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The arrival of humans to Antarctica’s Ross Sea (100+ years ago) led to a
slow, but sustained increase in human activities in the area. To investigate
if human presence has influenced the structure of the ecosystem over the
last century, we compared historical (ca 100 years old) and modern samples
of a sentinel species, the Weddell seal (Leptonychotes weddellii), using both
bulk tissue and compound-specific stable isotope analysis. The historical iso-
topic niche of Weddell seals was over five times larger than the modern
niche. The isotopic values of individual amino acids showed a clear segre-
gation between historical and modern samples, indicative of differences at
the base of the trophic web. Further, we found no significant differences
in the trophic position of Weddell seals between the two periods. Our
study revealed that the Ross Sea has undergone detectable changes (i.e. in
the primary producers community) in the last century, but the presence of
humans has not disrupted trophic interactions supporting Weddell seals.

1. Introduction

The continuous expansion of the human population has increasingly impacted
the world’s oceans and its multiple ecosystems. Activities associated with
exploitation of biological resources (e.g. fishing) and, more recently, those indu-
cing climatic change have resulted in major changes to both ecosystems and
biogeochemical cycles [1]. Largely due to its relative isolation and the historical
challenges in reaching it, the Ross Sea, Antarctica, has remained relatively unaf-
fected by humans [2]. Humans only arrived at the Ross Sea in the mid-1800s,
and it was not until the early 1900s that the early Antarctic explorers landed
in the southernmost seasonally ice-free area, McMurdo Sound [3]. Since that
time, human impacts have remained relatively limited, except perhaps for
whaling which, despite not occurring within this system, could have impacted
the overall structure of the ecosystem [4].

Today, however, human activities take place in the Ross Sea. Many are
related to scientific investigation, as the Ross Sea hosts several research stations,
leading to a limited year-round human presence. Furthermore, since the mid-
1990s a small but important fishing fleet operates off the continental shelf of
the Ross Sea, targeting the Antarctic toothfish (Dissostichus mawsonii), with
catches of ca 3000 tonnes per year (approx. 0.06% of the total biomass for the
Ross Sea) [5,6]. The potential consequences of these activities remain largely
unknown, although it has been hypothesized that the removal of toothfish
could already have impacted the structure of the ecosystem [7].

Weddell seals (Leptonychotes weddellii) are the only yearlong resident air-
breathing marine predator of the fast-ice in the Ross Sea. Their piscivorous
diet includes Antarctic silverfish (Pleurogramma antarcticum) and Antarctic
toothfish, among other fish species [8-10]. As top predators, Weddell seals
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can offer valuable insight on the structure and dynamics of
the Ross Sea, as they integrate information across the entire
trophic web [11].

Few studies have used top predators to investigate long-
term changes in ecosystems (decadal scale or longer), due
to the lack of either baseline information before human inter-
vention, or the availability of time series long enough to
address this type of question [12]. Stable isotope analysis
(SIA) offers a powerful tool to address these questions on
historical and longer time scales, because certain biological
materials (e.g. keratin, bone, and teeth) are often well
preserved and retain their original isotopic composition [13].

Weddell seals were hunted by the early Antarctic
explorers, and pelts from several of these individuals
remain inside the huts that were used during these
expeditions. These pelts represent a unique archive for the
Ross Sea, allowing us to assess the ecology of the species
and the ecosystem status, from a time at the onset of
human presence in the Ross Sea to the present. Specifically,
our aims were (i) to investigate whether the ecology and
diet of the Weddell seal has changed in the last century
and (ii) to determine potential changes in the structure of
the ecosystem (number of trophic levels) between the early
1900s and early 2000s, using stable isotope values (813C
and 5'°N) measured in fur samples from Weddell seals
from both periods of time.

2. Material and methods

Complete details of the isotopic analyses are provided in the elec-
tronic supplementary material. Modern samples were collected
between 2010 and 2012 from live adult Weddell seals handled
in McMurdo Sound and the Victoria Land coast, Ross Sea (n =
32) [10] (electronic supplementary material, figure S1). Fur
samples were obtained by shaving an area of approximately
4 cm? with a commercial razor blade and collecting the hairs in
a paper envelope.

