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Stable Isotope Oscillations in Whale Baleen Are Linked to Climate Cycles, Which May Reflect Changes in Feeding for Humpback and Southern Right Whales in the Southern Hemisphere
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Baleen whales that undertake extensive long-distance migrations away from reliable food sources must depend on body reserves acquired prior to migration. Prey abundance fluctuates, which has been linked in some regions with climate cycles. However, where historically these cycles have been predictable, due to climate change they are occurring at higher frequencies and intensities. We tested if there were links between variability in whale feeding patterns and changes in climate cycles including the El Niño-Southern Oscillation (ENSO), Southern Annular Mode (SAM), and Indian Ocean Dipole (IOD). To reconstruct feeding patterns we used the values of bulk stable isotopes of nitrogen (δ15N) and carbon (δ13C) assimilated within the baleen plates of 18 humpback and 4 southern right whales between 1963 and 2019, then matched them with climate anomalies from the time in which the section of baleen grew. We show that variability in stable isotope values within baleen for both humpback and southern right whales is linked with shifts in climate cycles and may imply changes in feeding patterns due to resource availability. However, these relationships differed depending on the oceanic region in which the whales feed. In the western Pacific, Southern Ocean feeding humpback whales had elevated nitrogen and carbon stable isotope values during La Niña and positive SAM phases when lagged 4 years, potentially reflecting reduced feeding opportunities. On the other hand, in the Indian Ocean the opposite occurs, where lower nitrogen and carbon stable isotope values were found during positive SAM phases at 2–4-year lag periods for both Southern Ocean feeding humpback and southern right whales, which may indicate improved feeding opportunities. Identifying links between stable isotope values and changes in climate cycles may contribute to our understanding of how complex oscillation patterns in baleen are formed. As projections of future climate scenarios emphasise there will be greater variability in climate cycles and thus the primary food source of baleen whales, we can then use these links to investigate how long-term feeding patterns may change in the future.
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INTRODUCTION

High-latitude ecosystems experience rapid changes driven by large-scale climate cycles. In the Southern Ocean, these cycles include interannual trends of the El Niño-Southern Oscillation (ENSO) index, shifts in the Southern Annular Mode (SAM) and Indian Ocean Dipole (IOD) cycles. Historically, climate oscillations (in particular ENSO) have been relatively predictable, occurring approximately every 2–7 years (Torrence and Webster, 1999). However, there is growing evidence to suggest these cycles are becoming harder to predict, with phases occurring more frequently and with greater intensity under future climate change projections (Trenberth and Hoar, 1997; Marshall, 2003; Yeh et al., 2009; Cai et al., 2014, 2015). In the Southern Ocean, these climate cycles drive changes in resource availability, in particular the abundance of lower trophic organisms that rely on certain environmental conditions for survival. For example, the timing of sea ice advance and retreat is not only influenced seasonally, but also by climate oscillations, in turn affecting Antarctic krill (Euphausia superba) that rely on sea ice as both a physical form of protection and a provider of algae, a critical food source under pack ice encouraging survival of larvae over winter (Siegel and Loeb, 1995; Loeb et al., 1997; Atkinson et al., 2004; Schmidt et al., 2018; Cotte and Guinet, 2020). Secondly, Atkinson et al. (2019) found that a reduction in sea ice following positive anomalies of SAM hindered egg production and the survival of larval krill, leading to a reduction in juvenile krill density in the Southwest Atlantic. At the same time, increased light availability due to sea ice reduction drives higher densities of phytoplankton (Arrigo and van Dijken, 2004), promoting adult krill growth (Atkinson et al., 2019). While areas in the Southwest Atlantic and southern Bellingshausen Sea regions experience shorter sea ice durations during positive SAM and La Niña events, the Ross Sea within the Pacific Ocean experiences extended sea ice duration (Stammerjohn et al., 2008). In other regions around the Antarctic shelf, SAM and ENSO effects are less consistent through time (e.g., areas along East Antarctica) (Stammerjohn et al., 2008). It is clear that climate signals drive environmental conditions and resource availability within the Southern Ocean, though these trends are not the same across different ocean regions. Climate cycles can therefore be used as a proxy for resource availability, especially where data on direct ice measurements and krill abundance are lacking. We expect that climate-induced changes in resource availability will impact consumers differently, depending on their feeding location within the Southern Ocean. Variability in resources is problematic for consumers within these regions, like baleen whales who are reliant on large aggregations of food sources, particularly as recent findings suggest the amount of prey they consume has been underestimated (Savoca et al., 2021).

Baleen whale populations throughout the Southern Ocean undertake extensive long-distance migrations from the high-latitude regions where they feed to their low-latitude breeding grounds where they are required to fast during austral winter (Corkeron and Connor, 1999). They are capital breeders, meaning they require enormous amounts of krill over the summer feeding periods to store lipid and protein reserves for later mobilisation to support the physiological costs associated with migration and reproduction (Stearns, 1989; Jönsson, 1997). There is growing evidence that Southern Hemisphere humpback whales (Megaptera novaeangliae) supplement their feeding throughout their southern migration, this is shown for the southwestern Pacific humpback whales, referred to as the E1 breeding stock (Paterson, 1987; Stamation et al., 2007; Gales et al., 2009; Pirotta et al., 2021). However, the potential environmental drivers behind this behaviour are largely unknown. With future climate projections emphasising greater variability in climate cycles (Cai et al., 2018) and therefore resource availability, it is important to understand how the long-term feeding patterns of baleen whales relate to changes within the environment. To do this successfully decadal biological data is required to capture patterns across climate cycles that may naturally occur anywhere between 2 and 7 years. Stable isotope compositions of nitrogen (δ15N) and carbon (δ13C) assimilate within the tissues of consumers and provide insight into potential feeding patterns and spatial movements over time (DeNiro and Epstein, 1981; Hobson, 1999). Unlike short-term signals like satellite tags, blubber or skin, whale baleen grows continuously throughout life and remains metabolically inert, providing long-term isotopic data that assimilates over approximately 3–16 years, depending on the species (Schell et al., 1989; Best and Schell, 1996; Schell, 2000; Lee et al., 2005; Mitani et al., 2006; Bentaleb et al., 2011; Aguilar et al., 2014; Matthews and Ferguson, 2015; Eisenmann et al., 2016; Busquets-Vass et al., 2017; Lysiak et al., 2018; Trueman et al., 2019). This growing body of research on whale baleen all show that nitrogen and carbon isotopic signatures assimilate longitudinally along the growth axis of baleen plates, forming predictable annual oscillations which are suggested to reflect the timing of their yearly migrations by indicating physiological changes driven by feeding and fasting patterns. However, high variation and complex processes influencing assimilation through time mean that large uncertainties remain in our interpretation of stable isotope ratios within whale baleen (Trueman et al., 2019).

