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Abstract
We investigated how foraging habits vary among three ecologically distinct wide-ranging seabirds. Using amino acid δ15N 
proxies for nutrient regime (δ15NPhe) and trophic position (Δδ15NGlu-Phe), we compared Newell’s shearwater (Puffinus new-
elli) and Laysan albatross (Phoebastria immutabilis) foraging habits over the past 50–100 years, respectively, to published 
records for the Hawaiian petrel (Pterodroma sandwichensis). Standard ellipses constructed from the isotope proxies show 
that inter-population and interspecific foraging segregation have persisted for several decades. We found no evidence of a 
shift in nutrient regime at the base of the food web for the three species. However, our data identify a trophic decline dur-
ing the past century for Newell’s shearwater and Laysan albatross (probability ≥ 0.97), echoing a similar decline observed 
in the Hawaiian petrel. During this time, Newell’s shearwaters and Hawaiian petrels have experienced population declines 
and Laysan albatross has experienced range extension and apparent population stability. Counting other recent studies, a 
pattern of trophic decline over the past century has now been identified in eight species of pelagic seabirds that breed in 
the Hawaiian Islands. Because our study species forage broadly across the North Pacific Ocean and differ in morphological 
and behavioral traits and feeding methods, the identified trophic declines suggest a pervasive shift in food web architecture 
within the past century.
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Introduction

A variety of pelagic predators ranging from sharks to tuna 
to seabirds have experienced population declines in recent 
decades (Myers and Worm 2003; Myers et al. 2007; Palec-
zny et al. 2015). Among these wide-ranging marine pred-
ators, seabirds are unusual in their reliance on terrestrial 
habitats for breeding, where they are more accessible for 
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This study is the first to develop decadal-scale amino acid 
nitrogen isotope chronologies on bone collagen of threatened and 
endangered seabirds. We identify a pattern of long-term stability 
in trophic segregation coupled with recent trophic decline in three 
species of Hawaiian seabirds.
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ecological study. While this creates valuable opportunities 
for researchers, an inherent consequence is that most stud-
ies of pelagic seabirds take place at breeding colonies, and 
not at sea where the birds typically spend 90% of their lives 
(Ballance et al. 2001). Even with the advantage of animal 
tracking technology (Kays et al. 2015), characterizing at-sea 
behavior is a challenge for seabirds that regularly fly thou-
sands of kilometers across the open ocean in search of food. 
Moreover, current tracking efforts cannot reconstruct for-
aging from decades ago when oceanic ecosystems differed 
from today (Jackson 2008). Understanding seabird foraging 
ecology is a first step toward determining whether changes in 
oceanic food webs have affected various ecological param-
eters like seabird population size. Furthermore, the degree to 
which food web alterations induced by overfishing of large 
marine vertebrates, or other potential anthropogenic effects 
such as climate change (Jackson 2008), have differentially 
influenced endangered vs. abundant species or ecologically 
distinct species is poorly known.

Hawaiian seabirds are an ecologically diverse assem-
blage of species, several of which are now endangered. 
Newell’s shearwaters (Puffinus newelli), once thought to be 
extinct on the Hawaiian Islands (Mitchell et al. 2005), are 
capable of diving to catch prey at least 10 m beneath the 
surface and often feed in association with tuna schools or 
in mixed-species flocks (Ainley et al. 1997, 2014). In con-
trast, Laysan albatross (Phoebastria immutabilis) feed by 
sitting on the water surface and frequently scavenge from 
fishing vessels where they are often killed as bycatch (Cous-
ins et al. 2000; Awkerman et al. 2009). Together with the 
endangered Hawaiian petrel (Pterodroma sandwichensis), a 

surface seizer that uses several feeding strategies including 
foraging in association with tuna, these three species of the 
North Pacific Ocean exhibit ecological contrasts (Simons 
and Hodges 1998). Of the three species, Newell’s shear-
waters have the most constrained marine distribution and 
shortest foraging trips during the breeding season—25% and 
33% of the trip distance of the Hawaiian petrel and Laysan 
albatross, respectively (Fig. 1; Spear et al. 1995; Fernán-
dez et al. 2001; Adams and Flora 2010). Laysan albatross 
have an extensive marine range that encompasses nearly the 
entirety of the North Pacific Ocean (Fig. 1; Awkerman et al. 
2009). Their population has rebounded from the early 1900s 
to a stable estimated population of at least 800,000 individu-
als and they are expanding their breeding range (Naughton 
et al. 2007; Arata et al. 2009). Unlike Laysan albatross, 
both Newell’s shearwaters and Hawaiian petrels have expe-
rienced steep population declines in recent decades, with the 
population of Newell’s shearwaters on Kaua`i estimated to 
have plummeted 94% between 1993 and 2013 (Raine et al. 
2017). Threats on land (e.g., collisions with power lines, 
light attraction, predation, habitat change) are implicated 
in the fatalities of these birds (Cooper and Day 1998; Raine 
et al. 2017). Yet, the effects of concurrent changes to oceanic 
food webs on seabird foraging are largely unknown.