Historical samples (1 = 34) were obtained from inside the
historical huts in McMurdo Sound. Remains of harvested ani-
mals were identified and hair samples were collected using a
scalpel blade and scissors, and kept in a paper envelope. While
we cannot verify the temporal and spatial extent of the collection
of these samples, we assume they are comparable to modern
samples given the limited range of individuals (less than
700 km) [14], and the evidence that seal hunts were concentrated
between the colonies nearby the huts.

(a) Bulk tissue stable isotope analysis

Bulk tissue samples (fur) were weighed (0.5 + 0.05 mg) and ana-
lysed for 313C and 8'°N values by combustion in a Carlo Erba
Elemental Analyzer interfaced with a Finnigan Delta™™ XP
mass spectrometer (Stable Isotope Laboratory, UC Santa Cruz).

(b) Stable isotope analysis of individual amino acids
We focused on a subset of the original hair samples (1historical =
10, Mmodern = 10). A sample of approximately 2 mg of hair was
hydrolysed, followed by amino acid (AA) derivatization and
posterior esterification [15]. Samples were then injected into a
Gas Chromatography Isotope Ratio Mass Spectrometer (GC-
IRMS, Thermo Trace Ultra GC) coupled with an oxidation and
reduction furnace, and finally linked to a Finnigan Delta™* XP
mass spectrometer (Stable Isotope Laboratory, UC Santa Cruz).
Each sample was injected in triplicate, and we report the average
values.

(c) Trophic position of Weddell seals

Bulk 8'°N values can be used to estimate the trophic position
(TP) of consumers. However, this relies on baseline isotopic
data (i.e. phytoplankton or primary producer) [16], and as we
lack this information for our historical samples, we restricted
our comparison of bulk tissue derived-TPs to raw 3'°N values.
8'°Nsa data directly use the baseline information retained in
Source AAs (AAs that undergo very little or no fractionation
with each trophic transfer) and Trophic AAs (AAs that do frac-
tionate with each trophic transfer), providing a robust estimate
of TP regardless of baselines [17,18]. We estimated TP using
the model proposed in [19]:

15 15
8" Npro — 8" Nphe — Bpro-phe
7

TP = 1+
TDFPro-Phe

where 8'°Np,, and 8" Nppe represent the values of Proline and
Phenylalanine in the samples, Bpyo-phe is the difference between
Pro and Phe in marine phytoplankton (3.1%o [17]) and TDFp,,.
rhe is the trophic discrimination factor between Pro and Phe
across all trophic levels (5.2%o [20]).

(d) Statistical analysis

The differences in bulk tissue values were investigated using
Analysis of Variance (ANOVA). We calculated the isotopic stan-
dard ellipses and determined their areas as proxies of niche
width (including Bayesian estimates of the confidence intervals,
CI), using the package SIBER in R [21]. We also estimated the
niche overlap by calculating the intersection between the 95%
CI standard ellipses for both historical and modern samples,
using the package SIAR in R [22].

We investigated if AAs were significantly different between
periods using the f-test or Mann—Whitney test, depending on
whether the assumptions of the test were fulfilled or not (elec-
tronic supplementary material, table S1). For posterior analyses,
we retained 11 AAs (electronic supplementary material, table
S1) as these were identifiable for all samples used in the study.
We used Non-Metric Multidimensional Scaling (NMDS) and
Non-Parametric Permutational Multivariate Analysis of Variance
(NP-MANOVA) to assess isotopic patterns between historical
and modern samples using all 8'%Can and 8'°Nja data, as
well as focusing only on essential AA 8C and source AA
8'°N values. NMDS and NP-MANOVA were conducted using
the package VEGAN in R [23]. Differences in both bulk
(raw 8'°N data) and AA-derived TP between periods were
investigates using a t-test.

Significance for all parametric tests was set at a = 0.05. All
statistical analyses were conducted in R [24].