To identify whether stable isotope values (as a proxy for feeding patterns) reflect changes in climate cycles (as a proxy for resource availability) we utilised data available from existing literature on humpback and southern right whales (Eubalaena australis) that feed within the Pacific and Indian Ocean sectors of the Southern Ocean. To test whether there was a relationship between nitrogen (δ15N) and carbon (δ13C) stable isotope values in baleen and climate cycles, first we identified the time that each section of baleen grew to assign a date to each isotope value. Then, to account for changes in the baseline of oceanic stable isotopes across years (e.g., the influence of the Suess effect) and intra-individual variability in the diets of whales, we used an index that identifies this variability in nitrogen and carbon stable isotope values. By selecting breeding populations that feed in different sectors within the Southern Ocean, we aimed to identify regional differences in climate cycle trends. We analysed large-scale climate cycles that influence the Pacific and Indian Ocean sectors of the Southern Ocean including ENSO, SAM, and IOD as proxies for resource availability.



MATERIALS AND METHODS


Data Collection

Bulk stable isotope values of nitrogen (δ15N) and carbon (δ13C) from the baleen of Southern Hemisphere humpback and southern right whales were extracted from available literature (Table 1). These baleen plates were originally obtained from stranded and necropsied whales (apart from individual “63/6” which was killed in error by whalers in 1963) along the Australian and South African coast and stored as part of either museum collections or internal laboratories until analysis by Best and Schell (1996) and Eisenmann et al. (2016). Only adult individuals with a known stranding date (dd/mm/yyyy) were included in this study to ensure accurate time sectioning along baleen plates and also avoid artificially high values from young individuals who may still be suckling (Borrell et al., 2016). Additionally, by excluding juveniles that have shorter baleen lengths (e.g., Best and Schell, 1996), we aim to capture long-term trends in adults, especially in the years prior to their stranding. By doing this, we avoid isotopic values that may be associated with and/or biased by individual physiology due to its potential compromised state prior to stranding. Humpbacks from Eisenmann et al. (2016) were kept within feeding groups for analysis. These included humpbacks that primarily fed within the Southwest Pacific Ocean sector of the Southern Ocean (known as classical feeders of the E1 breeding stock); humpbacks from the E1 breeding stock that supplemented their feeding in temperate regions as well as feeding in the Southern Ocean (known as supplementary feeders); humpbacks from the E1 breeding stock that remained in temperate regions year-round (known as temperate feeders); and humpbacks that primarily fed within the Indian Ocean sector of the Southern Ocean (known as classical feeders from the D breeding stock). Eisenmann et al. (2016) also show evidence for supplementary feeding from the D breeding stock, however, due to a very low sample size (n = 1) for this feeding group, it was excluded from this study. Associated biological information was extracted for each individual where available, alongside stranding circumstances to control external influences that may affect isotopic signatures, e.g., entanglement or ship strike causing death. Data points were extracted using software ImageJ based on their x and y axis, where x refers to the position of each point along the baleen; 0 cm = proximal and ∼200 cm = distal, and y being the bulk stable isotope values of δ15N and δ13C, respectively.


TABLE 1. Biological information for individuals within this study, and source identifying where data was extracted (all but one individual that was opportunistically sampled by the Australian Museum).

[image: Table 1]
Additionally, we sampled a single baleen plate that was opportunistically collected from a dead adult male humpback stranded on the 24/7/2019 at Stockton beach, Newcastle, Australia and loaned to us for stable isotope analyses from the collection at the Australian Museum (individual identification: “M.51091.001”). This plate had been taken from between the middle to back of the whale’s mouth, representing the longest plates, i.e., to obtain the longest record. The plate was removed from within the gum to ensure the unerupted section beneath the gum was included.



Stable Isotope Analysis

The baleen plate was first cleaned with Milli-Q water, followed by a 2:1 chloroform:methanol solution using steel wool. This was repeated twice to ensure surface lipids and contaminants were removed before sampling. Using a Dremel engraving tool with a flexible shaft, approximately 0.5 mg of baleen powder was collected every 1 cm along the longitudinal growth axis, 0.5 cm from the outer edge, starting at the proximal end (most recent growth). Powdered samples were loaded into tin capsules and compressed airtight for processing and analysis using the Flash 2,000 organic elemental analyser, interfaced with a Delta V Advantage Isotope Ratio Mass Spectrometer via a ConFlo IV interface (Bioanalytical Mass Spectrometry Facility, Mark Wainwright Analytical Centre, UNSW Sydney). δ15N and δ13C values are expressed as a deviation from standards in parts per thousand (‰):
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where X = 13C or 15N, R = the ratio of respective heavier and lighter stable isotopes of nitrogen (N15/N14) and carbon (C13/C12). Reference standards of nitrogen and carbon USGS40 and USGS41A were used to correct potential drift caused by the instrument prior to isotope abundance calculation. C:N ratios ranged from (3.4 ± 0.1) which were within the range of pure keratin (3.4 ± 0.5) (Hobson and Schell, 1998; Trueman et al., 2019).



Time Sectioning Baleen

To establish the time that the stable isotope values represent, we estimated the time over which the section of baleen grew. We used three values: (1) the baleen plate growth rate; (2) the date the baleen stopped growing (when the whale died); and (3) the interval between samples taken along the baleen plate.