As pelagic seabirds forage over large oceanic expanses, 
they integrate molecular information on trophic dynam-
ics and nutrient regimes in their tissues (Bearhop et al. 
2006; Hinke et al. 2015). This information can be accessed 
through compound-specific nitrogen isotope analysis of 
tissues to provide a spatiotemporal perspective on seabird 
foraging (Gagne et al. 2018). This technique is based on 

Fig. 1  N* distribution, at-sea distributions of Newell’s shearwater 
(NESH), Laysan albatross (LAAL) and Hawaiian petrel (HAPE), and 
δ15N (‰) values of sinking particles and core top sediments. The 
color gradient is the distribution of N* defined and gridded by Sher-
wood et  al. (2014), where N* = N−16P + 2.9  μmol  kg−1, P = phos-
phorus. Positive N* values are interpreted as an increase in nitrogen 
fixation and negative values as net denitrification (Sherwood et  al. 
2014). Curved lines delineate seabird distributions as labeled in the 

figure (Ainley et al. 1997; Simons and Hodges 1998; Awkerman et al. 
2009). The data for sinking particles and sediments mark an area of 
elevated δ15N in the eastern tropical north Pacific Ocean and illustrate 
an isotopic gradient that extends in all directions from the area of ele-
vated δ15N. Filled black points represent δ15N of sinking particles and 
open black points represent δ15N of core top sediments (Altabet and 
Francois 1994)
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the observation that the δ15N of “trophic” amino acids, like 
glutamic acid (δ15NGlu), becomes 15N-enriched with increas-
ing trophic level due to deamination and other metabolic 
reactions involving nitrogen transformation while the δ15N 
of “source” amino acids, like phenylalanine (δ15NPhe), frac-
tionates to a smaller degree with each trophic transfer (Gae-
bler et al. 1963; McClelland and Montoya 2002; Chikaraishi 
et al. 2007; Ohkouchi et al. 2017). Consequently, δ15NPhe 
primarily reflects the isotope value of source nitrogen at the 
base of the food web and, as such, can be used as a nutrient 
proxy. The difference between the δ15NGlu and δ15NPhe of a 
consumer is a trophic proxy (Δδ15NGlu-Phe) and is used to 
calculate trophic position (TP): TP = (δ15NGlu−δ15NPhe−β)/
TDF + 1, where β is the δ15NGlu−δ15NPhe difference in pri-
mary producers and TDF is the trophic discrimination fac-
tor, or the net elevation of δ15NGlu relative to δ15NPhe per 
trophic step (McMahon and McCarthy 2016). Estimates of 
TDF among species are highly variable and not available for 
many pelagic seabirds, including our study species. Thus, 
we refrained from calculating trophic position and, as has 
been done in other studies, rely on Δδ15NGlu-Phe as a trophic 
proxy (Lorrain et al. 2009; Ellis 2012; Choy 2013; Ostrom 
et al. 2017).

δ15NPhe from seabirds can establish spatial constraints on 
foraging because the δ15N of source nitrogen varies across 
the Pacific Ocean. For example, there is an isotopic gra-
dient southeast of the Hawaiian Islands with a conspicu-
ous localized region of 15N-enriched waters (4–10°N and 
135–140°W) (Fig. 1; Altabet and Francois 1994; Graham 
et al. 2010). Such δ15N gradients result from the prevalence 
of different biogeochemical processes. The δ15N of the 
primary nitrogen source of oceans, nitrate, is 5–6 ‰ and 
becomes elevated due to denitrification and phytoplankton 
uptake (Karl et al. 1997; Sigman et al. 2000). Nitrogen fixa-
tion produces ammonium with δ15N values of 0 ‰ (Karl 
et al. 1997; Casciotti et al. 2008). Because the δ15N at the 
base of the food web is transferred to consumers, δ15NPhe 
values identify the nutrient regime in which seabirds forage.

Spatial variation in nitrogen added to or removed from 
the ocean by biogeochemical processes is identified as N*. 
N* refers to the excess or deficit in nitrogen (N) relative 
to phosphorus (P) from the expected Redfield N:P stoi-
chiometry of 16:1, where N* = N − 16P + 2.9 μmol kg−1 
(Deutsch et al. 2001). Average marine nitrate corresponds 
to an N* of 0, and nitrogen fixation and denitrification 
increase or decrease N* from 0, respectively (Gruber and 
Sarmiento 1997; Deutsch et  al. 2001). Anthropogenic 
atmospheric nitrogen deposition also produces positive N* 
values (Kim et al. 2014). However, atmospheric nitrogen 
deposition is greatest in coastal regions of the western 
North Pacific Ocean and is not likely a major influence 
on the food webs of pelagic seabirds that do not frequent 
coastal waters (Kim et al. 2014). While we cannot dismiss 

the possibility that atmospheric nitrogen deposition affects 
δ15NPhe gradients, we consider δ15NPhe in terms of the 
relative importance of denitrification and phytoplankton 
uptake vs. nitrogen fixation on nutrient δ15N.

Amino acid-specific data from ecologically diverse 
trans-Pacific seabirds can help us to expand our under-
standing of seabird foraging ecology and develop a more 
comprehensive representation of oceanic food webs, but 
it is important to carefully select tissue types. While the 
timing of body contour molt is sometimes protracted 
and often poorly constrained, remiges record informa-
tion related to a specific time period in the annual cycle 
(Warham 1996; Edwards and Rohwer 2005). In contrast 
to feathers, the slow turnover time of bone collagen means 
that collagen records isotopic information over a period 
of a year or longer (Rucklidge et al. 1992). Thus, collagen 
isotope data spatially integrate dietary information from 
across the birds’ annual marine distribution, rather than 
reflecting a single season or foraging location.

