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ABSTRACT

The isotopic composition of a whale’s diet is recorded in its tissues including its baleen. The longest baleen
plates of an adult right whale contain a 6- to 7-year record of the isotopic composition of its prey (copepods and
krill). The stable carbon isotope ratios of prey change with water temperature (latitude), depth, freshwater inputs
and current systems, so the isotopic signals in baleen provide information about the annual foraging paths of
individuals. Baleen from five adult southern right whales (Eubalaena australis) that died and stranded on their
nursery ground at Peninsula Valdés, Argentina, were sampled at 2 cm intervals from the gum line to the tip of
the baleen plate. The stable carbon isotope ratios (8'*C) in the baleen oscillate between high and low values on
annual cycles. Higher values of 3'°C appear to indicate feeding on warmer-water prey (Patagonian Shelf, —18 to
—23%0) while lower values indicate colder-water prey (South Georgia, —24 to —29%o). Each annual cycle was
analyzed to determine the distances (in centimetres of baleen growth) between peaks, the highest and lowest
values of 8"°C, the rates of change in 3'°C between peaks and troughs, and the 8'°C values at plateaus where
signals remained approximately constant. Baleen grew an average of 31cm/yr with large interannual variation (sd
5.8cm) within individuals but no significant differences between individuals. Baleen growth in a given year was
positively correlated with the lowest (most southerly) 8'°C value in that year. Individuals differed significantly
in their mean isotopic ratios and in the ranges of their annual oscillations (latitudinal foraging ranges). Two
whales had narrow ranges (spanning 3.0 and 2.7%o 5'"°C), but one fed in warm waters at higher latitudes (mean
8'3C = —18.2%0) while the other fed in cool waters at lower latitudes (mean 8'°C = —23.8%o). The other three
whales had significantly broader ranges (spanning 5.1 to 6.8%o 5"°C). 8'"°C values change more rapidly in spring
(~0.3%0/wk) than in fall (~0.2%0/wk). We conclude that carbon isotope ratios in baleen record individual
differences in foraging and distribution, and that they also record each individual’s yearly responses to changing
environmental conditions, possibly including fluctuations in the abundances of copepods and krill.
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Southern right whales (Eubalaena australis) are major consumers of copepods and krill with seasonal foraging
paths that cover vast expanses of the southern oceans. They migrate between nursery and feeding grounds that
are thousands of kilometers apart (Best et al., 1993). The population of southern right whales that uses the gulfs
surrounding Peninsula Valdés, Argentina as a nursery ground has fewer calves than expected following years of
low krill (Euphausia superba) abundance in the waters off South Georgia (Leaper et al., 2006). Krill abundance
declines following El Nifio years when sea surface temperatures around South Georgia are higher than normal
(Trathan et al., 2006). Krill are a key component of the Southern Ocean food web. Their larvae feed extensively
on ice-algae that grow on the undersurfaces of ice sheets. Global warming is melting Antarctic ice sheets and
could have profound effects on krill and as a consequence on their predators including the great whales. Murphy
et al. (2007) have argued that a regional warming of only 1°C over the next century could lead to a 95%
reduction in krill biomass across the Scotia Sea.

Can krill-dependent predators adapt to declines in krill abundance? A combination of genetic and stable-isotope
analyses of skin biopsies from the Patagonian right whales has suggested that members of this population learn
particular foraging locations from their mothers and then continue to forage in the same places, giving rise to
potentially conservative matrilineal family foraging ‘traditions’ (Valenzuela et al., SC/60/BRG13). To
understand the potential consequences of this and other aspects of right-whale foraging strategies, we need first
to understand where right whales go, individually and collectively, when they leave their nursery grounds in
early spring. Here we describe a method for studying the foraging paths of individual right whales by measuring
changes in carbon isotope ratios along the length of a baleen plate. Analysis of such records for five whales
suggests that the whales used at least three different foraging strategies and that individual foraging paths also
varied from year to year. Continuing such analyses through years with known climate and prey-abundance
anomalies may suggest how right whales will respond to longer-term changes in climate and prey abundance.
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BACKGROUND