We used baleen growth rates reported by Best and Schell (1996) for their southern right whale specimens and those reported by Eisenmann et al. (2016) for their humpback whale specimens with the exception of the Australian Museum collection specimen “M.51091.001” where we calculated the growth rate using the technique described by Eisenmann et al. (2016). This technique is based on the assumption that the oscillations in stable isotope values along the baleen plate reflect annual physiological changes as the whales move from feeding to fasting (Best and Schell, 1996; Eisenmann et al., 2016). Specifically, for the whales in this study lower δ15N values reflect times when the animal is feeding and higher δ15N values are associated with fasting during migration. Therefore, to calculate the growth rate of baleen the length between two adjacent δ15N minima were used to identify 1 year of growth. This is based on the assumption that baleen growth is linear and constant through time and between individuals of the same species, which may not always be true.

The stranding date (per individual) was used as the date when the baleen stopped growing. We assume that the baleen plates were collected from within the gum of the whale, meaning the entire plate (including the unerupted section containing the most recent growth) was included.

We calculated the number of days between each data point using the individual-specific growth rate and sampling interval (distance between each sampling point (cm)) then assigned a date to each point based on the cumulative days since the time of last known growth (stranding date) (see Supplementary Table 1 for functions). We assumed isotopic assimilation was constant in all animals despite potential differences in individual physiology, e.g., reproductive state, breeding condition, and fasting (Hobson et al., 1993; Lee et al., 2012; Clark et al., 2016). However, this study is the first step in investigating links between isotope values in baleen and climate cycles and how individual physiology impacts these relationships is the next step in this work.



Climate Data


El Niño-Southern Oscillation

ENSO is an important driver of climate in the Pacific Ocean, but its influence is broader across the Southern Hemisphere. We used the Southern Oscillation Index (SOI, as a measure for ENSO) which measures the pressure differences between Tahiti and Darwin, Australia and indicates the development and intensity of El Niño and La Niña events between 1876 and present. We extracted data from the Australian Bureau of Meteorology (BOM).1 The BOM calculates the SOI using the Troup SOI method which is the standardised anomaly of the Mean Sea Level Pressure difference between Tahiti and Darwin (Troup, 1965) with multiplication by 10 used as a convention to quote a whole number that ranges between –35 and ∼ +35. The BOM specifies sustained negative SOI values below –7 typically indicate periods of El Niño, while sustained positive SOI values greater than +7 typically indicate La Niña events. Monthly SOI values were extracted for use in models with isotope data. Yearly averages were also calculated by taking the average of all monthly indices for each year of interest (SOI dataset available upon request).



Indian Ocean Dipole

The IOD is an important driver of climate in the Indian Ocean. We used the Dipole Mode Index (DMI) to identify the influence of the IOD. DMI is an indicator of the east-west temperature gradient, represented by anomalous sea surface temperatures (SST) along the western equatorial Indian Ocean and the southeastern equatorial Indian Ocean (Saji et al., 1999). We extracted DMI data from the National Oceanic and Atmospheric Administration (NOAA).2 Monthly DMI values were extracted in the DMI: Standard PSL Format. Positive IOD events are represented by positive DMI values while negative IOD events are shown through negative DMI values (DMI dataset available upon request).



Southern Annular Mode

The SAM, also known as the Antarctic oscillation index (AAO), is a circumpolar climate driver in the Southern Ocean. It describes the north-south movement of the westerly wild belt that circulates Antarctica, thus dominating the mid-to-high-latitude regions of the Southern Hemisphere (Gong and Wang, 1999). We used AAO data extracted from the NOAA3 to identify the influence of SAM. Monthly mean AAO values were extracted from 1979 to 2021. The NOAA calculates monthly indices of SAM by projecting the monthly mean (700-hPa) height anomalies onto the leading Empirical Orthogonal Function mode. This is then normalised by the standard deviation of the monthly index over a base period from 1979 to 2000. Yearly averages were also calculated by taking the average of all monthly indices for each year. Isotope data for one of the southern right whales (individual “63/6”) was outside this time frame and therefore this individual was excluded from the SAM analysis (AAO dataset available upon request).




Statistical Analysis

There is large intraspecific variation in δ15N and δ13C values for both humpback and southern right whales, as shown by the high R2 conditional values relative to R2 marginal values. This, among other things may be due to individual whales feeding in different regions of the Southern Ocean or feeding on prey of different sizes or species. Alternatively, it may be due to shifts in the isotopic baseline in the ocean (McMahon et al., 2015) or multiple biochemical factors associated with or influenced by isotopic fractionation (Newsome et al., 2010). As a result of this intraspecific variation, we developed indices for δ15N and δ13C stable isotope values. These indices allowed us to determine the relative importance of data points and compare values among individuals. To do this we used individual-specific weighted averages for the stable isotope values of each whale, equalising the frequency of the values in the data set so that the final index values reflect the relative importance of each observation, placing individuals on the same scale. Firstly, individual-specific means of δ15N and δ13C values were calculated. Then, per individual, each isotope value along the baleen plate was subtracted from the individual-specific mean, resulting in a positive or negative variance from that mean. These values formed the nitrogen index (for δ15N values) and carbon index (for δ13C values):
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Where within an individual whale’s baleen plate, a is the δ15N value at any position; Σa is the sum of all δ15N values; and N is the total number of δ15N observations.
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Where within an individual whale’s baleen plate, c is the δ13C value at any position; Σc is the sum of all δ13C values; and N is the total number of δ13C observations.

Isotopic results are expressed as a ratio. To calculate weighted averages for ratios each value needs to be multiplied by their respective weight (i.e., by the denominator of the ratio). Here the assumption is that the values of the denominators across the samples were equal, which may not be true. The transformation of the original stable isotope values to our nitrogen and carbon index values means they are no longer stable isotope ratios as we traditionally know them, but values that reflect the relative importance of any data point within each whale’s series.

We did not adjust raw δ13C values in baleen to account for the Suess effect (Young et al., 2013). This was because we did not directly compare absolute δ13C values between years. Instead we compared the intra-individual variability using our aforementioned carbon index.

