwaters’ 15N values from
1936-2011. N: number of samples, K: number of parameters, AICc: Akaike’s
Information Criteria adjusted for small sample size, wi: Akaike weight.
K

AICc

ΔAICc

wi

Year + SOI + Year×SOI 119

4

138.00

0.00

0.623

Year + SOI

119

3

139.33

1.33

0.320

Year

119

2

142.77

4.77

0.057

SOI

119

2

152.25

14.26

0.000

Intercept Only

119

1

155.09

17.09

0.000

Model

N

Table S2 – The model set for predicting Flesh-footed Shearwaters’ 15N values from
1936-2011. Abbreviation as in Table S1.
N

K

AICc

ΔAICc

wi

Year

119

2

108.21

0.00

0.362

Year + SOI

119

3

108.89

0.67

0.258

Intercept Only

119

1

109.89

1.68

0.156

Year + SOI + Year×SOI 119

4

110.54

2.33

0.113

SOI

2

110.57

2.36

0.111

Model

119