Baleen as an indicator of foraging behavior. Regional variations in stable isotopes have been used to identify
the feeding locations and migratory patterns of many species of birds and mammals including whales
(Rubenstein and Hobson, 2004; Kunito et al., 2000; Schell et al., 1989; Abend and Smith, 1997; Schoeninger et
al.,1999). Schell et al. (1989) documented annual cycles of 8'°C values in the baleen of bowhead whales and
showed that these values matched those of the whales’ prey at locations along their migratory path between the
Bering, Chukchi and Beaufort Seas. Best and Schell (1996) showed that southern right whale baleen plates also
have annual isotopic cycles, and reported that baleen plates from adult whales contain a continuous six to seven
year record of their foraging paths in the South Atlantic. Best and Schell (1996) hypothesized that for these
baleens from South Africa, each annual cycle corresponds to regular north-south movements across the
subtropical convergence (STC). Rowntree et al. (2001) report the mean isotope values of seven baleen plates
from Peninsula Valdés, Argentina. Rowntree et al. (2001) found that the mean isotopic values of four baleen
plates from Argentina were similar to the mean values of six plates from South Africa, but that the other three
plates had higher mean values.

Why 8"C in the ocean is a good indicator of feeding locations. Isotopes with different masses respond
differently to various biological and biogeochemical processes, giving rise to location-specific source ratios that
then propagate through food chains (often with small predictable offsets caused by metabolic pathways).
Primary producers and water temperatures influence carbon stable isotope ratios. Algae preferentially use the
lighter carbon dioxide molecule ('?CO,) for photosynthesis, resulting in organic molecules enriched in '>C (hence
depleted in *C). This ‘organic fractionation’ through photosynthesis in the ocean lowers the *C/"*C ratio of
organic molecules synthesized by primary producers, relative to the isotopic ratio of dissolved inorganic CO,.
(The isotopic ratio is conventionally expressed in a standardized form called 8'C, whose units are parts per
thousand, denoted ‘%o’ or ‘per mil’.) Water temperature influences the 8'"°C values of primary production by
changing the strength of the organic fractionation process. At high temperatures, relatively little CO, dissolves
in seawater and therefore relatively little is available to the phytoplankton. Under these conditions the
fractionation is relatively weak because phytoplankton consume most of the available CO,. At low temperatures
CO, dissolves more readily, and more is therefore available to phytoplankton, resulting in much more robust
fractionation. As a consequence of these processes that couple temperature to the CO, content of surface waters,
the carbon isotope ratios (5"°C, reflecting *C/**C) of primary producers decrease with latitude.

Carbon isotope ratios measured in the tissues of a predator reflect those of its prey with minor (and predictable)
offsets (Kelly, 2000). Based on this ‘you are what you eat’ principle, 3"°C has been used to identify feeding
locations and prey types by matching the isotope values of consumers with those of potential foods (Hobson,
1999). As carbon is assimilated into the tissues of a consumer, the lighter isotope (**C) is used preferentially in
many metabolic processes such that the *C/'*C ratio that remains in the consumer’s tissues is about 1%o higher
than in its food (Deniro and Epstein, 1978; Fry and Sherr, 1984). However, recent papers argue that in keratin-
rich tissues (like hair or baleen) this fractionation factor may be as high as 3%o (Cerling et al., 2004).

Right whale feeding locations as indicated by whaling records. Whaling records and resightings of known
individuals have provided what we know about the whales’ foraging routes. Eighteenth-century whalers in the
South Atlantic found right whales farthest north (30°S) from August to December and farthest south (40-55°S)
from January through July (Townsend, 1935). From August-October (winter and early spring), much of the
population is on the nursery ground at Peninsula Valdés (42°S, 64°W) (Payne, 1986). In one season (1961-62) a
Soviet whaling ship illegally took 1,312 right whales to the east of Argentina (Tormosov et al., 1998) (Fig. 1).
Most of the whales were killed in November and December on the Patagonian Shelf, east and northeast of
Peninsula Valdés. The number of right whales at Peninsula Valdés begins to decline in late October and most
have gone by December making it likely that many of these whales had just arrived in this area after leaving the
nursery ground. This region of the Patagonian shelf is where the warm southward-flowing waters of the Brazil
Current meet the cold northward flow of the Falklands/Malvinas Current. The temperature stratification in this
confluence makes it an extremely productive fishing ground. Other than sporadic feeding on the Valdés nursery,
the confluence is probably the first feeding location that many of the whales visit after leaving Peninsula Valdés.