Linear mixed-effects models (LMM) were fitted using the lmer function (Bates et al., 2014) to determine the model of best fit. This approach assumes the relationship is strictly linear. Individual whale was included as a random effect across all models as there were multiple sequential samples taken from the baleen of each individual. Species were analysed separately to avoid comparisons between animals with different feeding and spatial patterns and humpbacks were analysed within their feeding group (E1 classical feeders: n = 5, data points = 208; E1 supplementary feeders: n = 5, data points = 122; E1 temperate feeders: n = 2, data points = 58; D classical feeders: n = 6, data points = 184). For both humpback and southern right whales monthly and yearly anomalies of ENSO, IOD and SAM were included as predictor variables alongside lags of 6 months and 1–4 years for IOD and SAM and 6 month and 1–7 years for ENSO. Lastly, nitrogen and carbon indices were included as the response variable in models with all environmental combinations, resulting in a total of 390 models. The Akaike Information Criterion (AIC) was used to select the most parsimonious models owing to model simplicity. Due to the theoretical problems associated with R2 as outlined by Nakagawa and Schielzeth (2013), marginal and conditional R2 values were initially reported, displaying the influence of fixed effects alone and combined with the random effects, respectively. However, after removing individual variation by establishing both indices, only R2 marginal values were reported. R2 marginal values were used to compare the models of best fit across these data sets of different sizes and to provide the absolute value for goodness-of-fit which cannot be provided by the aforementioned information criteria. This was done using the MuMIn package (Burnham and Anderson, 2002). All analyses were conducted in R (R Core Team, 2021).

Multicollinearity between stable isotope values and the climate predictors ENSO, SAM, and IOD was assessed using variance inflation factor (VIF) scores. The results indicated an absence in multicollinearity for humpbacks (1.1, 1.6, 1.4) and southern right whales (2.7, 1.1, 2.9) based on established criterion (Gareth et al., 2013). While the VIF of 2.6 and 2.9 are close to 3, when each climate driver was removed for testing it did not signify a correlation. Thus, all three climate predictors were kept within 390 models.




RESULTS

Due to large individual variation in δ15N and δ13C values for humpback and southern right whales, all statistical analysis was done through indices to put individuals on the same scale, known as their nitrogen index and carbon index. We observed changes in stable isotope values within the baleen of both humpback and southern right whales alongside changes in climate cycles. Particularly, we found that humpback whales from the Southwest Pacific that primarily feed in the Southern Ocean show a positive (+) relationship between stable isotope values and ENSO/SAM with a 4-year lag. We observed enriched δ15N and δ13C values during + SAM and La Niña phases and depleted δ15N and δ13C values during negative (–) SAM and El Niño phases when lagged 4 years. On the other hand, Southern Ocean feeding humpback and southern rights in the Indian Ocean, show the opposite negative relationship with SAM at a lag period of 2–4-years, observing enriched δ15N and δ13C values during – SAM and depleted δ15N and δ13C during + SAM.


Southwest Pacific Ocean


Classical Southern Ocean Feeders of the E1 Breeding Stock

Humpback whales of the E1 breeding stock (Southwest Pacific) that predominately feed in the Southern Ocean (classical feeders), showed a positive relationship between both their nitrogen and carbon indices and changes in ENSO and SAM at 4-year lags. For their nitrogen index, we found higher δ15N values with less variation during La Niña periods with a monthly 4-year lag (p < 0.01; R2m = 0.04) (Figure 1), while there appears to be lower δ15N values with greater variation observed during El Niño periods. There was also a positive relationship between the carbon index and SAM anomalies at a yearly 4-year lag, whereby, higher δ13C values correlated with + SAM anomalies and lower δ13C values with—SAM anomalies (p < 0.01; R2m = 0.15) (Supplementary Figure 1). While there were other models of statistical significance, these models explained the most variance having the highest R2m and lowest AIC.
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FIGURE 1. (A) Humpbacks from the E1 breeding stock (n = 5, sample points = 208) that primarily feed within the Southwest Pacific Ocean (known as classical feeders, orange circle = feeding location, arrows = migration route), show a positive linear relationship between their nitrogen index and ENSO (B) with a 4-year lag period (p < 0.01; R2m = 0.04). (C) Shows where these changes in ENSO phases occur along baleen and resulting stable isotope patterns of δ15N for each individual. Whale image attribution: Tracey Saxby, Integration and Application Network (ian.umces.edu/media-library).




Supplementary and Temperate Zone Feeders of the E1 Breeding Stock

Humpbacks from the E1 breeding stock that supplement their feeding outside of the Southern Ocean showed a positive relationship between their nitrogen index and yearly SAM anomalies with a zero-lag period (p < 0.01; R2m = 0.16). We found that higher δ15N values occur during + SAM and lower δ15N values toward—SAM phases (Figure 2). Their carbon index showed a negative relationship with yearly IOD anomalies at a 1-year lag (p < 0.01; R2m = 0.11), with higher δ13C values toward—IOD and lower δ13C values toward + IOD phases (Supplementary Figure 2). However, all humpbacks that supplemented their feeding mainly assimilated isotopic signals during times of positive IOD events, therefore visual trends across phases cannot accurately be seen.


[image: image]

FIGURE 2. (A) Orange circles represent the approximate feeding locations of humpbacks from the E1 breeding stock (Southwest Pacific Ocean) that supplement their feeding in Australian waters (n = 5, sample points = 122). Purple circle represents an approximate location of humpbacks from the same breeding stock that remain in Australian waters year-round (known as temperate feeders, n = 2, sample points = 58). (C,E) Show a positive linear relationship between their nitrogen index and SAM, however, supplementary feeders (C) at a 0-year lag (p < 0.01; R2m = 0.16), and temperate feeders (E) at a monthly 2-year lag (p < 0.01; R2m = 0.25). (B,D) Show where these changes in SAM phases occur along baleen and resulting stable isotope patterns of δ15N of each individual. Whale image attribution: Tracey Saxby, Integration and Application Network (ian.umces.edu/media-library).