3. Results

(a) Bulk tissue

Weddell seals showed significant differences for both bulk
hair 3'°C and 8N values between historical and modern
samples (ANOVAs, §"°C F, ¢4 = 11.55, p < 0.01; 3'°N Fy 44 =
36.5, p < 0.01). Historical samples had lower 8C values
(—24.8 + 1.0%) and higher 3N (14.0 + 0.8%) than
modern samples (—23.6 + 0.4%0 and 13.0 £+ 0.4%o., respect-
ively; modern 5'3C values corrected for the Suess effect)
(figure 1; electronic supplementary material, table S1). Both
8°C and 3N values were more variable in historical
samples, as evident from their s.d.s (see above). Accordingly,
the isotopic niche of historical samples (posterior distribution
mode = 2.6 %02), was over five times larger than the niche of
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Figure 1. Fur 3"C and 3"N data of Weddell seals from the Ross Sea, Ant-
arctica. The blue dots represent historical samples (n = 34), and red dots
correspond to modern samples (n = 32). The shaded areas depict the
95% confidence standard isotopic ellipses. The dashed lines correspond to
the Minimum Convex Polygons.

modern samples (posterior distribution mode = 0.5%0%
figure 1).

(b) Amino acids

We did not observe a clear pattern in individual AAs
between the study periods. Most AAs did not differ between
historical and modern samples, except for 33Che, 813CTyr,
5°Np,, and 615NLyS (electronic supplementary material,
table S1).

The NMDS analysis, however, revealed differences when
all AAs were considered. Interestingly, 5'%Ca 4 data showed
more segregation between historical and modern samples
than 8°Na 4, both when all AAs were combined and when
AAs were separated per their metabolic groupings (figure 2).
The largest segregation was observed at the base of the trophic
web (Essential 8'°C and Source 8'°N), with only 17.6 and
30.5% of the historical NMDS polygons overlapping with
modern samples for 8% Cresential-aa and 8°Nsource-aa, respect-
ively (figure 2; electronic supplementary material, table S2).

The results from the NP-MANOVA confirmed this segre-
gation for both 313Cpn and 8'°Naa values. We found no
differences between historical and modern samples for 3'°C
when we looked at all AAs (Fi11 =278, R%?=10.20, p=
0.05) or Non-Essential AAs (Fy11=1.52, R*=0.12, p=
0.20); however, Essential AAs were significantly different
between periods (Fy,11 = 4.30, R*>=0.28, p=10.02). On the
other hand, we did find significant differences when looking
at 8'°N values for all AAs combined (Fq,15 = 2.25, R2=0.14,
p=0.04), and when focusing only on Source AAs (F; 5=
4.29 R*=0.23, p=0.02), but no significant differences were
found for Trophic AAs (F; 15 = 2.02, R* =0.13, p = 0.10).

(c) Trophic position

The historical bulk 8°N value was significantly higher than
the 3'°N value of modern samples by 1%., which would rep-
resent a drop of about one third of a trophic level of Weddell
seals between both periods [16] (figure 3a). Conversely, AA

data showed no significant differences in the TP of Weddell [ 3 |

seals between periods: TPpistorical = 3.7, TPmodern = 3.7
(F1,15=0.12, p = 0.74) (figure 3b). We also found a positive
relationship between the average 3'°N value of Source
AA and the 3N value of bulk hair samples (R2=0.25,
p < 0.01) (electronic supplementary material, figure S2).

4. Discussion

It has long been known that Weddell seals feed mostly on
fish, particularly Antarctic silverfish and other species of
nototheniids and bathydraconiids [8—-10]. However, the role
of the Antarctic toothfish in the diet of the seals from the
Ross Sea has been debated; it has been suggested, based on
observational evidence, that Weddell seals consume a larger
portion of this species than has been assumed based on
direct studies of their diet [25]. Newer isotopic evidence,
however, contradicts this hypothesis, as more refined ana-
lyses of diet using SIA data have indicated that Antarctic
toothfish makes up less than 10% of the diet of Weddell
seals [10], similar to previous reports for this population
from the late twentieth century [9,26].