In this study, we developed δ15NPhe and Δδ15NGlu-Phe 
chronologies based on the analysis of Newell’s shearwater 
and Laysan albatross bone collagen. We used δ15NPhe data 
to assess variation in nutrient regime use and Δδ15NGlu-Phe 
data as an indicator of trophic position differences to ask 
if foraging ecology differed within and between three eco-
logically distinct species. Using decadal and centennial 
records, we also asked if, like the Hawaiian petrel, the for-
aging ecology of Newell’s shearwater and Laysan albatross 
changed during the recent past.

Materials and methods

Sample acquisition

Samples dating from 2001 to present were collected from 
salvaged carcasses (Supplementary Table 1). Acquisition 
of Hawaiian petrel samples from Haleakalā National Park 
(Maui) and Hawai`i Volcanoes National Park (Hawai`i) 
between 2001 and 2010 is described in Wiley et al. (2013). 
Most of the salvaged Newell’s shearwaters from Kaua`i 
were found dead after grounding by light attraction or 
being killed by introduced predators between 2013 and 
2016. Laysan albatross were salvaged from the Hawaii 
longline fisheries between 2003 and 2014. Samples from 
prior to 2000 are from museum study skins housed in col-
lections at the National Museum of Natural History, the 
Bernice Bishop Museum, and the California Academy of 
Sciences (Supplementary Table 1). Samples from after 
2000 are designated as the modern time period in each 
species.
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Sample sizes

Samples from modern and historical specimens were derived 
from after hatch-year birds. Hawaiian petrels were aged 
previously by Wiley et al. (2013). We determined Newell’s 
shearwater ages using the color and shape of primaries (Pyle 
2008). For historical Laysan albatross, we report the age 
recorded with the specimen in museum collections. Modern 
Laysan albatross were aged based on bursa size; the absence 
of a bursa indicates the bird was likely greater than 4 years 
of age at death (Broughton 1994). We obtained bone sam-
ples from 22 Laysan albatross divided evenly between two 
time periods corresponding to before and after the onset 
of industrialized fishing in the North Pacific Ocean: pre-
1950 (1902–1937; the historical sample) and post-2000 
(2003–2014; the modern sample). Of the 11 historical Lay-
san albatross, 8 were from Laysan Island, the remaining 3 
were from Lisianski Island, the Aleutians West Census, and 
Midway Island. For Newell’s shearwaters, we divided 24 
samples into three time periods (Supplementary Table 1). 
The oldest available museum samples were from 1964 to 
1966 (n = 5); we compared those to two more recent time 
periods: 9 birds from 1983 to 1998 and 10 birds from 2013 
to 2016. Newell’s shearwaters prior to 2000 originated 
from Kaua`i (n = 4), Hawai`i (n = 4), Oahu (n = 3), and 
the North Pacific Ocean within 500 miles of the Hawaiian 
Islands (n = 3) (Supplementary Table 1). Ancient and mod-
ern Hawaiian petrel data are from Ostrom et al. (2017) and 
include Maui individuals from the Foundation (1000–1400 
CE 550–950 y B.P., n = 5) and Modern (1950–2010, n = 7) 
time periods and birds from the island of Hawai`i from the 
Late Expansion (1400–1800 CE 150–550 y B.P., n = 8) and 
Modern (1950–2010, n = 8) time periods. Hawaiian petrel 
time periods are defined by Kirch (1990) and represent 
archaeological periods in the development of human socie-
ties in the Hawaiian Islands.

Sample preparation

Collagen was isolated and purified according to Stafford 
et al. (1988) as modified by Wiley et al. (2013). Modern 
and ancient bone fragments (50–200 mg) were scraped with 
a razor blade, rinsed with ultrapure distilled water (E-pure, 
Barnstead), demineralized with quartz-distilled 1 N hydro-
chloric acid (HCl) and soaked in 0.05 N potassium hydrox-
ide overnight to remove humate contaminants. The resulting 
collagen was lyophilized, gelatinized (0.05 N HCl at 105 °C 
for 1–8 h), filtered (0.22 or 0.45 μm Millipore Millex GV 
filter), lyophilized again and frozen prior to lipid removal.

Gelatin (0.5–1.2 mg) was hydrolyzed (0.5 mL, 12 N 
quartz-distilled HCl at 105 °C for approximately 20 h). 
Lipids were removed from the resultant filtrate with 
n-hexane/dichloromethane (3:2, v/v), and evaporated to 

dryness in methanol under a gentle  N2 stream at 50 °C. 
Amino acids in the lipid-extracted hydrolysate were esteri-
fied and acylated with N-pivaloyl/isopropyl derivatization 
(Chikaraishi et al. 2009). Samples were esterified with 
thionyl chloride/2-propanol (1:4, v/v) at 105 °C for 2 h 
then acylated with pivaloyl chloride/dichloromethane (1:4, 
v/v) at 105 °C for 2 h. The amino acid derivatives were 
extracted with n-hexane/dichloromethane (3:2, v/v) and 
stored at − 25 °C.