Humpback whales from the E1 breeding stock who remained in temperate regions year-round displayed variability in isotopic values alongside changes in SAM at 2- and 3-year lags. We found a positive relationship between their nitrogen index and monthly SAM anomalies at a 2-year lag (p < 0.01; R2m = 0.25), where enriched δ15N values occurred during + SAM and depleted δ15N values during –SAM (Figure 2). Their carbon index showed a negative relationship between δ13C values and yearly SAM anomalies at a 3-year lag (p < 0.01; R2m = 0.75), where enriched δ13C values were observed during -SAM and depleted δ13C values during + SAM phases (Supplementary Figure 3). However, this relationship is only driven by 2 individuals (58 samples) and so we caution that it represents possible trends.




South Indian Ocean


Humpback Whales (D Breeding Stock) and Southern Right Whales (South African Stock) in the Indian Ocean

Both the humpback whales of the D breeding stock (Southeast Indian Ocean), and the southern right whales of the South African stock (Southwest Indian Ocean) feed predominantly within the Indian Ocean sector of the Southern Ocean and show the same negative relationship between nitrogen indices within baleen and changes in SAM. While the nitrogen index for D stock humpback whales was primarily influenced by monthly SAM anomalies at a 2-year lag (p < 0.01; R2m = 0.04), the nitrogen index of southern right whales was linked to yearly SAM anomalies at a 4-year lag (p < 0.05; R2m = 0.04). Despite the different time lags, both show higher δ15N values during—SAM phases and lower δ15N values during times of + SAM when lagged their respective years (Figure 3). δ15N values for D stock humpbacks also show a positive relationship with monthly IOD anomalies at a 2-year lag (p < 0.01; R2m = 0.04), with enriched δ15N values during + IOD and lower δ15N values during—IOD when lagged 2 years.
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FIGURE 3. (A) The brown circle represents an approximate feeding location of southern right whales (SRW) from the South African population (Southwest Indian Ocean, n = 3, sample points = 144). While the light purple circle represents an approximate feeding location for humpbacks from the D breeding stock (Southeast Indian Ocean, n = 6, sample points = 184). (C,E) Show a negative linear relationship between their nitrogen index and SAM, however, SRW (C) at a 4-year lag (p < 0.05; R2m = 0.04) and D humpbacks (E) at a monthly 2-year lag (p < 0.01; R2m = 0.04). (B,D) Show where these changes in SAM phases occur along baleen and resulting stable isotope patterns of δ15N for each individual. Individual “D11” was removed from the image based on having a short baleen length. Humpback whale image attribution: Tracey Saxby, Integration and Application Network (ian.umces.edu/media-library). SRW image attribution: Jamie Testa, Integration and Application Network (ian.umces.edu/media-library).


We also found links between SAM and the carbon index of humpback and southern right whales within the South Indian Ocean. Specifically, both had a negative relationship between their carbon index and SAM, with humpback values driven by monthly SAM anomalies at a 3-year lag (p < 0.01; R2m = 0.07) and southern right whale values driven by monthly SAM anomalies at a 4-year lag (p < 0.01; R2m = 0.11). For both species within the Indian Ocean, we observed higher δ13C values during-SAM and lower δ13C values during + SAM for both lag periods (Supplementary Figure 4). However, only ∼2 southern right whales were available for analysis with SAM; therefore, more data is needed to confirm these relationships.





DISCUSSION

We show that for Southern Ocean feeding humpback and southern right whales, variation in baleen stable isotope values correlates with changes in large-scale climate cycles and that these relationships differ depending on the region in which individuals feed (Figure 4). For whales that feed predominantly in the Southwest Pacific, there is a positive relationship between both nitrogen and carbon stable isotope values with ENSO and SAM cycles when lagged 4 years. On the other hand, whales that feed predominantly in the Southeast and Southwest Indian Ocean show a negative relationship between nitrogen and carbon stable isotope values with SAM lagged 2–4years. The variation we observed in the isotopic values of whale baleen may reflect a shift in the resources available to individuals (as they feed on different prey types) and/or a change in isotopic baseline values as a response to variation during different environmental conditions.
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FIGURE 4. Schematic figure illustrating the main findings from the study and the positioning of climate cycles. La Niña (a phase of ENSO) corresponds to warmer and increased wet conditions in the west Pacific Ocean, while positive SAM (known to correspond to La Niña phases of ENSO) also drives an increase in storm conditions, however, has a stronger influence over the Southern Ocean. IOD is more prominent in the Indian Ocean and positive and negative phases are more complicated and not strictly in phase with either ENSO or SAM, making it difficult to compare with these climate cycles. Within the Pacific Ocean, we found that humpback whales displayed enriched nitrogen and carbon stable isotope values during positive SAM and La Niña periods (potentially reflecting poor feeding conditions) and depleted stable isotope values during negative SAM and El Niño phases. In the Indian Ocean we found the opposite trend, where humpback and southern right whales exhibited depleted nitrogen and carbon stable isotope values during positive SAM (potentially reflecting improved feeding conditions) and enriched isotope values during negative SAM. *In the Pacific Ocean during La Niña/positive SAM, whales from the same population were found to be in a lean body condition due to reduced sea ice concentration and resource availability (Bengtson Nash et al., 2018). However, such information is unavailable for whales in the Indian Ocean. Our interpretations assume variation in isotope values reflect changes in resource availability rather than variation in baseline isotope values.


We suggest that the spatial and temporal variation in ENSO and SAM (e.g., a positive SAM/La Niña phase may be beneficial in one region while not in another) as well as different lag periods (e.g., potentially the offset in SAM cycle timings within the Southern Ocean) could be reflected in the stable isotope values in baleen. However, there is little direct data on resource availability in regions where these whales are known to feed. Finally, our results demonstrate that climate cycles could be a source of isotopic variation, contributing to our understanding in interpreting isotopic patterns in baleen.