Even so, a lingering question is whether the presence of
the Ross Sea Antarctic toothfish fishery has resulted in a
decrease of toothfish in the diet of modern Weddell seals.
Our data show that this is likely not the case. Despite finding
differences in the bulk tissue 3'°C and 8'°N values between
historical and modern samples, these differences were driven
by changes in the baseline values, as confirmed by the AA
data. The results of our study indicate that the average TP
of the Weddell seals from McMurdo Sound has not changed
over the past century, in turn indicating that the Antarctic
toothfish, a species with an estimated TP > 4.5 [27], was
likely not a major component in the historical diet of the
species, similar to its low contribution to the diet of Weddell
seals today [10].

Ponganis & Stockard [8] and Goetz et al. [10] suggested
that the Antarctic toothfish could be an important prey
item for larger, older, and probably specialized individuals
who might seek out this prey item for its high energetic con-
tent, despite its large size and potential difficulty to catch.
Indeed, an increasing number of studies have reported indi-
vidual variability and specialization in foraging strategies
for other species of pinnipeds, and it is possible that particu-
lar individuals prey on Antarctic toothfish at a higher
proportion than the overall population. Our data, however,
do not support the hypothesis that Antarctic toothfish com-
prised a larger portion of the diet of the overall Weddell
seal population 100 years ago. Further, we found a positive
relationship between source amino acids and bulk 3N
values, indicating that the differences we observed in bulk
values (figure 3a) are due to a decrease at the baseline, not
due to a decrease in the TP of the Weddell seals, supporting
the conclusions of TP calculation based on 8'°Naa values
(figure 3D).

A striking pattern revealed in our data was that modern
Weddell seals in McMurdo Sound had an apparent reduced
isotopic niche compared with Weddell seals from 100 years
ago, as identified from the standard ellipses in the §°C/
3'°N bi-space (figure 1; electronic supplementary material,
table S2). Indeed, today’s mode of the posterior distributions
of the standard ellipse of Weddell seals corresponds to only
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Figure 2. Non-Metric Multidimensional Scaling (NMDS) using individual amino acid stable isotopes values of Weddell seals from the Ross Sea, Antarctica. Panels

(a,ce) correspond to 3" Cyy and (b,d,f) 3" Nys. (a,b) All amino acids combined, (¢.d) Essential 8™Cyy and Source 8'Nyy. (e,f) Non-Essential &'Cy, and Trophic
3" Naa.

about 14.7% of what it was a century ago. Two mechanisms
could explain this reduction in niche width of the Weddell
seal: (i) the McMurdo Sound population could have

undergone a process of ecological specialization, thus
decreasing the diversity of items that individuals prey
upon. This specialization could either be the result of an
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Figure 3. Trophic position (TP) of Weddell seals estimated from bulk tissue
(@) and individual amino acid 3™N values (b). Bulk tissue SN values were
significantly different between historical and modern samples. AA-derived TP
were not significantly different between periods.

increased ‘preference’ for a few prey species, or a consequence
of an increase in the relative abundance and availability of the
dominant prey items (e.g. Antarctic silverfish). (ii) Changes at
the lower trophic levels of the ecosystem (i.e. phytoplankton
community composition and/or lower trophic level consu-
mers) could result in the observed reduced variability in
8'°C and 8N values, and thus be mistakenly interpreted
as a reduction in the niche width of the species.

Owing to the lack of historical isotopic data and infor-
mation on population trends for the prey community of the
Ross Sea, we cannot dismiss the hypothesis that this
reduction in the isotopic niche does, indeed, reflect a more
specialized diet in modern Weddell seals. Yet, such a dra-
matic reduction in the niche size of the Weddell seal over
the last 100 years therefore seems improbable, particularly
considering the similarity in the degree of diversity of prey
items in the diets of different populations of Weddell seals
across its distributional range [10,28,29], and wide range of
prey items consumed by the Ross Sea population today [10].

