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Abstract

Global changes, and particularly the massive release of CO, to the atmosphere and subsequent
global warming, have altered the baseclines of carbon and oxygen stable isotopic ratios.
Temporal shifts in these baselines can be advantageously monitored through cetacean skin
samples because these animals are highly mobile and therefore integrate in their tissues the
heterogeneity of local environmental signals. In this study, we examine variation of '3C and
3'80 values in the skin of fin whales sampled over three decades in two different North Atlantic
feeding grounds: west Iceland and northwest Spain. These locations are situated about 2,700 km
apart and thus represent a wide latitudinal range within the North Atlantic Ocean. The 8'3C
decrease in both areas is attributed to the burning of fossil fuels and increased deforestation
worldwide, the so-called Suess effect. The dissimilarity in the magnitude of the shift between
the two areas is coincidental with previous information on local shifts and lies within the ranges
of variation observed. 4'®0 values experienced a minimal, yet significant change in fin whales
from W Iceland (a decline of -0.44%. between 1986 and 2013) but not in those from NW Spain.
This is in concordance with a higher rise in temperatures in the former area than in the latter.
The study validates the use of cetacean skin to monitor temporal and geographical shifts in
stable isotopic values and alerts that, when applying this tool to ecological research,
comparisons between sample sets should take into account temporal and latitudinal scales.

Keywords: stable isotopes; temporal shifts; Balaenoptera physalus; skin.



Highlights

e Anthropological impact has altered the baselines of stable C and O isotopic
ratios

e 31C decrease is due to the burning of fossil fuels and increased deforestation
e 310 decrease is in concordance with a rise in temperatures

e C(Cetacean skin indicates temporal and geographical shifts in oceanic isotopic
ratios
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1. Introduction

In the marine environment, the stable isotope composition of many elements differs
geographically as a result of a variety of biochemical, geochemical and geophysical processes
(Bowen 2010; Jahn et al. 2015). This creates for each element an isotopic setting specific to
each location that can be mapped to constitute the so-called isoscapes. Isoscapes are built
through the compilation of isotopic data from water, inorganic elements or the plankton, which
is considered to be at the base of the food web and thus to be representative of the distinct

baseline geochemical signature of its habitat (Graham et al. 2010; MacMahon et al. 2013).

Isoscapes provide a useful tool to infer identity of water masses as well as the origin or
migration patterns of living organisms that move between such water masses. However, because
studies are circumscribed in time and space, the meta-analysis required to obtain a wide
geographical perspective, for example of an ocean basin, necessarily needs to incorporate data
collected along protracted periods of time, usually several decades. This introduces substantial
noise into the isoscapes because the baseline isotopic signatures of some elements (e.g. those
d13C and 4'%0) vary over time due to natural and anthropogenic processes (Quay et al. 1992;
Delaygue et al. 2000). As a consequence, the final mapping may be substantially deviated from

the actual isotopic value for a given specific time and location.

The atmospheric ratio of carbon stable isotopes, denoted by the '3C value, has decreased
significantly during the last century due to increased inflows from anthropogenic sources of
isotopically light carbon dioxide (CO,) massively released by fossil-fuel burning, but also
because of land-use practices such as deforestation. As a consequence of this influx, the 6'3C
ratio of the inorganic carbon dissolved in sea water has been decreasing since preindustrial
times causing the so-called Suess effect (Gruber et al. 1999), a variation that has been mirrored
by the isotopic composition of phytoplankton and other primary producers (Bauch et al. 2000),
as well as low-level consumers such as sponges (Druffel and Benavides 1986), corals (Swart et
al. 2010) or ocean quahog shells (Schone et al. 2011). From these organisms situated low in the
food web, the temporal shift in 6'3C values is transferred to predators feeding on them (Bump et
al. 2007). However, shifts in 6'3C are seldom studied beyond the base of the food web and the
Suess effect has been poorly documented in marine vertebrates and, when this is done, studies
are restricted to selected tissues such as teeth or otoliths (Newson et al. 2007; Schloesser et al,

2009).

The oxygen isotope ratio of seawater, denoted by the 3'%0 value, is in turn intimately linked

with fractionation processes that occur along the hydrological cycle and which are strongly

2
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dependent upon ambient temperature. In its vapour phase, water is depleted in 30 relative to the
water from which it derives, so the 6'%0 values that can be observed in sea water are directly the
result of evaporation, atmospheric vapour transport and subsequent return of freshwater to the
ocean either via precipitation or iceberg melting. As a consequence, 6'®0 values tend to
correlate with water temperature and salinity (Jouzel et al. 2002; Rohling 2013): generally, high
seawater 6'%0 values indicate low temperature and high salinity (Klein et al. 1996), and 330
variation can therefore be used to infer seasonal, inter-annual and long-term fluctuation related
to changes in the hydrological cycle and climate, including global warming (Fraile et al. 2016).
For example, the lowest surface-water 6'%0 values characteristic of the Arctic Ocean are
explained by the fact that this Ocean receives abundant river runoff and glacial meltwater, all

which are 30 depleted (Bowen, 2010).