Southwest Pacific Ocean


Humpback Whales—Classical Southern Ocean Feeders of the E1 Breeding Stock

For humpbacks from the Southwest Pacific that primarily feed within the Southern Ocean, the climate cycles ENSO and SAM were positively associated with variation in nitrogen and carbon stable isotope values in baleen when lagged 4 years. We also found the same positive relationship between the stable isotope values and shorter lags in ENSO (6-month) and SAM (zero-lag) to be statistically significant. Stable isotope values were enriched and less varied during and 4 years following La Niña and positive SAM events but depleted and more varied during and 4 years following El Niño and negative SAM events. It is possible that the short and long-term lags reflect reoccurring cycles (4 years apart) of either ENSO (La Niña/El Niño) or SAM (positive/negative). Specifically, if similar anomalies in both ENSO and SAM occurred 4 years apart during the time baleen grew, isotopic values at short and long-term lags may reflect similar responses to resource availability and/or isotopic baseline changes associated with the reoccurring phase of either ENSO or SAM. These links between climatic conditions and isotopic variability may reflect different relationships. Firstly, changes in isotopic variability may imply that there has been a direct impact upon the whale’s feeding opportunities due to certain climatic conditions. Alternatively, there may have been a shift in the isotopic values at the base of the food chain (shifting baselines) rather than a true change in prey availability.

If these climate cycles do directly impact on resource availability, it may be possible that enriched and less variable stable isotope values in baleen during and 4 years following La Niña and positive SAM phases indicate that the whales experience less favourable feeding opportunities and/or longer fasting periods during these times. On the other hand, lower and more varied stable isotope values during and 4 years following El Niño and negative SAM events could suggest better feeding opportunities. Eisenmann et al. (2016) suggest that times of enriched nitrogen stable isotope values along baleen oscillations represent periods of fasting for this population, while slightly elevated carbon values coincide with times the whales were in Australian waters. Furthermore, they show that lower nitrogen stable isotope values predict times when the whales were feeding in the Southern Ocean, matched to lower carbon values within the Antarctic range (Eisenmann et al., 2016).

Within the Western Antarctic Peninsula, there is a reduction in sea ice duration following periods of positive SAM and La Niña phases (Stammerjohn et al., 2008). Furthermore, in the same region there is a reduction in krill recruitment following positive SAM events (Atkinson et al., 2019), which is said to be a result of reduced sea ice conditions that favour the survival of krill larvae (Siegel and Loeb, 1995; Quetin et al., 2007; Saba et al., 2014; Atkinson et al., 2019). Within the Pacific Ocean sector of the Southern Ocean, Bengtson Nash et al. (2018) showed that during La Niña and positive SAM events there was a similar trend between sea ice concentration and krill availability. Using the same breeding population, they also showed (via adiposity markers) that during these times of La Niña and positive SAM events, the southwestern Pacific humpbacks were in a lean body condition which they proposed was due to the reduced krill availability because of less sea ice. Similarly, in this study we infer that during positive SAM and La Niña periods, whales experience enhanced fasting seen through consistently enriched isotopic values in their baleen. Furthermore, the opposite occurs during negative SAM and El Niño phases, where there are signs of enhanced krill recruitment along the Western Antarctic Peninsula due to enhanced sea ice conditions favouring the survival of krill larvae (Siegel and Loeb, 1995; Quetin et al., 2007; Saba et al., 2014; Atkinson et al., 2019). The 4-year lag may alternatively represent a biological lag and/or cycle in krill development. It takes Antarctic krill approximately 3 years to develop into mature adults (Siegel, 1987), therefore the link seen between ENSO, SAM, and isotopic values in baleen may reflect changes in krill abundance according to their developmental stage. However, more research is required to confirm this link as there is no available krill data from the area in which these whales feed.

For the southwestern Pacific humpbacks, variability in isotope values is linked to two different climate cycles, where nitrogen stable isotope values are linked to ENSO and carbon values are linked to SAM. However, given the correlated nature of ENSO and SAM (particularly La Niña/positive SAM and El Niño/negative SAM; Fogt and Bromwich, 2006; Stammerjohn et al., 2008), it appears the relationship between nitrogen and ENSO and carbon and SAM may represent a similar 4-year signal. Within the Pacific Ocean, ENSO and SAM may modulate one another (Simmonds and King, 2004; Kohyama and Hartmann, 2016), potentially explaining why we see the positive influence of both ENSO and SAM on baleen isotope values for the southwestern Pacific feeding humpback whales.

La Niña events occurred more frequently among the dataset for the classical feeders, especially in the year prior to stranding. Based on the link we found between enriched and less varied nitrogen stable isotopes and La Niña events, we suggest that reoccurring La Niña phases could contribute to the likelihood of individual whales stranding (i.e., the source of baleen data used in this study). While we were limited by sample size and unable to statistically test this, Meynecke and Meager (2016) show a positive relationship between La Niña events also lagged 4 years and increased stranding occurrences in Queensland, Australia. This is supported further by Bengtson Nash et al. (2018) showing that humpbacks tend to be leaner and in poorer body condition during La Niña times. Therefore, there is growing evidence to suggest that, during La Niña years, humpback whales that feed in the Southwest Pacific suffer reduced feeding success, resulting in whales having a leaner body condition (Bengtson Nash et al., 2018) and thus a higher chance of stranding (Meynecke and Meager, 2016). Under scenarios predicting an increase in La Niña intensity (Cai et al., 2015), more research is needed to understand this potential link between resource availability, body condition and stranding potential for humpback whales of the E1 breeding stock.

Alternatively, the link we found between baleen isotopic variability and climatic cycles may be due to changes in the isotopic values at the base of the food web during different phases of ENSO and SAM. Baseline isotopic values of both nitrogen and carbon fluctuate seasonally, as well as spatially across the Southern Ocean (St John Glew et al., 2021). Therefore, this could mean that the observed enriched and depleted baleen stable isotope values of nitrogen and carbon (relative to other years) simply represents a baseline isotopic shift rather than the whales feeding on different prey or the same prey, but of different sizes. However, as we analysed the variability in isotope values within an individual via nitrogen and carbon indices rather than comparing the absolute nitrogen or carbon stable isotope values across whales, the variation shown here is less likely to be purely an artifact of a shifting baseline, although this cannot be discounted.