δ15N amino acid analysis

The δ15N of individual amino acids was determined by gas 
chromatography/combustion/isotope ratio mass spectrom-
etry using an Isoprime isotope ratio mass spectrometer 
(IRMS; Elementar, UK) coupled to a 7890 gas chromato-
graph (GC; Agilent Technologies, USA) via a combustion 
and reduction furnace. Combustion and reduction were 
performed in a glass capillary tube with CuO, NiO, and Pt 
wires at 950 °C. The amino acids were injected splitless 
on column at 250 °C and separated on a BPX-5 capillary 
column (60 m × 0.32 mm inner diameter, 1.0 μm film thick-
ness; SGE Analytical Science, USA). The GC oven tem-
perature program was: initial temperature 40 °C for 2 min, 
ramp of 10 °C min−1 to 280 °C and hold for 10 min, ramp of 
10 °C min−1 to 325 °C and hold for 25 min. Carrier gas (He) 
flow was 1.6 ml min−1.  CO2 and  H2O were removed from the 
sample stream using a liquid nitrogen trap.

Stable isotope values are expressed in per mil (‰) as δ1

5Na = [(15N/14Nsample/15N/14Nstandard)-1] × 103 relative to the 
standard, atmospheric  N2. Accuracy was evaluated by daily 
analysis of external reference mixtures consisting of NP/iPr 
derivatives of several isotopically characterized amino acids 
(Gly, Val, Leu, Pro, Asp, Met, Glu, Phe). Reproducibility of 
the standards was 0.7 ‰ or better. Samples were analyzed 
in duplicate or triplicate. If duplicates of a sample differed 
by no more than 0.5 ‰ the average of the two was reported. 
If not, the analysis was repeated a third time. The standard 
deviation of triplicates was less than 0.7 ‰.

Nitrogen isotope analyses for Laysan albatross and New-
ell’s shearwater were conducted at Michigan State Uni-
versity. Laboratory analyses for the previously published 
Hawaiian petrel study (Ostrom et al. 2017) were performed 
by Yoshito Chikaraishi at the Japan Agency for Marine-
Earth Science and Technology using a Delta-plus XP IRMS 
(Thermo Fisher Scientific) coupled to a 6890 GC (Agilent 
Technologies) via combustion and reduction furnaces. For 
this reason, we performed a blind inter-laboratory compari-
son of amino acid-specific results on Laysan albatross bone 
collagen between the two laboratories. This enabled us to 
determine whether it is reasonable to compare data from 
the two studies.
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Model selection

We evaluated the effect of large-scale climatic phenom-
ena (i.e., El Niño Southern Oscillation, ENSO) on New-
ell’s shearwater and Laysan albatross temporal δ15NPhe 
and Δδ15NGlu-Phe data by including the Multivariate ENSO 
Index (MEI) and time period as independent variables in 
regression models. The model was evaluated in a Bayesian 
framework with hierarchical levels to account for analytical 
error. δ15NPhe and Δδ15NGlu-Phe were evaluated separately. 
Model selection was conducted based on a generalization of 
Akaike’s Information Criterion (AIC), deviance information 
criterion (DIC; Gelman et al. 2004). DIC does not penal-
ize models with extra parameters as intensely as AIC does. 
Based on an estimate that avian bone collagen has a half-
life of approximately 6 months (Hobson and Clark 1992), 
we assigned MEI values based on the average NOAA MEI 
ranking for the 18 months prior to the bird’s date of death.

Statistical analysis

We developed a hierarchical method that accounts for ana-
lytical variation and reduces type 1 errors in hypothesis test-
ing. The method consists of two sub-models. The first, the 
observational model, estimates variation associated with the 
measurement process (analytical error) using replicate sam-
ples. The second, the ecological model, estimates popula-
tion means and covariance between δ15NPhe and Δδ15NGlu-Phe 
given uncertainty due to analytical error. The observational 
model is y[i, j, t, s, 1 ∶ r] ∼ mvnorm

(

�(i,t,s), �
)

 and the 
ecological model is �(i,t,s) ∼ mvnorm

(

M(t,s),�(t,s)

)

 where 
y[i, j, t, s, 1 ∶ r] is the data vector indexed by individual (i), 
replicate (j), time bin (t), and species (s), and consisting of 
isotope values 1:r, where r is the number of amino acid vari-
ables used, �(i,t,s) is the mean vector of individual i, in time 
bin t for species s. � is the covariance matrix (dimensions r 
by r) associated with the total analytical error shared across 
all individuals, time bins, and species. M(t) is the population 
mean vector for time t and species s and �(t,s) , the covariance 
matrix associated with naturally occurring isotopic varia-
tion, was assumed constant within (but not between) time 
bin t and species s.

The model parameters were estimated in a Bayesian 
framework using the program JAGS (Plummer 2003) inter-
faced to R (R Development Core Team 2013). Minimally 
informative priors were used for estimated parameters 
(Rossman et al. 2016). The model was fit in JAGS using 
a Markov Chain Monte Carlo for 100,000 iterations with 
a 10,000 iteration burn in and three chains. The posterior 
distributions were thinned at a rate of saving one iteration 
in every three. Convergence was ensured through monitor-
ing traceplots and Rhat values (Gelman and Hill 2007). 
The probability that two parameters were different was 

calculated by summing the number of posterior estimates 
in which one parameter was larger than the other dividing 
by the total number of posterior estimates. Specifically, 
we report probabilities that δ15NPhe and Δδ15NGlu-Phe dif-
fer between species and colonies and that they declined 
over time. In this method, using true probabilities, both 
high and low values indicate what is traditionally thought 
of as “significance”. Given our sample sizes, we consider 
probabilities higher than 90% and lower than 10% to be 
ecologically significant.