Independently of these geochemical processes, the 8'30 values in the shell carbonate of aquatic
organisms are a function of the 8'%0 value of sea water and the temperature at which organisms
undertake the calcification (Epstein et al. 1951). Taking this into account, $'*0 values have been
measured in biogenic carbonates such as shells, coral, and fish otoliths (Schone et al. 2005; Sun
et al. 2005; Surge and Walker 2005) to reconstruct historical temperature records. However, few
studies have attempted to describe short-term (i.e., multi-decadal) changes in modern seawater
8'%0 values using this (e.g. Schloesser et al. 2009) or other tissues from animals situated at the

higher levels in the trophic web.

Cetaceans are long-lived, highly mobile top predators, and as such have been repeatedly used as
bio-indicators of global change in large masses of ocean water because they integrate in their
tissues the heterogeneity of environmental local signals that other organisms of more restricted
distribution inevitably reflect (e. g. Borrell and Aguilar 2007; Bossart 2011). Skin in cetaceans
can be sampled using minimally-invasive techniques such as biopsy darting, which provides
samples in abundance from free-ranging, healthy individuals that are representative of the wild
populations (Aguilar and Nadal 1984; Aguilar and Borrell 1994; Noren and Mocklin 2012). As
related to stable isotope values, studies in captive dolphins have shown that the skin turnover of
315N values is ca. 2-6 months, while that of 8'3C values is ca. 2-3 months (Browning et al. 2014;
Giménez et al. 2016). In blue whales, the mean skin turnover of 3'°’N values was estimated at
5.4 months by examining gradients in baseline isotope values occurring between the oceanic
foraging regions used by the population (Busquets-Vass et al. 2017) and, although
corresponding figures for the &'3C turnover could not be assessed because there was not
variation in 8'3C values between the foraging zones, by similarity to dolphins it is reasonable to

assume that they may be in the range of ca. 3 months.



123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146

147

148
149
150
151

Fin whales (Balaenoptera physalus) can be considered a reliable model for evaluating multi-
decadal changes in seawater 3!°C and 3'®0 values because they feed in the upper mixed layer of
the water column, consume constant and monotonous preys, and undertake consistent migration
through their lifespan. If sampling is conducted in comparable periods to overcome variation in
the timing of isotopic turnover, the above biological traits would promote good correlation
between the isotopic composition of the tissues of fin whales and that of the foraging grounds
that they visit. In the North Atlantic, the species structures in a number of subpopulations or
stocks (IWC 2009) and exhibits annual migrations involving substantial degree of seasonality in
food intake. Thus, in spring fin whales move to high-latitude feeding grounds, where they feed
intensively during ca. 6 months. In autumn they migrate to lower latitudes and spend the winter
in warmer areas where conditions are more adequate to breed but where food is comparatively

scarce (Aguilar and Garcia-Vernet 2017).

In this study we examine geographical and temporal patterns of variation in 4'3C and 3'%0
values in the skin of fin whales sampled over three decades in two different North Atlantic
feeding grounds: west Iceland and northwest Spain (Figure 1). In these two areas fin whales
feed mostly on krill composed of the euphausiid Meganyctiphanes norvegica (Vikingsson 1997;
Aguilar and Garcia-Vernet 2017). These grounds are located about 2,700 km apart and thus
represent a wide latitudinal range. According to a number of studies encompassing different
approaches, from genetics to chemical markers, morphologic data, and satellite tracking, these
grounds are exploited by what appear to be two isolated stocks of fin whales (Lockyer 1982;
Sanpera et al. 1996; Bérubé et al. 1998; Vikingsson and Gunnlaugsson 2005; Vighi et al. 2016;
2017).

Fig. 1. Map of the North Atlantic Ocean showing the feeding area subdivision of the North
Atlantic fin whale population proposed by the International Whaling Commission (IWC, 2009).
EC: eastern Canada plus the eastern USA; WG: West Greenland; EG: East Greenland; WI:
West Iceland; EI+F: East Iceland and Faroe Islands; N: North and West Norway; S: Spain. The
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two sampling areas in WI and S are depicted in brown, and the blue circles indicate the location
of the whaling factories where samples were collected.

2. Material and methods

Skin samples from the region posterior to the dorsal fin were collected from 34 fin whales off
NW Spain: 20 (10 males and 10 females) from individuals caught during commercial whaling
operations in 1985, and 14 (7 females and 7 males) from individuals stranded during the period
2003-2014. To minimize post-mortem degradation of tissues, only stranded whales with a
Smithsonian Institute code of 1 (live stranded and died naturally or by euthanasia) or 2 (fresh
dead) (Geraci and Lounsbury 1993) were considered. Similar samples, all obtained from
individuals processed by commercial and scientific whaling operations, were collected from 41
individuals caught off W Iceland: 22 (9 males and 13 females) from 1986, 19 (9 males and 10
females) from 2013 and 27 (12 females and 15 males) from 2015 (Figure 1). The samples were

collected during the period June to September.