Instead, the reduction in variability of both isotopes could
be associated with changes at the ecosystem baseline rather
than changes in the niche width of the species. The arrival
of humans to the Ross Sea occurred close to the end of the
Little Ice Age (LIA), the most recent neoglacial period
(approx. AD 1500-1900), when global temperatures were
colder than during the twentieth century [30]. Polito et al.
[31] argued that this colder environment during the LIA
could have resulted in the decrease of Antarctic silverfish in
the diet of Adelie penguins (Pygoscelis adeliae) from the colo-
nies in the same study area, as evidenced from sediment

samples. However, unlike Weddell seals, these penguins con- “

gregate in colonies during the breeding period (Antarctic
summer), when their movements are restricted due to the
limitations imposed by incubation and chick-rearing, so the
silverfish reduction indicated by sediment records could be
explained by local conditions and not necessarily reflect the
environment in the Ross Sea.

During the LIA the Ross Sea presented lower air tempera-
tures (1.6°C cooler than during the twentieth century) and
enhanced katabatic winds (descending from the high-altitude
Antarctic continent) that created a more persistent and larger
polynya (an area of open water in the sea ice), which resulted
in higher biological productivity and the prevalence of open
water diatoms over sea-ice-associated diatoms [32,33]. It is
possible that the divergent baseline values that our AA
data indicate are, at least in part, a result of the differences
in the phytoplankton community composition and primary
productivity. As noted above, depending on the element (C
or N), certain AA groups retain the isotopic values from
the primary producers, with little or no fractionation across
trophic levels: Essential AA 3"°C and Source AA 3"N. It
has been shown on other ocean regions that widespread
shifts in both N supply and plankton community compo-
sition associated with climatic change since the end of the
LIA has resulted in major coupled baseline changes in both
8'°C and 3'°N of primary producers [18,34]. The change in
these primary producer-derived AA groups between the his-
toric and modern samples, suggests that climatic changes in
the Antarctic since the LIA have led to shifts in baseline iso-
tope values, likely associated with widespread change in
upwelled nutrient supply, productivity rates, and possibly
assemblages of primary producers over the last century.

Because top predators integrate ecological information,
they can be used to obtain insights into the status of marine
ecosystems. Using stable isotope data from Weddell seals,
our study revealed little indication of major alterations in the
structure of the trophic web of the Ross Sea due to the pres-
ence of humans during the last 100 years. On the other hand,
our results revealed that detectable changes have occurred at
the base of the trophic web (i.e. primary producers commu-
nity) between these periods, likely linked to environmental
changes. Recently, the Commission for the Conservation of
Antarctic Marine Living Resources (CCAMLR) announced
the establishment of a 1.55 million km* Marine Protected
Area (MPA) in the Ross Sea [35]. This MPA, the largest in
the world, is the result of the international interest in protecting
the Ross Sea and regulating human activities. Considering the
results from this study, this protection effort is particularly
important as this ecosystem continues to be largely unaffected
by humans, especially in comparison to the rest of the world’s
oceans.

Ethics. Animal handling was approved by the University of California
Santa Cruz Institutional Animal Care and Use Committee (IACUC).
Research was conducted under NMFS permit No. 87-1851, and
approved by the Antarctic Conservation Act and Antarctic Heritage
Trust New Zealand.

Data accessibility. The raw isotopic data are presented in the electronic
supplementary material.

Authors” contributions. L.A.H., P.LK., and D.P.C. designed the study.
LAH. and DP.C. collected the samples. L.A.H. and M.D.M.
analysed the samples. All authors wrote the manuscript.

Competing interests. We have no competing interests.

LT60L107 #8T § 0 Y 20id  biorbuiysiigndfranosiesorqdsi


http://rspb.royalsocietypublishing.org/

Funding. Funding for this study was provided by grants from Mia
G. Tegner Grants (Marine Conservation Institute) and the National
Science Foundation (ANT-0838892). L.A.H. was funded under JIP
22 07-23 from the E&P Sound and Marine Life Joint Industry Project

Downloaded from http://rspb.royalsocietypublishing.org/ on September 20, 2017

of the IAGOP.