The stomach contents of 249 right whales taken by the Soviets from November through April show that the diet
of southern right whales changes with latitude. The stomachs of whales taken north of 40°S contained mostly
copepods (92%) while those south of 50°S contained mostly krill (99%) and those in between contained mixtures
of krill (71%) and copepods (24%). Stomachs were fullest in summer (January to March). The latitudinal change
in diet appears related to the occurrence and distribution of dense swarms of krill. Antarctic krill (Euphausia
superba) are distributed in high latitudes between the Polar Front (Fig. 2) and the Antarctic Shelf (Atkinson et
al., 2004). Krill densities are highest in summer and are correlated with high concentrations of chlorophyll a
(Atkinson et al., 2004).
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Fig. 1. Locations of right whales taken by a Soviet
whaling ship in 1960s. The large white dots indicate
positions where 80-100 whales were taken; medium dots
indicate 40-70 whales, and small dots indicate 1-10
whales. Note that most catches are on or just off the edge
of the Patagonian Shelf. Peninsula Valdés is near the
westernmost of the medium dots; its southern bay (Golfo
Nuevo) can be seen clearly in this image and is
approximately the same size as the medium dot. The
northern bay (Golfo San Jose) is partly obscured by light
colored pixels representing the land surface.

Fig. 2. Locations of prey samples and their carbon
stable isotope ratios. Pins are marked ‘C’ for copepods
and ‘K’ for krill. Five 8'"°C ranges are indicated by colors
(as keyed by the inset legend). Ratios from prey below
the Polar Front are very low, and those from the
Patagonian shelf are relatively high. Published data are ¥t e

from Dunton (2001), Rau et al. (1991a,b), Rowntree et al. S Image NASA
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From January through March (summer), right whales have been sighted south of 50°S (Oshumi and Kasamatsu,
1986; Hamner et al., 1988). In these months the biomass of mesozooplankton and krill around South Georgia
(53°8S, 36°W) is greater than anywhere else in the Southern Ocean (Atkinson et al., 2001), making it another
likely feeding destination for the Patagonian right whales. Whalers took over 175,000 baleen whales near South
Georgia in the early 1900s (Moore et al., 1999). Today, right whales are the predominant species seen off South
Georgia with a peak in sightings from January through May (Moore et al., 1999). The most concrete evidence
linking the Peninsula Valdés right whales to South Georgia is three resightings of known individuals that had
been photographed previously at the Peninsula (Rowntree et al., 2001).

During the six months when the whales are neither fasting nor feeding on krill, they are likely to feed on
copepods. Copepod abundances are more strongly seasonal at higher latitudes (Woodd-Walker et al., 2002),
suggesting that right whales might profitably consume them at lower latitudes both before and after the peak of
krill abundance at high latitudes. Some species of Calanoides and Calanus with polar distributions store lipids
(Woodd-Walker et al., 2002), which could make them a valuable resource for replenishing blubber reserves.
SeaWiFS maps in Atkinson et al. (2001) show a geographic progression of high chlorophyll a concentrations
from October to January. If copepod blooms follow the spatio-temporal distribution of chlorophyll a, then right
whales might follow the blooms by foraging first on the Patagonian Shelf and then moving, as spring advances,
southward along the Shelf, then east to South Georgia.

MATERIALS AND METHODS

Baleen plates were collected from five adult right whales that stranded at Peninsula Valdés, Argentina. Sex, size
and year information about the stranded animals is shown in Figs 3 and 6 where known (095, Ea32-05 and
Ea43-05). Two of the plates were contributed to the study in 1995 and we know only that their years of death
were prior to 1995. The plate from whale F95 is short (90cm) and contains only two complete annual cycles.
These cycles are sharp and of high amplitude, so we infer that F95 was an adult and that the plate is from the
front of the mouth. Baleen plates from juveniles are also short, but the annual cycles of 8"C are more spread
out than in adults because juvenile baleen grows more rapidly (see Fig. 2 in Best and Schell, 1996).

The plates were washed with household detergent, scraped to remove foreign material (€.9., diatom films) and
dried. They were then sampled using a motorized engraving tool at 2cm intervals along the external edge, from
the base of the plate where it was forming within the gum to the end of the longest hairs at the distal tip. Ten to
20mg of tissue was extracted from each sampling location. Three plates (095, PRW95 and F95) were analysed
as described by Rowntree et al. (2001), and two plates (Ea32-05 and Ea43-05) were analysed at the Stable
Isotope Ratio Facility for Environmental Research (SIRFER) at the University of Utah. For plates analyzed at
SIRFER, one milligram of each sample was ionized on an elemental analyzer coupled to an isotope ratio mass
spectrometer. Isotope ratios are expressed as 53¢ (%0) = [(Rsample/Rstandara) — 1] X 1000, where R is the ratio
C/"C. The standard for carbon was referenced to Pee Dee Belemnite. The reproducibility of these
measurements is 0.2%o based on repeated analyses of an internal laboratory standard (yeast).