All samples were preserved frozen. Prior to the analysis, 1 g of skin was dried during 3 days at
70°C and ground to powder with mortar and pestle. Because lipids confound the stable isotope
analyses by decreasing the 6'*C value (DeNiro and Epstein 1977), they were removed from the
samples by rinsing the ground tissue several times with a 2:1 chloroform: methanol mixture
following the Folch method (Folch et al. 1957). The C:N ratio for all delipidized samples varied
between 2.96 and 3.50 (NW Spain: 2.96-3.50; W Iceland: 3.10-3.50). These values show that

the lipid extraction process in the skin samples was effective and consistent (Ryan et al. 2012).

For carbon isotope analysis, 0.30-0.40 mg of powdered sample were weighed into tin foil
capsules and combusted using a Flash EA-1112 elemental analyser (Thermo Fisher Scientific
Inc., MA, USA) interfaced with a Finnigan MAT Delta C isotope ratio mass spectrometer
(Thermo Fisher Scientific Inc.). For oxygen isotope analysis, 0.30—0.40 mg of powdered sample
were weighed into silver foil capsules and combusted by on-line pyrolysis using a thermo-
chemical elemental analyser (TC/EA, Thermo Quest Finnigan, Bremen, Germany) coupled with

a Finnigan Deltaplus XP isotope ratio mass spectrometer (Thermo Fisher Scientific Inc.).

The analytical results are presented according to the delta (3) notation, where the relative
variation of stable isotope ratios are expressed in parts-per-thousand from predefined standards.
This variation is calculated as:

& R=[(RS/RR)-1] * 1000
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where RS is the ratio of the heavy isotope to the light isotope in the sample, and RR is the ratio

of the heavy isotope to the light isotope in the reference.

For carbon, the international isotope secondary standards of known 3C/!2C ratios in relation to
V-PDB, namely, polyethylene (IAEA-CH;; 6'3C = -31.8%o), graphite (USGS24; 6'3C = -16.1%o)
and sucrose (IAEA-CHg; 8'3C = -10.4%o), were used for the calibration of §'3C at a precision of
0.2%o. For oxygen, the international isotope secondary standards of known '80/'°O ratios in
relation to VSMOW, namely, benzoic acid (IAEA 601; 380 = +23.3%o), cellulose (IAEA CH3;
8'8=+31.9) and sucrose (IAEA CHG6; 8'80 =+36.4 %o), were used for the calibration of 6'%0 to a

precision of 0.3%o

The reference materials used for the analysis are distributed by the International Atomic Energy
Agency (IAEA). The analyses were carried out in the Centres Cientifics i Tecnologics of the

University of Barcelona (CCiT-UB).

The normality and homoscedasticity of the data were verified using Shapiro-Wilk and Levene’s
tests, respectively. For each period and geographical area, Student’s t-tests were performed to
compare 6'3C and 8'%0 values between males and females. Pearson correlation coefficients and

linear regressions were used to assess the relationships between isotopic rations and Julian day.

As no differences between sexes and no trends with Julian days were found, all data were
mixed. Pearson correlation coefficients and linear regressions were used to assess the
relationship between isotopic ratios (83C and 8'30 values) and year of collection in the two

geographical areas. All statistical analyses were conducted with the SPSS 15 software package.

3. Results and discussion

No differences in the stable isotope ratios were observed between males and females from each
period and geographical location. As the age of most individuals was not available, variations
with age could not be tested. However, in a previous study of NW Spain fin whales the stable
isotope ratios in muscle did not change with age in individuals older than 4 years, thus
indicating that no ontogenetic dietary change occurs in fin whales after that age (Borrell et al.,

2012).

In both geographical areas, the whales from which samples were obtained had been caught or
found stranded during the period June-September. Considering that the 6'3C turnover in skin is

of about 3 months, the 8'3C values observed may represent transitional values between the
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isotopic signal of the feeding grounds and that of the breeding grounds. However, no trend in
stable isotopic ratios as related to Julian day was found in any of the sample groups suggesting
that, if any time-related variation occurs, this is indeed negligible. Whatever the case, this
potential source of variation is of little relevance to the present study because the seasonal

period when sampling had been conducted was consistent in all periods and areas.

Table 1 details the number of whales analysed and the observed time trends in stable isotopes
split by sampling area. In the 1980s, sampling was restricted to a single year in each
geographical area: 1985 in NW Spain and 1986 in W Iceland. As whaling halted in Spain after
1985, the more modern samples from that area came from stranded individuals and encompass a
wide period (2003-2014) because this source of material only provides sparse number of
specimens. Conversely, in Iceland ongoing whaling allowed the collection of sample sets in

2013 and 2015.