Southwestern Pacific Humpback Whales—Supplementary and Temperate Feeders of the E1 Breeding Stock

Humpback whales from the same southwestern Pacific population (E1) can use alternate strategies and deviate from classical Southern Ocean feeding, i.e., supplement their feeding or stay in Oceania year-round (Eisenmann et al., 2016). Much less is known about humpback whales that supplement their feeding during their annual migration, as well as individuals that refrain from migration and remain at lower latitudes year-round. Therefore, the feeding behaviour of these groups is more difficult to interpret as they can feed across multiple regions with different isotopic baselines and as a result are influenced by Southern Ocean and temperate systems.

Whales that feed both in the Southern Ocean and temperate waters (known as supplementary feeders) show the same positive relationship between their nitrogen stable isotope values and SAM to the classical feeders with elevated nitrogen values during positive SAM and lower values during negative SAM, however, without any lagged effect. We suggest like the classical feeders, this may signify either changes in feeding patterns or isotopic baseline shifts during these different environmental conditions. For supplementary feeders, prolonged elevated nitrogen stable isotopes during positive SAM correspond to sustained low carbon values within the Antarctic range. If the isotopic variation reflects changes in feeding patterns, the sustained and elevated nitrogen values (seen alongside Antarctic carbon values) may either show prolonged times of fasting or feeding at higher trophic levels within the Southern Ocean. In the first instance, like the classical feeders of the same E1 breeding stock, it is possible that elevated nitrogen values may reflect a reduction in resource availability (e.g., krill) associated with a reduction in sea ice during positive SAM/La Niña phases (Bengtson Nash et al., 2018) and thus increased fasting. Secondly, the signal may reflect feeding at higher trophic levels within the Southern Ocean (Eisenmann et al., 2016). If the latter were true, it is possible these whales may switch to other food items within the Southern Ocean in the absence of abundant krill. Alternatively, like the classical feeders, isotopic variability may simply be reflecting baseline changes during these times. These prolonged isotopic signals are ended by the whales supplementing their feeding in Australian waters (as seen by higher nitrogen and carbon stable isotope values within the Australian range). Evidently, we showed that two individuals (E12 and E13) tended to supplement their feeding after a prolonged positive SAM event. We suggest it is possible that whales within this study either supplement their feeding due to a reduction in available resources within the Southwest Pacific Ocean during these times or as a result of increased productivity in temperate waters. Nevertheless, more data from whales that supplement their feeding as well as the influence of climate cycles in temperate waters is needed to explore this theory.

While supplementary feeders may show similarities in their relationship between stable isotope values and SAM to classical feeders, their nitrogen values are not impacted by a lag period as seen in the classical feeders (4-year lag). This may suggest individuals choose to supplement their feeding based on environmental conditions at that time. Alternatively, Australian krill (Nyctiphanes australia) have shorter life cycles and are unlikely to live longer than 1 year (Ritz and Hosie, 1982) and therefore supplementary feeders may not be influenced by the biological lags in growth in the larger, longer-lived Antarctic krill. We also note that this data may be restricted in showing longer interannual trends as supplementary and temperate feeders within this study have shorter baleen lengths (and thus less assimilated long-term data).

There are many possible reasons behind why whales may supplement their feeding, one being due to environmental conditions that favour higher productivity in feeding hotspots (e.g., Eden) in the Tasman Sea off eastern Australia (Stamation et al., 2007). Humpback “super-groups” from the same E1 breeding stock have been documented feeding off Southeast Australia (Pirotta et al., 2021). Super-group formation has been linked to phytoplankton blooms 1 month prior as well as reduced outward transport favouring an increase in humpback whale prey in coastal waters, as found in Southern Benguela (Dey et al., 2021). E1 humpbacks are known to supplement their feeding anywhere between Eden, NSW, all the way down through the Bass Strait, Tasmania, and New Zealand, as shown through satellite tracking of the same population (Andrews-Goff et al., 2018). This could explain the relationship of IOD on their carbon stable isotope values as the influence of IOD is mostly seen across the Indian Ocean and southern Australia (Saji et al., 1999) where they may supplement their feeding. However, little is known about the influence of IOD within the regions where these whales feed. Secondly, all assimilated isotopic data collected from supplementary feeders occurred mostly during positive IOD phases; therefore, we suggest while a negative relationship with IOD may be occurring, more data from negative IOD alongside research focusing on supplementary feeders and environmental conditions are needed to understand this link and alternate strategy.

For whales who remain in Oceania year-round (known as temperate feeders), their continued presence and feeding in temperate waters may be driven by either poor Southern Ocean conditions or sustained localised productivity within temperate Tasman Sea waters. However, for temperate feeders, only two individuals were available and therefore we are not able to make assumptions on potential relationships. Interestingly, most whales that supplement their feeding in temperate waters appear to be males, however, more individuals of known sex are needed to explore the influence of sex differences among alternative feeding strategies.




South Indian Ocean


Humpbacks of the D Breeding Stock and the Southern Right Whales of the South African Stock

The Indian Ocean humpback (Southeast Indian) and southern right whales (Southwest Indian) that predominantly feed within the Southern Ocean show similar relationships between the variability of stable isotope values in their baleen and SAM, despite their different locations within the Indian Ocean. During positive SAM, both populations show an increase in low nitrogen and carbon stable isotope values, though with different lagged periods (humpbacks at monthly lags of 2 and 3 years, respectively, and southern rights at both yearly and monthly 4-year lags, respectively). According to both studies where the data was extracted from, low nitrogen and carbon stable isotope values reflect feeding signals in Antarctic regions (Best and Schell, 1996; Eisenmann et al., 2016). Therefore, unlike southwestern Pacific humpbacks (E1 classical feeders) who show signs of enriched nitrogen and carbon stable isotope values during positive SAM/La Niña periods (and potentially experience poor feeding conditions during summer), whales that feed within the South Indian Ocean show depleted isotope values during positive SAM phases (and potentially experience greater feeding opportunities).