The succession of §'"°C values along the length of each plate was plotted using Canvas 8 (Fig. 3), and the
program’s dimensioning tools were then used to measure features of interest for subsequent statistical analysis.
The measurements made for each annual cycle are diagrammed in Fig. 4. Only complete cycles were measured
(i.e., partial cycles at the beginning and end of each baleen plate were excluded). Places in a cycle where 8"°C
values did not change more than 0.25%o over a 2cm interval were interpreted as times when the whale fed on a
relatively constant diet (marked by a circle in Fig. 4). Each cycle was measured for the following variables:
1. interval (cm) between the peaks (highest 5'°C values) at the beginning and end of the cycle;
2. change in 8"C (%) from the first peak to the lowest point in the following trough;
3. change in 8"*C from the lowest point in the trough to the following peak;
4. interval (cm) between the first peak and the lowest point in the trough, excluding 2cm intervals where
8"C values did not change more than 0.25%o;
5. interval (cm) between the lowest point in a trough to the following peak, excluding 2cm intervals where
8'3C values did not change more than 0.25%o;
6. interval (cm) where 8°C values did not change more than 0.25% just prior to the final peak;
7. highest and lowest 5'"°C values in a cycle.
Statistical analyses of these data were conducted using JMP statistical software. Formal significance levels are
for one-way ANOVAs unless otherwise indicated.

A map was constructed using Google Earth Plus to show the distribution of §'°C values in copepods and krill
collected throughout the potential foraging range of the Peninsula Valdés population. Most of the isotope values
are from published literature, but some data for locations on the Patagonian Shelf and off Uruguay are
unpublished observations by the authors and colleagues whose contributions are acknowledged below. The
resulting map (Fig. 2) shows mean §'"°C values binned to a resolution of 3%o.
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Fig. 3. Carbon stable isotope ratios (5"°C ) along baleen plates from five southern right whales. The
horizontal axes represent centimetres from the base of each plate, increasing from right to left so that time runs in
the familiar sense from left to right. The vertical axes cover different ranges of 813C, SO as to maximize the
visibility of the record for each individual whale. The dashed lines indicate 8'*C values at the base of each plate,
representing the isotopic signature when the whale died at Peninsula Valdés.
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RESULTS AND DISCUSSION

Regular but variable cycles in the 8"*C values of Patagonian right whale baleen. Fig. 3 summarizes the
observed carbon isotope ratios at 2-cm intervals along each of the five baleen plates analyzed. Most 8"°C cycles
show four distinct features or landmarks: (1) the initial peak; (2) the low point at the bottom of the trough; (3) a
region where 8"*C remains roughly constant at an intermediate value, just before the final peak; and (4) the final
peak, which is the initial peak of the next cycle. We interpret landmark 3 (the plateau interrupting the rise from
the trough to the final peak) as a signal of the late-winter fast, when little if any feeding occurs. Typical 3"*C
values for these plateaus are similar to those at Ocm (at the base of the plate in the gum, representing times
immediately prior to the whale’s death), which is similar to the average 5'°C of the whale. On this interpretation,
the plateau represents growth supported entirely by metabolism of stored tissue reserves (blubber, muscle, etc.)
and not by any current food intake. This idea is consistent with recent research on horses. Ayliffe et al. (2004)
suggested that the isotopic composition of a horse’s developing tail-hair shaft is determined by the mixing of
contributions from different carbon pools, the two most important being a ‘fast’ pool derived from the current
diet and a ‘slow’ pool derived from stored muscle proteins. This implies that during starvation (fasting), the only
available pool would be the ‘slow’ one, which would contribute carbon isotopically reflective of the animal’s
long-term average.

To the best of our knowledge, feeding has not been observed at Peninsula Valdés in winter (August through
September), but whales are seen skim-feeding sporadically in October. The 8'*C values of prey (euphausiids and
mysids) collected in October in the paths of skim-feeding whales at the Peninsula ranged from —19.2 to —17.8%o,
which is the high end of the range in 3'°C values for the Patagonian Shelf (18 to —23%o) (Fig. 2). Shortly after
the first peak in a cycle, 3°C values drop steeply to their lowest levels. Whales with extremely low values of
8'C in their baleen are inferred to be feeding in colder waters south of the Polar Front where prey values range
from —27 to —33%. (Fig. 2). Tormosov et al. (1998) report that right whale stomachs contained mostly krill south
of 50°S and were most full in summer (January through March).