References

Halpern BS et al. 2015 Spatial and temporal
changes in cumulative human impacts on the
world’s ocean. Nat. Commun. 6, 7615. (doi:10.1038/
ncomms8615)

Smith WO, Ainley DG, Cattaneo-Vietti R. 2007
Trophic interactions within the Ross Sea continental
shelf ecosystem. Phil. Trans. R. Soc. B 362, 95—111.
(doi:10.1098/rsth.2006.1956)

Larson EJ. 2011 An empire of ice: Scott, Shackleton,
and the heroic age of Antarctic science. New Haven,
(T: Yale University Press.

Ainley DG, Ballard G, Dugger KM. 2006 Competition
among penguins and cetaceans reveals trophic
cascades in the western Ross Sea, Antarctica.
Ecology 87, 2080—2093. (doi:10.1890/0012-
9658(2006)87[2080:CAPACR]2.0.C0;2)

Constable AJ, William K, Agnew DJ, Everson I, Miller
D. 2000 Managing fisheries to conserve the
Antarctic marine ecosystem: practical
implementation of the convention on the
conservation of Antarctic marine living resources
(CCAMLR). ICES J. Mar. Sci. 57, 778—791. (doi:10.
1006/jmsc.2000.0725)

Mormede S, Dunn A, Hanchet S. 2014 A stock
assessment model of Antarctic toothfish
(Dissostichus mawsoni) in the Ross Sea region
incorporating multi-year mark-recapture data.
CCAMLR Sdi. 21, 39-62.

Parker SJ, Bowden DA. 2010 Identifying taxonomic
groups vulnerable to bottom longline fishing gear
in the Ross Sea region. CCAMLR Sci. 17, 105—127.
Ponganis P, Stockard T. 2007 Short note: the
Antarctic toothfish: how common a prey for
Weddell seals? Antarct. Sci. 19, 441—442. (doi:10.
1017/50954102007000715)

Burns J, Trumble S, Castellini M, Testa J. 1998 The
diet of Weddell seals in McMurdo Sound, Antarctica
as determined from scat collections and stable
isotope analysis. Polar Biol. 19, 272—282. (doi:10.
1007/5003000050245)

Goetz KT, Burns JM, Hiickst?dt LA, Shero MR, Costa
DP. 2017 Temporal variation in isotopic composition
and diet of Weddell seals in the western Ross Sea.
Deep Sea Res. Part Il 140, 36—44. (doi:10.1016/j.
dsr2.2016.05.017)

Fossi MC et al. 2012 The role of large marine
vertebrates in the assessment of the quality of
pelagic marine ecosystems. Mar. Environ. Res. 77,
156—158. (doi:10.1016/j.marenvres.2012.03.003)
Lotze HK, Worm B. 2009 Historical baselines for
large marine animals. Trends Ecol. Evol. 24, 254—
262. (doi:10.1016/j.tree.2008.12.004)

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

constructive comments on this manuscript.

Bocherens H. 2015 Isotopic tracking of large
carnivore palaeoecology in the mammoth steppe.
Quat. Sci. Rev. 117, 42—-71. (doi:10.1016/j.
quascirev.2015.03.018)

Davis CS, Stirling I, Strobeck C, Coltman DW. 2008
Population structure of ice-breeding seals. Mol. Ecol.
17, 3078—-3094. (doi:10.1111/j.1365-294X.2008.
03819.x)

Silfer J, Engel M, Macko S, Jumeau E. 1991 Stable
carbon isotope analysis of amino acid enantiomers
by conventional isotope ratio mass spectrometry
and combined gas chromatography/isotope ratio
mass spectrometry. Anal. Chem. 63, 370—374.
(doi:10.1021/ac00004a014)

Post DM. 2002 Using stable isotopes to estimate
trophic position: models, methods, and
assumptions. £cology 83, 703—718. (doi:10.1890/
0012-9658(2002)083[0703:USITET]2.0.€0;2)
McClelland JW, Montoya JP. 2002 Trophic
relationships and the nitrogen isotopic composition
of amino acids in plankton. Ecology 83, 2173 -
2180. (doi:10.1890/0012-
9658(2002)083[2173:TRATNI]2.0.€0;2)

McMahon KW, McCarthy MD, Sherwood OA, Larsen
T, Guilderson TP. 2015 Millennial-scale plankton
regime shifts in the subtropical North Pacific Ocean.
Science 350, 1530—1533. (doi:10.1126/science.
22a9942)