Table 1 Time trends of 8'3C and 6'%0 values split geographical area, statistical results and
isotopic differences along one year and 30 years.

Depletion (%o)

n time trends R p per year 30 years

S13C W lceland 78 &'3C=34.82-0.027 x year 0.79 <0.001 -0.027 -0.81
NW Spain 34 §'3C=12.90-0.016 x year 034 <0.05 -0.016 -0.48

sisg  Wlceland 41 3180=51.77-0.016 x year ~ 0.29 =0.065 -0.016 -0.48
NW Spain 26 no trend =0.3

3.1. Carbon

Large variation was observed within any given area and period (Figure 2) probably reflecting
the fact that, despite the isotopic composition of organisms depend on the dissolved CO, of the
sea water in which they forage, a number of factors influence carbon isotope fractionation by
phytoplankton including surface seawater temperature (Raven et al., 1993, Goericke and Fry
1994, Hinga et al., 1994), and growth rate and cell size (e.g. Nakatsuka et al., 1992; Wolf-
Gladrow et al., 1999). Such variation propagates up the food web (Richardson and Schoeman
2004) and may be responsible of the §'3C variations within years or between closely subsequent
years observed in the skin of fin whales. To this, it should be added the effect of any potential

heterogeneity in the feeding or migratory behaviour of the sampled whales.
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Fig. 2. 5'3C time trends in fin whale skin, split by geographical area (see table 1 for details).

However, despite such variation, in both geographical areas a significant decreasing relationship
was found between 6'3C values and the year of collection (Figure 2). These overall depletions in
d13C values is of approximately 0.81%o over the 30-yr period in W Iceland (mean depletion rate
of 0.027%o yr') and of approximately 0.48%o0 over the 30-yr period in NW Spain (mean
depletion rate of 0.016%o yr') (Table 1).

Such depletions most likely reflect a change over time in the baseline isotopic values of both
areas that can be attributed to the combined effect of the burning of fossil fuels that emit
depleted '*CO, to the atmosphere, which is later dissolved into sea water (Quay et al. 1992), and
increased deforestation and subsequent overall decline in photosynthetic activity, a process that
preferably absorbs the lighter carbon isotope ('2C). The additive combination of these effects is
known to have produced a steady decline in atmospheric and seawater 6'3C values since the

early 1900s -the Suess effect- which explains the variation observed here.

However, the process is not uniform between water masses. Thus, although the oceanic sink
accounts for 48% of the total 3CO, emissions, up to 23% of the worldwide total has been
absorbed only by the Atlantic Ocean despite it covers a small area (15%) of the Earth’s oceans,
a fact explained by the higher level of anthropogenization of this ocean (Sabine et al. 2004) As
a consequence of such enhanced absorption, Quay et al. (2007) found that the waters of the
Atlantic Ocean experienced a mean depth-integrated 6'3C decrease of 0.015 + 0.0038%o yr!
between the decades of the 1980s, 1990s and 2000s. But even within a given Ocean the 3'*C
time-related variation is subject to spatial heterogeneities. The reason appears to be that
atmospheric CO, enters the ocean through gas exchange across the air-sea interface and

therefore its penetration depends on a number of rather local oceanographic variables such as
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temperature, effect of wind, or the influence of upwelling and vertical mixing, all processes that

enhance or mitigate such gas exchange (Sabine et al. 2004; Takahashi et al. 2009).

As a combined effect of these factors, the CO, penetration rate shows significant latitudinal
variation. In the North Atlantic, the smallest 6'3C shifts have occurred in the tropics between 0°
and 20° N (-0.0027 to -0.0057%o yr!), larger changes have taken place in the subtropics between
20° and 40° N (-0.012 to -0.023%o yr') and the largest variations (-0.0196 to -0.0367%o yr')
have occurred in the subpolar North Atlantic, north of 40° N, where the 6'3C decrease reaches
3,000 m of depth (Quay et al. 2007). Thus, the high-latitudes of the North Atlantic, particularly
those situated north of 50°N, are the most significant CO, sink area as a result of the
combination of cold temperature, abundant photosynthetic activity, high wind speeds and high

alkalinity (Takahashi et al. 2009).

The current study shows that these oceanographic variation patterns have a direct influence on
the 8!3C values in whale skin. The decrease found in fin whales from W Iceland (-0.027%o yr"
is clearly in the range of variations observed in subpolar North Atlantic waters, and that in
whales from NW Spain (-0.016%0 yr!) in the range observed in subtropical North Atlantic
waters (Quay et al. 2007). This demonstrates that whale skin is an effective tool to track
variation in atmospheric 6'°C values and, at the same time, alerts that any comparison between

sample sets should take into account both temporal and latitudinal scales.