Baleen growth. Averaged over all years and all whales, the mean baleen growth per cycle was 31cm (sd
5.81cm) with a range of 22—44 cm. PRW95 had the highest mean growth rate (33.7cm/cycle) and F95 had the
lowest (25cm/cycle), but there was no indication of any real difference among the whales in the average rate of
growth (P=0.47). However, the distances between peaks in the baleen of any given individual vary considerably.
These distances tend to be larger in years with lower minimum 8"°C values, implying that the whale obtained
relatively large amounts of food from the southern part of its range. A regression model with ‘whale’ as a factor
(ANCOVA) explains more than half of the variance in apparent yearly baleen growth and is highly significant (P
<0.005), as are the separate effects of ‘whale’ (P < 0.005) and minimum 81C value (P < 0.001) (Fig. 5).

There are several different reasons why cycles might be of different lengths. One possibility is that baleen grows
at a roughly constant rate (Best and Schell, 1996). In this case, the peaks would occur at somewhat different
times of year (a month or so earlier in some years, a month or so later in others). Such variation might be caused
by variation in a whale’s foraging schedule. For example, nursing mothers are known to stay at Peninsula
Valdés longer than resting or weaning mothers. Similarly, if a whale found that prey were still unusually
abundant late in the season at the southern end of its range, then it might decide to feed there for an extra month
or two. The resulting accumulation of light carbon in the whale’s tissues might then delay the occurrence of the
subsequent (post-fasting) peak, by diluting the high-8'*C signal acquired from spring feeding at northern
latitudes. Thus the distance between successive 3°C peaks in the whale’s baleen might be increased without any
real increase in the rate of baleen growth.

An alternative hypothesis is that baleen grows faster when a whale is foraging on highly abundant or nutritious
prey and when it is relatively free from stresses caused by reproduction or disease, and conversely, that baleen
tends to grow more slowly when a whale is subject to nutritional or other stresses, including fasting. The pattern
illustrated in Fig. 5 is consistent with this interpretation, as well as with the previous one. More data and other
kinds of analyses will be needed to evaluate the relative importance of these two effects. For example, the
constant-growth-rate/variable-peak-time effect is predicted to cause a distinctive pattern of apparent
compensations in the lengths of successive cycles. In either case, the isotopic peaks can be taken to represent the
beginnings and ends of approximately annual cycles.

Fig. 6 shows the same information as Fig. 3, but with all the cycles for each whale superimposed to highlight the
form and extent of year-to-year variation in growth and carbon isotope ratios. Each yearly cycle begins at the
highest 8"*C value (0 cm on the horizontal axis). The vertical axis in Fig. 6 is the same for all whales, so as to
facilitate comparison of their foraging ranges. Ea43-05 shows a notably high mean value of 3"*C and a notably
narrow range of values, indicating that it fed almost exclusively in warmer waters. The whales with broader
ranges show very different minimum &"°C values in different years.
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Fig. 4. Measurements extracted from the stable isotope ratio

traces shown in Fig. 3. Arrows and the ellipse highlight the positions

and dimensions of features discussed in the text.

Fig. 5. Dependence of yearly cycle length (apparent baleen
growth) on the lowest carbon isotope ratio seen within that
year. Whales are treated as factors in this analysis of covariance
(ANCOVA), and are therefore fitted to lines with the same slope
but different intercepts.

Fig. 6. Superimposed yearly carbon isotope cycles for each
whale. The peak beginning each cycle is set at 0 cm on the
horizontal axis. Years are identified by numbers, and are drawn
in different colors.
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Mean and range of $"*C in individual whales. The distributions of all sampled 8"*C values for each whale are
compared in Fig. 7. Ea 43-05 and F95 had higher mean 8'*C values than the three other whales and their means
also differ significantly from each other (P < 0.05) if the samples taken from a single baleen plate are viewed as
statistically independent of each other. (For some purposes this makes sense, but for others it clearly does not.)
There were no significant differences between the mean 8'*C values of the other three whales. Ea43-05 and F95
appear to have spent more time feeding on prey with higher 8'*C values than the other three whales, probably on
the Patagonian Shelf or other low-latitude sites. The average annual isotopic ranges of individuals (highest
minus lowest 8"°C values within each year) also vary significantly (6.78%o for F95, 5.70%o for 095, 5.11%o for
PRW96, 3.00%o for Ea32-05 and 2.72%. for Ea43-05; P < 0.0001). The whales with apparently narrow foraging
ranges both died in 2005, while the three with much broader ranges all died before 1995. No conclusions can be
drawn from this pattern given the very small number of individuals, but it shows that if secular changes in
foraging patterns were to occur, then this technique could be used (even retrospectively) to detect them.