Germain LR, McMahon KW, Koch PL, Harvey JT,
McCarthy MD. Submitted 2017. Dual compound-
specific amino acid isotope (3"C and 3"N)
approach reveals regional and ontogenetic shifts in
foraging ecology and trophic dynamics of harbor
seals (Phoca vitulina richardii) off California.
McMahon KW, McCarthy MD. 2016 Embracing
variability in amino acid 8N fractionation:
mechanisms, implications, and applications for
trophic ecology. Ecosphere 7, €01511. (doi:10.1002/
ecs2.1511)

Jackson AL, Inger R, Parnell AC, Bearhop S. 2011
Comparing isotopic niche widths among and within
communities: SIBER—Stable Isotope Bayesian
Ellipses in R. J. Anim. Ecol. 80, 595—602. (doi:10.
1111/j.1365-2656.2011.01806.x)

Parnell A, Jackson A. 2013 SIAR: Stable isotope
analysis in R. R package version 4.2.

Dixon P. 2003 VEGAN, a package of R functions for
community ecology. J. Veg. Sci. 14, 927-930.
(doi:10.1111/j.1654-1103.2003.th02228.x)

R Core Team. 2016 R: A language and environment
for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing.

25.

26.

2].

28.

29.

30.

3N

32.

33

34.

35.

Ainley DG, Siniff DB. 2009 The importance of
Antarctic toothfish as prey of Weddell seals in the
Ross Sea. Antarct. Sci. 21, 317-327. (doi:10.1017/
$0954102009001953)

Testa J, Siniff D, Ross M, Winter J. 1985 Weddell
seal—Antarctic cod interactions in McMurdo Sound,
Antarctica. In Antarctic nutrient cycles and food webs
(eds WR Siegfried, PR Condy, RM Laws), pp. 561—
565. Berlin, Germany: Springer.

Pinkerton MH, Bradford-Grieve JM. 2014
Characterizing foodweb structure to identify
potential ecosystem effects of fishing in the Ross
Sea, Antarctica. /CES J. Mar. Sci. 71, 1542—1553.
(doi:10.1093/icesjms/fst230)

Samantha L, Harry B, John van den H. 2003
Regional, temporal and fine-scale spatial variation
in Weddell seal diet at four coastal locations in east
Antarctica. Mar. Ecol. Prog. Ser. 254, 293 —305.
(doi:10.3354/meps254293)

Plotz J, Ekau W, Reijnders PJH. 1991 Diet of
Weddell seals Leptonychotes weddellii at Vestkapp,
Eastern Weddell Sea (Antarctica), in relation to local
food supply. Mar. Mamm. Sci. 7, 136— 144. (doi:10.
1111/).1748-7692.1991.th00560.x)
Mosley-Thompson E, Thompson LG, Grootes PM.
1990 Little ice age (neoglacial) paleoenvironmental
conditions at siple station, Antarctica. Ann. Glaciol.
14, 199-204. (doi:10.1017/50260305500008570)
Polito M, Emslie SD, Walker W. 2002 A 1000-year
record of Adélie penguin diets in the southemn Ross
Sea. Antarct. Sci. 14, 327-332. (doi:10.1017/
$0954102002000184)

Rhodes RH, Bertler NAN, Baker JA, Steen-Larsen HC,
Sneed SB, Morgenstern U, Johnsen SJ. 2012 Little ice
age climate and oceanic conditions of the ross sea,
Antarctica from a coastal ice core record. Clim. Past. 8,
1223-1238. (doi:10.5194/cp-8-1223-2012)

Bertler NAN, Mayewski PA, Carter L. 2011 Cold
conditions in Antarctica during the Little Ice Age
— Implications for abrupt climate change
mechanisms. Earth Planet. Sci. Lett. 308, 41-51.
(doi:10.1016/j.epsl.2011.05.021)

Sherwood OA, Lehmann MF, Schubert (J, Scott DB,
McCarthy MD. 2011 Nutrient regime shift in the
western North Atlantic indicated by compound-
specific 3N of deep-sea gorgonian corals. Proc.
Natl Acad. Sci. USA 108, 1011-1015. (doi:10.1073/
pnas.1004904108)

CCAMLR. 2016 Report of the thirty-fifth meeting of
the commission, p. 25. Hobart, Australia:
Commission for the Conservation of Antarctic Marine
Living Resources.