We also used posterior estimates to visually represent 
the data and associated uncertainty. Standard ellipses 
characterize the foraging ecology of each population. Esti-
mated population δ15NPhe and Δδ15NGlu-Phe means define 
the center of each standard ellipse and a covariance matrix 
determines the shape and orientation (Jackson et al. 2011; 
Rossman et al. 2015). We generated probability density 
distributions for Newell’s shearwater and Laysan albatross 
δ15NPhe and Δδ15NGlu-Phe values, similar to those for the 
Hawaiian petrel in Ostrom et al. (2017).

To further characterize the significance of temporal 
shifts in Δδ15NGlu-Phe for Newell’s shearwater and Laysan 
albatross, we calculated effect sizes from raw data. For 
comparison, we did the same for Hawaiian petrel (Ostrom 
et al. 2017) and the five species identified by Gagne et al. 
(2018) as having experienced significant trophic declines. 
The Gagne et al. (2018) Δδ15NGlu-Phe data were grouped 
into historical and modern time bins based on sample 
availability. For Bulwer’s petrel, white-tailed shearwater, 
and sooty tern, we constructed two groups of individuals 
from prior to and after 1950. Brown booby and white tern 
samples were divided such that groups were separated by 
more than 25 years (prior to 1965 and after 1989 for brown 
booby and prior to 1924 and after 1968 for white tern). 
Effect sizes were calculated according to the equation 

 as described by Coe (2002).

Results

Model selection

The models with and without the effect for MEI were simi-
lar; the DIC values for NESH were 201.1 with MEI vs. 
201.3 without MEI, and for LAAL were 314.3 for both 
models. In addition, both slopes for the effect of MEI over-
lapped zero. Based on these two outcomes, we selected the 
most parsimonious models without the effect MEI.

Effect size =
[Historical Mean] − [Modern Mean]

Pooled Standard Deviation
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Inter‑laboratory comparison

Between laboratories, the average difference in the abso-
lute values of δ15NGlu and δ15NPhe from Laysan albatross 
bone collagen was 0.5 ‰ and 0.3 ‰, respectively. This 
similarity ensures the comparability of previously pub-
lished Hawaiian petrel data and our Newell’s shearwater 
and Laysan albatross datasets.

Interspecific and inter‑colony variation in amino 
acid δ15N

Our results indicate that all three species, including Hawai-
ian petrels breeding on two separate islands, likely have sig-
nificantly different δ15NGlu-Phe means in modern as well as 
historical time periods (P ≥ 0.99; Table 1a; Fig. 2), although 
the historical time period of each species does not reflect the 
same chronological time. Relative to Newell’s shearwaters, 
Maui Hawaiian petrels likely have a lower δ15NPhe mean in 
the historical time period (P = 0.95) but not in the modern 

Table 1  Statistical results from hierarchical modeling of collagen isotope data showing variation among groups (colony or species)

Probabilities (P) indicate likelihood that δ15NPhe and Δδ15NGlu-Phe (‰) are greater in group 1 than in group 2. (a) Is an inter-population and inter-
specific comparison of Newell’s shearwater (NESH), Laysan albatross (LAAL), and Hawaiian petrel (HAPE) data for historical and modern time 
periods; (b) Is a within species comparison of historical to modern data for NESH and LAAL. Statistical results for comparisons with Maui and 
Hawai`i HAPE utilize previously published data for HAPE (Ostrom et al. 2017)

Group 1 Group 2 P group 1 > group 2 (modern) P group 1 > group 2 (historical)

δ15NPhe (‰) Δδ15NGlu-Phe (‰) δ15NPhe (‰) Δδ15NGlu-Phe 
(‰)

(a)
 Maui HAPE Hawai`i HAPE < 0.01 1.00 < 0.01 1.00
 Maui HAPE NESH 0.30 1.00 0.05 1.00
 Maui HAPE LAAL < 0.01 1.00 < 0.01 1.00
 Hawai`i HAPE NESH 1.00 1.00 0.95 1.00
 Hawai`i HAPE LAAL 0.24 1.00 < 0.01 1.00
 NESH LAAL < 0.01 1.00 < 0.01 0.99

Group 1 (historical) Group 2 (modern) P group 1 (historical) > group 2 (modern)

δ15NPhe (‰) Δδ15NGlu-Phe 
(‰)

(b)
 1960’s NESH 1980’s-1990’s NESH 0.44 0.91
 1960’s NESH Post-2000 NESH 0.27 0.97
 1980’s-1990’s NESH Post-2000 NESH 0.25 0.85
 Pre-1950 LAAL Post-2000 LAAL 0.79 0.98

Fig. 2  Isotope standard ellipses 
representing variation in δ15NPhe 
and Δδ15NGlu-Phe (‰) values for 
(a) historical and (b) post-2000 
Newell’s shearwater (NESH, 
purple), Laysan albatross 
(LAAL, blue) and Hawaiian 
petrels (HAPE) breeding on 
Maui (red) and Hawaii (green). 
Model estimated mean δ15NPhe 
and Δδ15NGlu-Phe values for each 
population define the center 
of the ellipse and a covariance 
matrix determines the shape and 
orientation
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time period (P = 0.70). In modern and historical time peri-
ods, both Hawaiian petrels from Maui and Newell’s shearwa-
ters likely have a lower δ15NPhe mean than Hawaiian petrels 
from the island of Hawai`i and Laysan albatross (P ≥ 0.95). 
There is also high probability that Hawaiian petrels from the 
island of Hawai`i have a lower δ15NPhe mean than Laysan 
albatross in the historical time period (P = 0.995). 