Speed and direction of migrations. For the purpose of this analysis, a whale was considered to be ‘migrating’
when 8"°C values changed by at least 0.25%o between successive (2cm) samples. Total change in §'"°C value was
defined as the difference between the highest and lowest values of 8'°C at the beginning (North to South) and the
end (South to North) of each cycle. The time required to make that change was estimated as the baleen growth
(cm) during the ‘migration’ (as defined in the first sentence) between the highest and lowest values of §"°C .
Because cycles varied in total length, distance along the baleen plate was converted to apparent ‘time’ by
assuming that a given cycle represented 52 weeks, and apparent rates of ‘movement’ were estimated (for each
2cm sampling interval) in units of change in 3"°C per ‘week’.

The average rate of change on the way down (from the highest to lowest values of 3'°C) is much higher than the
rate on the way up (0.3%o per week on the way down versus 0.2%o per week on the way up), and this difference
is formally significant (P < 0.01). This contrast suggests that after the whales have fed on the Patagonian Shelf,
they rapidly change to feeding on prey with much lower §"°C values and then return more slowly to feed on prey
in warmer waters with higher 813C values. Given that krill densities are highest in summer, that swarms occur
only south of 50°S (Atkinson et al., 2004) and that the Peninsula Valdés right whales appear to be krill
dependent, it is likely that after feeding on the Patagonian Shelf some of the whales travel south to feed on krill
as they become more abundant in January. The slower return to higher values of "°C may indicate feeding
along the way and/or a reduction in prey availability as winter approaches. To distinguish among these
possibilities will require the development of additional markers that can be used in combination with carbon
isotopes to more precisely identify the feeding locations of individual whales.

CONCLUSIONS

Carbon isotope analysis along baleen plates can provide insight into the foraging ecology of baleen whales.
Southern right whales at Peninsula Valdés appear to have three different foraging (and migratory) strategies.
Some whales (e.g., Ea32-05 and Ea43-05) show cycles that have relatively small isotopic ranges, but the mean of
one of these whale’s range was low (Ea32-05) and the mean of the other’s range was high (Ea43-05). Ea43-05
apparently migrated north of Peninsula Valdés to lower latitudes where food is isotopically depleted in '*C; data
on stable nitrogen isotopes (not shown) indicate that Ea43-05 may have consumed food that is isotopically very
similar to prey collected off Uruguay. A third group of whales (e.g., F95, PRW95 and 095) appear to use
feeding grounds spread over larger distances, as evidenced by their very large isotopic ranges, at least in some
years.

Future applications. When we understand better how to interpret the apparent variation in baleen growth rates
from year to year in individual animals, and when we also better understand the meaning of year-to-year
variation in carbon isotope profiles, then we are likely to have a very sensitive indicator of the effects of
environmental fluctuations on health and reproduction of right whales. These may provide insights into the
flexibility of animals confronted with reductions of food abundance due to global warming. Furthermore, a
baleen plate from a right whale calf contains information from the time the plate began development in utero,
and it represents, isotopically, the region where the mother was feeding before giving birth. Comparing the
carbon isotopes from calves born in years with high and low krill abundances will provide evidence of the ways
in which pregnant females adapt to years of low krill abundance.

ACKNOWLEDGMENTS

We thank members and collaborators of the Stranding Network at Peninsula Valdés (Programa de Monitoreo
Sanitario Ballena Franca Austral, PMSBFA) for collecting baleen plates: M. Uhart, L. La Sala, L. Pozzi, N.
Mohamed, J. Andrejuk, L. Musmeci, M. Franco, and people who have assisted with the network and collected
baleen plates in the past: the Whale Conservation Institute/Instituto de Conservacion de Ballenas, Diego