3.2 Oxygen

Since cetaceans are homeotherms and the water in their food has the same oxygen isotopic ratio
as the environmental water, it is commonly accepted that 5'80 values in cetacean bone or teeth
directly reflect seawater 6'®0 values and that these, in turn, are closely dependent on
temperature and salinity (Yoshida and Myazaki 1991; Clementz and Koch 2001; Ciner et al.,
2016). Thus, low 86'80 values in cetacean osseous tissues indicate that the species lives in an
environment where prevailing temperature is high and salinity low, while the opposite occurs
for high 8'%0 values. Although no information is available on whether the oxygen isotopic ratio
in non-osseous tissues are also directly correlated to those of environmental water, we found
that values of this ratio in skin were overall higher in fin whales from W Iceland than in those
from NW Spain. This appears to indicate that the §'%0 values in non-osseous tissues also reflect

those of environmental water.

The examination of fin whale skin 3'%0 values along time suggests that a marginally significant

change occurred in fin whales from W Iceland (p=0.065) but not in those from NW Spain

9
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(Table 1, Figure 3). Thus, in W Iceland fin whale skin 6'80 values decreased by -0.016%o yr!,
with an overall decline of -0.5%0 between 1986 and 2013 (Table 1). Through the analysis of
climatic data, Hanna et al. (2004) found that sea water around Iceland experienced a warming of
0.7-1.6°C during the period 1871-2010 (Houghton et al. 2001, Lima and Wethey 2012). The
warming was particularly intense in the 1920s and 1930s and, more recently, between 1987 and
2002. Valdimarsson et al. (2012) found that seawater temperatures off the south and west
shelves increased by 1-2°C since 1996 and concluded that temperatures during the decade
2000-2010 had been the highest ever recorded. Their data on the waters off West Iceland (in the
depth 0200 m) show that during the period 1986-2012 both temperature and salinity increased
by about 1°C and 0.1 psu (g/kg), respectively. Considering that 6'80 values decrease with high
temperatures but low salinities, the observed -0.44%o decrease in the $'%0 values of fin whale
skin suggests that temperature plays a more important role in determining whale skin 3'%0

values than salinity.

In the waters off NW Spain, the temperature shift has been more limited than in the waters off
W Iceland. Lima et al. (2012) analyzed three decades of variation in coastal sea surface
temperatures worldwide and found large differences across hemispheres and oceanic basins,
even among areas subject to similar oceanographic processes. Warming rates for the period
1982-2010, expressed in °C per decade, were twofold in the waters around Iceland than in those
off NW Spain. Moreover, Iceland showed more than triple the number of extreme hot days per
decade (~35 days) than Spain (~ 10 days). This geographical dissimilarity very likely explains
the differences in isotopic trends found between the §'%0 fin whale skin values from the two
areas. As the temperature increase was much higher in W Iceland than in Spain, §'30 values in
Icelandic fin whale skin showed a significant decrease, which remains undetected in the sample
subset from NW Spain. As reported before, the dissimilarity in the time span of sample
collection that is likely the cause of the comparatively larger variability of the 2005-2014 data
from NW Spain (Figures 3) may also mask any possible difference between sample periods in

Spain in 6'30 values.

10
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Fig. 3. 5'%0 time trends in fin whale skin, split by geographical area.

The results of the present study highlight the fact that the application of 6'*C and 4'%0 values to
investigate the distribution, movements and ecology of marine mammals requires a better
understanding of multi-decadal shifts in these isotope ratios. A more profound insight can be
obtained by analysing marine mammal tissues sampled in different periods and that have been
archived in scientific collections. This moreover will contribute to deepen our knowledge on the

changes that oceans are experiencing as a consequence of increased human impact.

Acknowledgements

Samples were provided by the BMA Tissue Bank of the University of Barcelona, the
“Coordinadora para o Estudo dos Mamiferos Marifios” (CEMMA), and the Marine Research
Institute of Iceland (Hafrannsoknastofnun). Authors are grateful to the personnel of the Marine
Research Institute who conducted the fieldwork in Iceland and the laboratory staff of the
Centres Cientifics i Tecnologics (CCiT-UB) of the University of Barcelona, where the stable

isotope ratio determinations were carried out.

Funding: This work was supported by Spanish Ministry of Economy and
Competitiveness-FEDER UE (project CGL2015-70468-R). Alfredo Lopez was supported by a
postdoctoral grant from the “Fundagdo para a Ciéncia e Tecnologia” (SFRH/BPD/82407/2011)
with financial support from CESAM (UID/AMB/50017), FCT/MEC through national funds and
the co-funding by the FEDER, within the PT2020 Partnership Agreement and Compete 2020.
Funding for sample collection was provided for Galicia by Direccion Xeral de Patrimonio

Natural-Xunta de Galicia.

References

11



377
378

379
380
381

382
383
384

385
386
387

388
389
390
391

392
393
394

395
396
397

398
399

400
401

402
403
404

405
406
407
408

409
410
411
412

Aguilar A, Nadal J (1984) Obtencion de biopsias hipodérmicas de cetidceos en libertad.
Investigacion Pesquera 48: 23-29

Aguilar A, Garcia-Vernet R (2017) Fin Whale, Balaenoptera physalus. In Wiirsig B, Thewissen
JGM, Kovacs KM (eds) Encyclopedia of Marine Mammals. Academic Press/Elsevier,
San Diego CA pp 368-371.