Temporal variation in δ15NPhe and δ15NGlu‑Phe

The probability that δ15NPhe declined in Newell’s shear-
waters over the past 50 years was low (P = 0.27; Table 1b; 
Fig. 3). There was a 0.79 probability that δ15NPhe declined 
in Laysan albatross over the past 100 years. We did not 
consider this difference to be ecologically or statistically 
significant. Our results indicated a high probability that 
δ15NGlu-Phe declined in Newell’s shearwater (P = 0.97) and 
Laysan albatross (P = 0.98) over the past 50 and 100 years, 
respectively. In Newell’s shearwaters, the majority of this 
decline occurred between the 1960’s and 1980’s–1990’s 
(P = 0.91) rather than between the 1980’s–1990’s and post-
2000 time periods (0.85).

Effect sizes calculated from raw Δδ15NGlu-Phe data for the 
comparison of historical and modern time periods are 1.1 for 
Laysan albatross, 1.9 for Newell’s shearwater, 2.4 for Hawaii 
colony Hawaiian petrel, and 4.3 for Maui colony Hawaiian 
petrel. These effect sizes reflect a 71 to greater than 99.9% 
probability that an individual could be correctly assigned to 
its time period by its Δδ15NGlu-Phe value (Coe 2002). Effect 
sizes calculated for the study species of Gagne et al. (2018) 
are as follows: 0.17 for sooty tern (Onychoprion fuscatus), 

0.34 for Bulwer’s petrel (Bulweria bulwerii), 0.40 for white 
tern (Gygis alba), 0.57 for brown booby (Sula leucogaster), 
and 0.95 for wedge-tailed shearwater (Ardenna pacifica). 
These effect sizes reflect a 53–68% probability that an indi-
vidual could be successfully grouped by its Δδ15NGlu-Phe 
value (Coe 2002).

Discussion

Our isotope results identify trophic segregation among 
three ecologically distinct pelagic seabirds that breed in the 
Hawaiian Islands: Laysan albatross, Newell’s shearwater and 
Hawaiian petrel. It is striking that the relative position of 
the three seabirds in isotope space is similar between the 
modern time period and the historical time periods (Fig. 2). 
We also infer a decline in Δδ15NGlu-Phe for each of the spe-
cies, a shift that indicates a trophic decline (Fig. 3). In our 
subsequent discussion, we examine the ecological implica-
tions of our modern data for each species prior to exploring 
factors that could account for the observed trophic decline.

Modern populations

The inter-laboratory comparison justified including the 
Hawaiian petrel data (Ostrom et al. 2017) in our analyses. 
The two Hawaiian petrel populations occupy unique isotopic 
niches despite the close proximity of their breeding colonies 
and their high degree of morphological similarity (Fig. 2a; 
Wiley et  al. 2012, 2013; Ostrom et  al. 2017). The low 
δ15NPhe of the Maui Hawaiian petrel colony indicates these 

Fig. 3  Density distributions of 
model estimated δ15NPhe and 
Δδ15NGlu-Phe (‰) for (a) New-
ell’s shearwater (NESH) and 
(b) Laysan albatross (LAAL) 
over the past 50 and 100 years, 
respectively
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birds have a greater tendency to utilize waters character-
ized by nitrogen fixation and positive N* than their Hawai`i 
Island counterparts (Fig. 2a; Ostrom et al. 2017). The pos-
sibility that Hawaiian petrel δ15NPhe is strongly influenced 
by differences in nutrient regime is supported by observa-
tional and tagging data, which show that Hawaiian petrels 
forage over areas where the influence of nitrogen fixation 
varies (as given by N* in Fig. 1; Spear et al. 1995; Adams 
and Flora 2010; VanZandt 2012). Moreover, Hawaiian pet-
rels distributed southeast of the islands overlap an area of 
15N-enriched water (Altabet and Francois 1994). Differen-
tial foraging, likely a change in foraging location, within a 
δ15N gradient could drive inter-colony δ15NPhe segregation 
in Hawaiian petrels.

Hawaiian petrels from Maui appear to occupy a higher 
trophic position than their Hawai`i Island conspecifics 
(Fig. 2; Ostrom et al. 2017). While this may indicate that 
food chains supplied by nitrogen fixation are longer than 
those supplied by nitrate, other factors may influence this 
intra-species trophic disparity. The slight morphological dif-
ferences between individuals from the islands of Maui and 
Hawai`i (e.g., culmen and tarsus length, 8% larger; Judge 
et al. 2014) are unlikely to explain the observed trophic sepa-
ration. Ballance et al. (2001) showed that even a 1000-fold 
range in seabird body mass does not explain segregation 
in the size of dietary items. Thus, it is likely that Hawaiian 
petrels from Maui and Hawai`i Islands specialize on distinct 
suites of prey items, which contribute notably to differences 
in their isotope data.