J. CETACEAN RES. MANAGE.

Taboada, Roxana Schteinbarg, Kim Marshall-Tilas and Mariano Sironi; Fundacion Patagonia Natural and
Guillermo and Patricia Harris; Fundacion Ecocentro and Alejandro Carribero and Alfredo Lichter; Fundacion
Vida Silvestre and Alejandro Arias; Secretaria de Turismo de Chubut, Direccién de Fauna y Flora Silvestres del
Chubut; Cuerpo de Guardafaunas of Peninsula Valdés; Administradora del Area Natural Protegida Peninsula
Valdés; Puerto Piramides whale watch captains including Peke Sosa, Pinino and Rafa Benegas. For help during
sample analyses, we thank all the members of SIRFER. We are extremely grateful to the following individuals
for data on the locations of right whales taken by Soviet ships in the 1960s: D. Tormosov, Y. Mikhaliev, V.
Zemsky, and K. Sekiguchi and the International Whaling Commission, in particular Cherry Allison for assistance
in accessing this information. We also thank the Office of Protected Resources of the US National Marine
Fisheries Service, National Oceanic and Atmospheric Administration which provided funding to develop and
continue the Programa de Varamientos de Ballenas Francas de Peninsula Valdés, (The Right Whale Stranding
Program at Peninsula Valdés ). Field collection of baleen plates was conducted by the Stranding Program under
the following Argentine research permits: from OPT disposicion 19/05 DGCAP; Authorisacion DFyFS 09/05.

REFERENCES

Abend, A.G. and Smith, T.D. 1997. Differences in stable isotope ratios of carbon and nitrogen between long-finned
pilot whales (Globicephala melas) and their primary prey in the western north Atlantic. ICES J. Mar. Science
54:500-50.

Atkinson, A., Whitehouse, M.J., Priddle, J., Cripps, G.C., Ward, P. and Brandon, M.A. 2001. South Georgia,
Antarctica: a productive, cold water, pelagic ecosystem. Mar. Ecol. Prog. Ser. 216:279-308.

Atkinson, A., Siegel, V., Pakhomov, E. and Rothery, P. 2004. Long-term decline in krill stock and increase in salps
within the Southern Ocean. Nature 432:100-103.

Ayliffe, LK., Cerling, T.E., Robinson, T., West, A., Sponheimer, M., Passey, B.H., Hammer, J., Roeder, B.,
Dearing, M.D. and Ehleringer, J.R. 2004. Turnover of carbon isotopes in tail hair and breath CO, of horses fed
an isotopically varied diet. Oecologia 139:11-22.

Baumgartner, M.F., Mayo, C.A. and Kenney, R.D. 2007. Enormous carnivores, microscopic food, and a
restaurant that’s bot hard to find. Pp 138-171. In: S.D. Kraus and R.M. Rolland (eds) The urban whale: North
Atlantic right whale at the crossroads. Harvard University Press, Cambridge, Massachusetts.

Best, P.B., Payne, R., Rowntree, V.J., Palazzo, J.T. and Both, M.D. 1993. Long-range movements of South
Atlantic right whales Eubalaena australis. Mar. Mamm. Sci. 9:227-234.

Best, P.B. and Schell, D.M. 1996. Stable isotopes in southern right whale (Eubalaena australis) baleen as indicators
of seasonal movements, feeding and growth. Mar. Biol. 124:483-494.

Cerling, T.E., B.H. Passey, L.K. Ayliffe, C.S. Cook, J.R. Ehleringer, J.M. Harris, M.B. Dhidha., and S.M.
Kasiki. 2004. An orphan's tale: seasonal dietary changes in elephants from Tsavo National Park, Kenya.
Palaeogeogr. Palaeocl. 206:367-376.

DeNiro, M.J. and Epstein, S. 1978. Influence of diet on the distribution of carbon isotopes in animals. Geochim.
Cosmochim. Acta 42, 495-506.

Dunton, KH. 2001. Del 15N and del 13C measurements of Antarctic Peninsula fauna: Trophic relationships and
assimilation of benthic seaweeds. American Zoologist 41:99-112.

Fry, B. and Sherr, E.B. 1984. 8*C measurements as indicators of carbon flow in marine and freshwater
ecosystems. Contrib. Mar. Sci. 27:13-47.

Hamner, W.M. Stone, G.S. and Obst, B.S. 1988. Behavior of southern right whales, Eubalaena australis, feeding
on the antarctic krill, Euphausia superba. Fish. Bull. 86:143-150.

Hobson, K.A. 1999. Tracing origins and migration of wildlife using stable isotopes: a review. Oecologia 120, 314-
326.

Kelly, J.F. 2000 Stable isotopes of carbon and nitrogen in the study of avian and mammalian trophic ecology.
Can. J. Zool. 78:1-27.