Aguilar A, Borrell A (1994) Assessment of organochlorine pollutants in cetaceans by means of
skin and hyperdermic biopsies. In Fossi MC, Leonzio C (eds) Nondestructive biomarkers
in vertebrates. Lewis Publishers, Boca Raton FL pp 245-267.

Bauch D, Carstens J, Wefer G, Thiede J (2000) The imprint of anthropogenic CO, in the Arctic
Ocean: evidence from planktonic 6'3C data from water column and sediment surfaces.
Deep Sea Research Part II: Topical Studies in Oceanography 47:1791-1808.

Bérubé M, Aguilar A, Dendanto D, Larsen F, Notarbartolo Di Sciara G, Sears R, Sigurjonsson
R, Urban RJ, Palsbell P.J. (1998) Population genetic structure of North Atlantic,
Mediterranean Sea and Sea of Cortez fin whales, Balaenoptera physalus (Linnaeus
1758): analysis of mitochondrial and nuclear loci. Molecular Ecology 7:585-599

Borrell A, Aguilar A, (2007) Organochlorine concentrations declined during 1987-2002 in
western Mediterranean bottlenose dolphins, a coastal top predator. Chemosphere 66:347-
352.

Borrell A, Abad-Oliva N, Gémez-Campos E, Giménez J, Aguilar A (2012) Discrimination of
stable isotopes in fin whale tissues and application to diet assessment in cetaceans. Rapid
Communications in Mass Spectrometry 26(14): 1596-1602.

Bossart GD (2011) Marine mammals as sentinel species for oceans and human health.
Veterinary Pathology Online. 48:676-690.

Bowen GJ (2010) Isoscapes: spatial pattern in isotopic biogeochemistry. Annual Review of
Earth and Planetary Sciences 38:161-187.

Browning NE, Dold C, Jack IF, Worthy GA (2014) Isotope turnover rates and diet-tissue
discrimination in skin of ex situ bottlenose dolphins (Tursiops truncatus). Journal of
Experimental Biology 217:214-221.

Bump JK, Fox-Dobbs K, Bada JL, Koch PL, Peterson RO, Vucetich JA (2007) Stable isotopes,
ecological integration and environmental change: wolves record atmospheric carbon
isotope trend better than tree rings. Proceedings of the Royal Society of London B:
Biological Sciences 274: 2471-2480.

Busquets-Vass G, Newsome SD, Calambokidis J, Serra-Valente G, Jacobsen JK, Aguifiga-
Garcia S, Gendron D (2017) Estimating blue whale skin isotopic incorporation rates and
baleen growth rates: Implications for assessing diet and movement patterns in mysticetes.
PloS one 12(5): e0177880.

12



413
414
415

416
417

418
419

420
421

422
423

424
425

426
427

428
429
430

431
432

433
434
435
436

437
438

439
440
441
442

443
444
445

446
447

Ciner B, Wang Y, Parker W (2016) Oxygen isotopic variations in modern cetacean teeth and
bones: implications for ecological, paleoecological, and paleoclimatic studies. Science
Bulletin 61: 92-104.

Clementz MT, Koch PL (2001) Differentiating aquatic mammal habitat and foraging ecology
with stable isotopes in tooth enamel. Oecologia 129:461-472.

Delaygue G, Jouzel J, Dutay JC (2000) Oxygen 18—salinity relationship simulated by an oceanic
general circulation model. Earth and Planetary Science Letters 178:113-123.

DeNiro MJ, Epstein S (1977). Mechanism of carbon isotope fractionation associated with lipid
synthesis. Science 197(4300): 261-263.

Druffel ER, Benavides LM (1986) Input of excess CO2 to the surface ocean based on 13C/12C
ratios in a banded Jamaican sclerosponge. Nature 321:58-61.

Epstein S, Buchsbaum R, Lowenstam H, Urey HC (1951). Carbonate-water isotopic
temperature scale. Geological Society of America Bulletin 62(4):417-426.

Folch J, Lees M, Sloane-Stanley GH (1957) A simple method for the isolation and purification
of total lipids from animal tissues. Journal of Biological Chemistry 226:497-509.

Fraile I, Arrizabalaga H, Groeneveld J, Kolling M, Santos MN, Macias D, Addis P, Dettman
DL, Karakulak S, Deguara S, Rooker JR (2016) The imprint of anthropogenic CO,
emissions on Atlantic bluefin tuna otoliths. Journal of Marine Systems 158:26-33.

Geraci JR, Lounsbury VJ (1993) Marine Mammals ashore: a field guide to strandings. College
Station, TX: Texas A&M University Sea Grant Program.