Our interspecies comparison shows that the Newell’s 
shearwater standard ellipse does not overlap with those of 
the Hawaiian petrel colonies (Fig. 2a). The mean δ15NPhe of 
Newell’s shearwaters is similar to that of Maui Hawaiian 
petrels, likely resulting from a similar reliance on oceano-
graphic regions characterized by nitrogen fixation. Obser-
vational data show that Newell’s shearwaters are dispersed 
across the isotopic gradient extending east from the area 
of 15N-enriched waters southeast of the Hawaiian Islands 
(Spear et al. 1995). This could contribute to the population’s 
wide δ15NPhe range of 3.7‰. The Δδ15NGlu-Phe data sug-
gest that Newell’s shearwaters occupy a lower trophic posi-
tion than either of the two Hawaiian petrel populations. The 
diet of Newell’s shearwater is poorly known. Ainley et al. 
(2014) reported on Newell’s shearwater diet using stomach 
contents from carcasses of recently fledged individuals. The 
stomach contents were dominated by squid (e.g., ommas-
trephids) with few fish, mainly flying fish. This appears to 
be similar to Hawaiian petrel diet, but with limited data for 
both species it is unclear how much the relative proportion 
of diet items differs between the two (Simons 1985). The 
Δδ15NGlu-Phe differences might also be driven by interac-
tions in mixed-species feeding flocks. Although foraging in 
large diverse aggregations can improve foraging success, 

evidence also suggests that intense interference competition 
can occur, especially among seabirds employing distinct for-
aging methods (Schreiber and Burger 2001). For example, 
surface seizers, like Hawaiian petrels, might reduce access 
to prey by diving birds, like Newell’s shearwaters, resulting 
in Newell’s shearwaters eating smaller or lower trophic level 
prey (Schreiber and Burger 2001).

Laysan albatross occupy a distinct niche position. Their 
δ15NPhe mean indicates little reliance on food webs supplied 
by nitrogen fixation (Fig. 2). Additionally, Laysan albatross 
appears to occupy the lowest trophic position of the three 
species. Consistent with this, recent amino acid-specific iso-
tope data from contour feathers and remiges place Laysan 
albatross at the same or a lower trophic position than smaller 
seabirds (e.g., Bulwer’s petrel, Gagne et al. 2018). Yet, alba-
trosses can be considered top predators. The low trophic 
position of Laysan albatross forces us to think more broadly 
about the trophic dynamics of our species. It prompted us 
to ask if dietary studies, metabolic effects or diet quality 
might provide insight in our understanding of Laysan alba-
tross Δδ15NGlu-Phe, and how it relates to that of our other two 
study species.

Information available on the diet of Laysan albatross does 
not offer a clear explanation of their low trophic position. As 
is true of our other study species, squid and fish are impor-
tant components of the stomach remains of Laysan albatross, 
including glass and neon flying squids, sauries, and sardines 
(Harrison et al. 1983; Gould et al. 1997; Pitman et al. 2004; 
Bisson 2008). Offal can also be common in Laysan albatross 
diets along with smaller portions of non-cephalopod inverte-
brates (Gould et al. 1997; Bisson 2008). However, stomach 
content data are particularly difficult to obtain, especially 
when seabirds are not at a colony. At sea data from birds 
obtained from fisheries can be heavily influenced by offal 
discarded by the fishery (e.g., Gould et al. 1997). Stomach 
content data can also be influenced by more rapid digestion 
of soft bodied prey, they are often conducted on a specific 
age class of birds and have a tendency to contain recently 
ingested prey (often in boluses), with the hard remains from 
prior meals perhaps present in pellets (e.g., Harrison et al. 
1983, Pitman et al. 2004). Such biases complicate the use 
of stomach content analyses to interpret isotope data (e.g., 
Gagne et al. 2018). The possibility that Laysan albatross feed 
at a lower trophic level than expected from stomach content 
data has been proposed previously (Gould et al. 1997). Sup-
porting this, a recent Laysan albatross lipid profile shows an 
important contribution of low trophic level prey items (crus-
taceans and fish eggs) to the diet that might have otherwise 
been missed (Conners et al. 2018).

Metabolic effects (type of nitrogen excretion, amino acid 
transformations) and diet quality (e.g., protein content) have 
the potential to influence isotope values of amino acids 
(McMahon and McCarthy 2016). Because our study species 
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are wide-ranging predators, have some overlap in prey taxa 
consumed, and belong to the same taxonomic order, we do 
not anticipate large differences in amino acid transformation 
pathways and associated isotopic discrimination. Further, 
because their diet appears to be highly proteinaceous, diet 
quality likely does not account for the Δδ15NGlu-Phe differ-
ences we observe. Thus, our current data appear to bolster 
other findings that point to the possibility that Laysan alba-
tross consumes a significant proportion of lower trophic 
level prey and this lowers their Δδ15NGlu-Phe values.

Temporal data

Our data show that the foraging segregation observed among 
our study species in modern time (post-2000) is not a recent 
phenomenon but has endured over the course of several 
decades. This is illustrated by the observation that the rela-
tive position of each population’s isotopic niche is similar 
between historical and modern time periods (Fig. 2). We 
observe this despite differences among our species in the 
dates of the historical time periods. This observation implies 
long-term stability in the pattern of differential foraging 
ecology exhibited by the wide-ranging predators (Fig. 2).