Acknowledgements. We thank K. Goetz, P. Robinson, J. Burns, L. Pearson, n
M. Shero, and E. Gier for their help in the field and laboratory. Field
support and logistics were provided by NSF and the United Stated
Antarctic Program (USAP). R. Holser and M. Tift provided

LT60£107 ‘#8T g 20s Y 2o0id  biobuiysigndAianosiedorqdss


http://dx.doi.org/10.1038/ncomms8615
http://dx.doi.org/10.1038/ncomms8615
http://dx.doi.org/10.1098/rstb.2006.1956
http://dx.doi.org/10.1890/0012-9658(2006)87[2080:CAPACR]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2006)87[2080:CAPACR]2.0.CO;2
http://dx.doi.org/10.1006/jmsc.2000.0725
http://dx.doi.org/10.1006/jmsc.2000.0725
http://dx.doi.org/10.1017/S0954102007000715
http://dx.doi.org/10.1017/S0954102007000715
http://dx.doi.org/10.1007/s003000050245
http://dx.doi.org/10.1007/s003000050245
http://dx.doi.org/10.1016/j.dsr2.2016.05.017
http://dx.doi.org/10.1016/j.dsr2.2016.05.017
http://dx.doi.org/10.1016/j.marenvres.2012.03.003
http://dx.doi.org/10.1016/j.tree.2008.12.004
http://dx.doi.org/10.1016/j.quascirev.2015.03.018
http://dx.doi.org/10.1016/j.quascirev.2015.03.018
http://dx.doi.org/10.1111/j.1365-294X.2008.03819.x
http://dx.doi.org/10.1111/j.1365-294X.2008.03819.x
http://dx.doi.org/10.1021/ac00004a014
http://dx.doi.org/10.1890/0012-9658(2002)083[0703:USITET]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2002)083[0703:USITET]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2002)083[2173:TRATNI]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2002)083[2173:TRATNI]2.0.CO;2
http://dx.doi.org/10.1126/science.aaa9942
http://dx.doi.org/10.1126/science.aaa9942
http://dx.doi.org/10.1002/ecs2.1511
http://dx.doi.org/10.1002/ecs2.1511
http://dx.doi.org/10.1111/j.1365-2656.2011.01806.x
http://dx.doi.org/10.1111/j.1365-2656.2011.01806.x
http://dx.doi.org/10.1111/j.1654-1103.2003.tb02228.x
http://dx.doi.org/10.1017/S0954102009001953
http://dx.doi.org/10.1017/S0954102009001953
http://dx.doi.org/10.1093/icesjms/fst230
http://dx.doi.org/10.3354/meps254293
http://dx.doi.org/10.1111/j.1748-7692.1991.tb00560.x
http://dx.doi.org/10.1111/j.1748-7692.1991.tb00560.x
http://dx.doi.org/10.1017/S0260305500008570
http://dx.doi.org/10.1017/S0954102002000184
http://dx.doi.org/10.1017/S0954102002000184
http://dx.doi.org/10.5194/cp-8-1223-2012
http://dx.doi.org/10.1016/j.epsl.2011.05.021
http://dx.doi.org/10.1073/pnas.1004904108
http://dx.doi.org/10.1073/pnas.1004904108
http://rspb.royalsocietypublishing.org/

	What difference does a century make? Shifts in the ecosystem structure of the Ross Sea, Antarctica, as evidenced from a sentinel species, the Weddell seal
	Introduction
	Material and methods
	Bulk tissue stable isotope analysis
	Stable isotope analysis of individual amino acids
	Trophic position of Weddell seals
	Statistical analysis

	Results
	Bulk tissue
	Amino acids
	Trophic position

	Discussion
	Ethics
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