Giménez J, Ramirez F, Almunia J, Forero MG, de Stephanis R (2016) From the pool to the sea:
Applicable isotope turnover rates and diet to skin discrimination factors for bottlenose
dolphins (Tursiops truncatus). Journal of Experimental Marine Biology and Ecology
475:54-61.

Goericke R, Fry B (1994) Variations of marine plankton §'*C with latitude, temperature, and
dissolved CO2 in the world ocean. Global Biogeochemical Cycles 8(1): 85-90

Graham BS, Koch PL, Newsome SD, McMahon KW, Aurioles D (2010) Using isoscapes to
trace the movements and foraging behavior of top predators in oceanic ecosystems. In
West JB, Bowen GJ, Dawson TE, Tu KP (eds.) Isoscapes. Springer, Netherlands, pp 299-
318. Doi:10.1007/978-90-481-3354-3 14

Gruber N, Keeling CD, Bacastow RB, Guenther PR, Lueker TJ, Wahlen M, Meijer HA, Mook
WG, Stocker TF (1999) Spatiotemporal patterns of carbon-13 in the global surface oceans
and the oceanic Suess effect. Global Biogeochemical Cycles 13:307-335.

Hanna, E, Jénsson, T, Box, JE (2004) An analysis of Icelandic climate since the nineteenth
century. International journal of Climatology 24:1193-1210.

13



448
449
450

451
452
453

454
455
456

457
458
459

460
461

462
463

464
465

466
467
468

469
470

471
472
473

474
475
476
477

478
479
480

481
482
483
484

Hinga KR, Arthur MA, Pilson ME, Whitaker D (1994). Carbon isotope fractionation by marine
phytoplankton in culture: the effects of CO2 concentration, pH, temperature, and species.
Global Biogeochemical Cycles 8(1):91-102.

Houghton JT, Ding Y, Griggs DJ, Noguer M, van der Linden PJ, Dai X, Maskell K, Johnson
CA (eds). (2001) Climate Change 2001: The Scientific Basis. Cambridge University
Press: Cambridge.

International Whaling Commission (2009) Report of the first intersessional RMP workshop on
North Atlantic fin whales. The Journal of Cetacean Research and Management 11:425-
452.

Jahn A, Lindsay K, Giraud X, Gruber N, Otto-Bliesner BL, Liu Z, Brady EC (2015) Carbon
isotopes in the ocean model of the Community Earth System Model (CESMI1).
Geoscientific Model Development 8:2419-2434.

Jouzel J, Hoffmann, G, Parrenin F, Waelbroeck C (2002) Atmospheric oxygen 18 and sea-level
changes. Quaternary Science Reviews 21:307-314.

Klein RT, Lohmann K C, Thayer CW (1996) Bivalve skeletons record sea-surface temperature
and 6'%0 via Mg/Ca and '80/'%0 ratios. Geology 24(5):415-418.

Lima FP, Wethey DS (2012) Three decades of high-resolution coastal sea surface temperatures
reveal more than warming. Nature Communications 3:704.

Lockyer CH (1982) Preliminary investigation of some anatomical characters of fin whale ear
plugs collected from different regions of the N.E. Atlantic. Reports of the International
Whaling Commission 32:101-3.

McMahon KW, Hamady LL, Thorrold SR (2013) A review of ecogeochemistry approaches to
estimating movements of marine animals. Limnology and Oceanography 58: 697-714.

Nakatsuka T, Handa N, Wada E, Wong C S (1992). The dynamic changes of stable isotopic
ratios of carbon and nitrogen in suspended and sedimented particulate organic matter
during a phytoplankton bloom. Journal of Marine Research50(2):267-296.

Newsome SD, Etnier MA, Kurle CM, Waldbauer JR, Chamberlain CP, Koch PL (2007)
Historic decline in primary productivity in western Gulf of Alaska and eastern Bering
Sea: isotopic analysis of northern fur seal teeth. Marine Ecology Progress Series 332:
211-224.

Noren DP, Mocklin JA (2012) Review of cetacean biopsy techniques: Factors contributing to
successful sample collection and physiological and behavioral impacts. Marine Mammal
Science 28:154-199.

Quay P, Sonnerup R, Stutsman J, Maurer J, Kortzinger A, Padin XA, Robinson C (2007)
Anthropogenic CO, accumulation rates in the North Atlantic Ocean from changes in the
BC/12C  of dissolved inorganic carbon. Global Biogeochemical Cycles 21.
do0i:10.1029/2006GB002761.

14



485
486

487
488
489

490
491

492
493

494
495
496
497

498
499
500

501
502

503
504
505

506
507
508

509
510
511
512

513
514
515

516
517
518

519
520
521

Quay PD, Tilbrook B, Wong CS (1992) Oceanic uptake of fossil fuel CO,: Carbon-13 evidence.
Science 256 (5053):74-79.

Raven JA, Johnston AM, Turpin DH (1993) Influence of changes in CO, concentration and
temperature on marine phytoplankton '3C/'2C ratios: an analysis of possible mechanisms.
Global and Planetary Change 8(1-2):1-12.