Kunito, T., Watanabe, ., Yasunaga, G., Fujise, Y. and Tanabe, S. 2002. Using trace elements in skin to
discriminate the populations of minke whales in southern hemisphere. Mar. Environ. Res. 53:175-197.

Leaper, R., Cooke, J., Trathan, P., Reid, K., Rowntree, V.J. and Payne, R. 2006. Global climate drives southern
right whale (Eubalaena australis) population dynamics. Biol. Lett. 2:289-292.



J. CETACEAN RES. MANAGE.

Moore, M.J., Berrow, S.D., Jensen, B.A., Carr, P., Sears, R., Rowntree, V.J., Payne, R. and Hamilton, P.K. 1999.
Relative abundance of large whales around South Georgia (1979-1998). Mar. Mamm. Sci. 15:1287-1302.

Murphy, E.J., Trathan, P.N., Watkins, J.L., Reid, K., Meredith, M.P., Forcada, J., Thorpe, S.E., Johnston, N.M.
and Rothery, P. 2007. Climatically driven fluctuations in Southern Ocean ecosystems. Proc Biol Sci. 274:3057-
67.

Ohsumi, S. and Kasamatsu, F. 1986. Recent off-shore distribution of the southern right whale in summer. Rep. int.
Whal. Commn. (special issue) 10:177-185.

Payne, R. 1986. Long term behavioral studies of the southern right whale (Eubalaena australis). Rep. int. Whal.
Commn. (special issue) 10:161-167.

Rau, GH, Hopkins, TL, and Torres, JJ. 1991a. 15N/14N and 13C/12C in Weddell Sea invertebrates: implications
for feeding diversity. Mar. Ecol. Prog. Ser. 77:1-6.

Rau, GH, Takahashi, T, Des Marais, DJ, Sullivan, CW. 1991b. Particulate organic matter del 13C variations
across the Drake Passage. J of Geophysical Research 96:15,131-15, 135.

Rowntree, V.J., Payne, R.S. and Schell, D.M. 2001. Changing patterns of habitat use by southern right whales
(Eubalaena australis) on their nursery ground at Peninsula Valdes, Argentina, and in their long-range
movements. J. Cetacean Res. Manage. (special sssue) 2:133-143.

Rubenstein, D.R. and Hobson, K.A. 2004. From birds to butterflies: animal movement patterns and stable isotopes.
Trends Ecol. Evol. 19:256-263.

Schell, D.M., Saupe, S.M. and Haubenstock, N. 1989. Bowhead whale (Balaena mysticetus) growth and feeding as
estimated by 8"°C techniques. Mar. Biol. 103:433-443.

Schmidt K, Atkinson A, Stubing D, McClelland JW, Montoya JP, Voss, M. 2003. Trophic relationships among
Southern Ocean copepods and krill: Some uses and limitations of a stable isotope approach. Limnol. Oceanogr.
48(1):277-289.

Tormosov, D., Mikhaliev, Y., Best, P., Zemsky, V., Sekiguchi, K. and Brownell, R.J. 1998. Soviet catches of
southern right whales Eubalaena australis, 1951-1971 Biological data and conservation implications. Biol.
Conserv. 86:185-197.

Townsend, C.H. 1935. The distribution of certain whales as shown by logbook records of American whaleships.
Zoologica 19:1-50.

Trathan, P.N., Murphy, E.J., Forcada, J., Croxall, J.P., Reid, K. and Thorpe, S.E. 2006. Physical forcing in the
southwest Atlantic: ecosystem control. In: Boyd I, Wanless S, Camphuysen CJ (eds.), Top predators in marine
ecosystems, their role in monitoring and management, pp. 28-45.

Valenzuela, L.O., Sironi, M., Rowntree, V.J. and Seger, J. 2008. Isotopic and genetic evidence for culturally
inherited site fidelity to feeding grounds in southern right whales (Eubalaena australis) SC/60/BRG13.

Wada E, Terazaki M, Kabaya Y and Nemoto T. 1987. 15N and 13C abundances in the Antarctic Ocean with
emphasis on the biogeochemical structure of the food web. Deep-Sea Research 34(5/6):829-841.

Woodd-Walker, R.S., Ward, P., Clarke, A. 2002 Large-scale patterns in diversity and community structure of
surface water copepods from the Atlantic Ocean. Mar. Ecol. Prog. Ser. 236:189-203.

10