While δ15NPhe provides no evidence of a shift in source 
nitrogen at the base of our study species’ food webs, 
δ15NGlu-Phe indicates that, like the Hawaiian petrel (Wiley 
et al. 2013; Ostrom et al. 2017), Newell’s shearwater and 
Laysan albatross experienced a significant decline in trophic 
position within the past century. The trophic decline we 
observed in Laysan albatross is in contrast to the findings 
of Gagne et al. (2018), who did not observe a significant 
temporal trend in this species. This disparity could be related 
to the fact that Gagne et al. (2018) analyzed feathers that, 
unlike bone collagen, integrate over only a short portion of 
the individual’s annual cycle (Edwards and Rohwer 2005).

Our isotope chronologies augment the current picture 
of a trophic decline among predatory seabirds in the North 
Pacific Ocean. There are now eight Hawaiian seabirds that 
show a trophic decline including our three study species 
plus Bulwer’s petrel, wedge-tailed shearwater, brown booby, 
white tern, and sooty tern (Ostrom et al. 2017; Gagne et al. 
2018). Our study species represent two avian families and 
diverse foraging strategies and grant extensive spatial cov-
erage of the world’s largest ocean. They also tend to differ 
in the oceanographic parameters that they favor (e.g., sea 
surface temperature and salinity; Schreiber 1984; Spear et al. 
1995; Block et al. 2011) and their population dynamics. The 
observed trophic declines coincide with both severe popu-
lation declines (Hawaiian petrel and Newell’s shearwater) 
and population stability (Laysan albatross; Arata et al. 2009; 
Raine et al. 2017). The study species of Gagne et al. (2018) 
similarly exhibit numerous ecological differences. For exam-
ple, brown boobies often make shallow dives (up to 2 m) 

and pursue prey underwater whereas sooty and white terns 
feed at the surface without submerging (Niethammer and 
Patrick 1998; Schreiber and Norton 2002; Schreiber et al. 
2002). The white tern has a small population of about 15,000 
breeding pairs in the Hawaiian Archipelago whereas the 
wedge- tailed shearwater’s population in Hawaii is at least 
270,000 breeding pairs (Whittow 1997; Niethammer and 
Patrick 1998). Thus, our study expands the perception that 
a trophic decline was ecologically widespread among North 
Pacific seabird species, a primary question of our study, and 
builds evidence for a pervasive shift in food web architecture 
across the North Pacific Ocean.

Understanding how the trophic decline exhibited by 
pelagic seabirds influences the flow of materials and energy 
in food webs could be greatly advanced by amino acid-spe-
cific isotope studies. This will require accurate estimates 
of trophic position for a wide variety of taxonomic groups 
and trophic levels, and better understanding of the origin of 
nutrients at the base of the food web. The determination of 
trophic position via the amino acid-specific nitrogen iso-
tope approach requires an estimate of trophic discrimination 
factor, which does not exist for most organisms, including 
many pelagic seabirds. Thus, defining trophic discrimina-
tion factors and understanding the variability among them 
is one challenge for future studies. Data sets on essential 
amino acids that must be obtained from diet, rather than 
synthesized, will assist in identifying sources of nutrients at 
the food web bases. These data can be complimented by the 
carbon isotope composition of amino acids which reflects 
that of the primary production at the food web base (Larsen 
et al. 2013).

Currently, climate change and fisheries are considered 
important drivers of oceanic ecosystem change and trophic 
alteration (Ward and Myers 2005; Jackson 2008; Cheung 
et al. 2012; Woodworth-Jefcoats et al. 2013; Ostrom et al. 
2017; Gagne et al. 2018). While we did not observe an influ-
ence of MEI on our data, this is in contrast to Gagne et al. 
(2018) who found that climate indicators ranked 6th or lower 
after foraging distance and dietary indicators in terms of 
their influence on trophic position. Thus, it would not be 
appropriate to exclude climate from consideration as a fac-
tor that could influence trophic decline. As previously dis-
cussed, fishing is another major anthropogenic force capable 
of imposing a trophic decline on pelagic seabirds (Ostrom 
et al. 2017; Gagne et al. 2018). With industrial fisheries, 
humans have the power to modify vast oceanic ecosystems 
to a degree once thought impossible (Jackson 2008). While 
characterizing ecosystem interactions for the vast pelagic 
realm is arduous, it is even more difficult to predict the 
long-term consequences of large-scale fisheries. Yet, there 
is mounting evidence that fisheries compete with marine 
predators for food and alter the distributions, abundances, 
and average sizes of marine organisms (Myers and Worm 
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2003; Ward and Myers 2005; Polovina and Woodworth-Jef-
coats 2013). Both target and non-target species are subject to 
take by fisheries, and some fisheries (e.g., mid-water trawls, 
purse seines) are non-discriminant when it comes to forage 
fish (Worm and Lenihan 2013). Pacific Ocean commercial 
fisheries have been estimated to discard millions of tonnes 
annually (Kelleher 2005). The continued use of non-discri-
minant fishing methods and the vast volume of non-target 
species taken emphasizes the far-reaching nature of fisheries 
beyond target catch. Interactions and consequences of sali-
ent drivers of ecosystem change must be understood so we 
can prevent alterations to the pelagic realm that will further 
compromise trophic structure and the welfare of marine life.
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