Richardson AJ, Schoeman DS (2004) Climate impact on plankton ecosystems in the Northeast
Atlantic. Science 305(5690):1609-1612.

Rohling EJ (2013) Oxygen isotope composition of seawater. In: Elias SA (ed.) The
Encyclopedia of Quaternary Science, 2, Amsterdam: Elsevier pp 915-922.

Ryan C, McHugh B, Trueman CN, Harrod C, Berrow SD, O'Connor I (2012) Accounting for
the effects of lipids in stable isotope (6'3C and &SN values) analysis of skin and blubber
of balaenopterid whales. Rapid Communications in Mass Spectrometry 26(23):2745-
2754.

Sabine CL, Feely RA, Gruber N, Key RM, Lee K, Bullister JL, Wanninkhof R, Wong CS,
Wallace DWR, Tilbrook B, Millero FJ, Peng T-H, Kozyr A, Ono T, Rios AF (2004) The
oceanic sink for anthropogenic CO,. Science 305 (5682):367-371.

Sanpera C, Gonzélez M, Jover L (1996) Heavy metals in two populations of North Atlantic fin
whales (Balaenoptera physalus). Environmental Pollution 91(3):299-307.

Schloesser RW, Rooker JR, Louchuoarn P, Neilson JD, Secor DH (2009) Interdecadal variation
in seawater 6'°C and 6'%0 recorded in fish otoliths. Limnology and Oceanography
54:1665-1668

Schone BR, Pfeiffer M, Pohlmann T, Siegismund F (2005) A seasonally resolved bottom water
temperature record for the period AD 18662002 based on shells of Arctica islandica
(Mollusca, North Sea). International Journal of Climatology 25(7):947-962.

Schone BR, Wanamaker AD, Fiebig J, Thébault J, Kreutz K (2011) Annually resolved 8'3C
shell chronologies of long-lived bivalve mollusks (Arctica islandica) reveal oceanic
carbon dynamics in the temperate North Atlantic during recent centuries.
Palaeogeography, Palaeoclimatology, Palacoecology 302(1):31-42.

Sun D, Gagan MK, Cheng H, Scott-Gagan H, Dykoski CA, Edwards RL, Su R (2005) Seasonal
and interannual variability of the Mid-Holocene East Asian monsoon in coral §'0
records from the South China Sea. Earth and Planetary Science Letters 237:69—84.

Surge D, Walker KJ (2005) Oxygen isotope composition of modern and archaeological otoliths
from estuarine hard head catfish (Ariopsis felis) and their potential to record low-latitude
climate change. Palacogeography, Palacoclimatology, Palacoecology 228:179-191

Swart PK, Greer L, Rosenheim BE, Moses CS, Waite AJ, Winter A, Helmle K (2010) The 3C
Suess effect in scleractinian corals mirror changes in the anthropogenic CO2 inventory of
the surface oceans. Geophysical Research Letters 37(5).

15



522
523
524
525

526
527
528

529
530

531
532

533
534
535

536
537
538

539
540
541

542
543
544

Takahashi T, Sutherland SC, Wanninkhof R, Sweeney C, Feely RA, Chipman DW, Watson A
(2009) Climatological mean and decadal change in surface ocean pCO,, and net sea—air
CO, flux over the global oceans. Deep Sea Research Part II: Topical Studies in
Oceanography 56(8):554-577.

Valdimarsson H, Astthorsson OS, Palsson J (2012) Hydrographic variability in Icelandic waters
during recent decades and related changes in distribution of some fish species. ICES
Journal of Marine Science: Journal du Conseil 69(5):816-825

Vighi M, Borrell A, Aguilar A (2016) Stable isotope analysis and fin whale subpopulation
structure in the eastern North Atlantic. Marine Mammal Science. 32 (2):535-551

Vighi M, Borrell A, Aguilar A (2017) Bone as a surrogate tissue to monitor metals in baleen
whales. Chemosphere 171:81-88

Vikingsson GA (1997) Feeding of fin whales (Balaenoptera physalus) off Iceland—diurnal and
seasonal variation and possible rates. Journal of Northwest Atlantic Fishery Sciences
22:77-89

Vikingsson GA, Gunnlaugsson Th (2005) Stock structure of fin whales (Balaenoptera physalus)
in the North Atlantic—indications from non-genetic data. IWC/SC/57/PFI3. Available
from the International Whaling Commission (http://www. iwcoffice. Org/).

Wolf-Gladrow DA, Riebesell ULF, Burkhardt S, Buma J (1999) Direct effects of CO,
concentration on growth and isotopic composition of marine plankton. Tellus B:
Chemical and Physical Meteorology 51(2):461-476

Yoshida N, Miyazaki N (1991) Oxygen isotope correlation of cetacean bone phosphate with
environmental water. Journal of Geophysical Research 96:815-8

16