Within the South Indian Ocean the opposite trend in sea ice extent occurs during positive SAM, where, unlike the Southwest Pacific Ocean sector showing sea ice decreases during positive SAM and La Niña events (Bengtson Nash et al., 2018), there is greater sea ice extent during positive SAM (as well as La Niña periods) (Kohyama and Hartmann, 2016). This was also shown through intense negative SST anomalies associated with positive SAM in the Indian Ocean, while negative SAM events were associated with positive SST anomalies (Sabu et al., 2020). Therefore, if the isotopic variability reflects changes in feeding success, it may be possible whales within the South Indian Ocean experience better feeding opportunities (i.e., better krill recruitment) during these times as seen through an increase in low nitrogen and carbon stable isotope values. Similarly, like the southwestern Pacific humpbacks, while we analysed isotopic variability via indices rather than absolute values of stable isotopes, the impact of shifting isotopic baselines may still impact these conclusions.

Humpbacks from the D breeding stock also show a positive relationship between nitrogen stable isotope values in baleen and changes in monthly IOD when lagged 2 years, displaying lower nitrogen stable isotope values during negative IOD phases, with higher values during positive IOD phases. Within the South Indian Ocean, the impact of IOD on this population is unclear. Unlike the southwestern Pacific humpbacks (E1 stock), where feeding grounds are known from satellite tracked individuals (Andrews-Goff et al., 2018), there is less information available for humpbacks as well as the influence of IOD on resource availability within the Southeast Indian Ocean. Therefore, it is difficult to interpret this relationship, especially when isotopic data is from predominantly positive IOD phases and lacks isotope values during negative IOD periods.

The 4-year lag for southern right whales may reflect the biological timing in longer-lived Antarctic krill development and/or growth (as discussed for the southwestern Pacific classical feeders) or the frequency in reoccurring phases of SAM captured in these individuals. The 2- and 3-year lags for the humpback whales could also reflect biological lags and/or phase reoccurrences, however, the slightly shorter lag periods may be due to their different feeding location within the Southern Ocean. Thus, lags between stable isotope values and climate anomalies may differ depending on the feeding location within the Southern Ocean due to the temporal and spatial variability in climate cycles.

Indian Ocean humpbacks (D stock) show less variation in feeding strategies than the southwestern Pacific humpbacks (E1 stock) (Eisenmann et al., 2016). Unlike the humpbacks from the Indian Ocean, humpbacks from the Southwest Pacific, may be able to supplement their feeding on reliable spring blooms each year in the Tasman Sea. For example, the southeastern NSW coast is subject to high productivity in spring due to warmer East Australian Current water overlaying uplifted sub-Antarctic waters high in nutrients (Hallegraeff and Jeffrey, 1993; Bax et al., 2001). However, in the Southeast Indian Ocean, there has been comparably little documentation of supplementary behaviour. Therefore, during times of increased productivity within their Southern Ocean feeding grounds, humpbacks from the Indian Ocean may decide to prioritise feeding and spend more time at higher latitudes as a result. This is potentially what we see in this population through greater variability in their nitrogen and carbon stable isotope values during positive SAM events.

If variability among isotope values reflect changes in feeding success in southern right whales (and humpback individual D12), they did not appear to be as adversely impacted by fasting during positive SAM events, as seen through lower peaks in nitrogen isotope values. This further suggests they may experience better feeding opportunities during these times. While limited by sample size and the availability of isotopic baseline data within the Indian Ocean, an increase in feeding success may allow the whales to withstand the impacts of fasting better (meaning less enrichment of nitrogen stable isotopes). However, more research tracking these populations as well as on the effect of climate cycles within the area is necessary to understand what these relationships mean.




Baleen Oscillation Patterns

In this study, we show that some of the isotopic variability in baleen oscillations is related to changes in climate cycles and thus may assist in the interpretation of complex stable isotope patterns in baleen. We recommend analysing the influence of climate on stable isotope patterns across multiple individuals and species through an index. This technique allowed us to compare changes and variability in stable isotopes (e.g., feeding patterns) across individuals that may be feeding on different food items in different regions. Also, this allowed us to compare variability on the same scale and avoid direct comparisons of absolute values that may be influenced by the known Suess effect (Young et al., 2013). Furthermore, the time stamp attribution allowed us to assign each section of baleen to a date for comparison with climate anomalies. However, this assumed that baleen growth rate is linear and that all baleen plates were collected in a similar manner (e.g., including the unerupted section within the gum) for accurate time attribution. We acknowledge the R2 values within this study are low, however, we suggest that the nature of our data, being patchy between years (from different stranding dates), as well as our limited sample size may result in weakening potential relationships. Data from more adult individuals to fill these sampling gaps may assist in establishing stronger trends. This is the first step in defining what links exist between isotopic signatures in baleen and climate, however, more research is needed to understand how these links are impacted by baseline changes as well as the whale’s reproductive state, condition and fasting behaviour. There is large intraspecific and intra-individual variation in oscillation cycles lengths (which are assumed to be annual), however, the data was not at hand to examine this here. Therefore, our next step will be addressing this variation seen in cycle lengths in terms of environmental and/or physiological drivers. Future work on how isotopic baselines shift with large-scale climate cycles on an interannual scale would be beneficial to understand what long-term isotopic values are responding to in marine predators.




CONCLUSION

We show that a relationship exists between the nitrogen and carbon stable isotope values in whale baleen and changes in climate cycles. In addition, we show that these relationships differ depending on the whale’s feeding location within the Southern Ocean. We propose this variability in isotope values may reflect changes in resource availability driven by these climate cycles (regardless of which ocean sector they reside in), however, further research is needed to understand how a whale’s physiology, reproductive state, and changes in the isotopic baseline may contribute to these relationships. This research contributes to our understanding and interpretation of complicated stable isotope oscillation patterns along baleen plates of whales. Understanding long-term patterns will become extremely important within a changing climate, considering how the frequency and intensity of climate cycles are predicted to change. However, given the complexity of interpreting bulk stable isotopes across multiple isoscapes, particularly within rapidly changing environments, challenges remain in defining links between isotope signatures in whale baleen and climate/environmental cycles. Considering the temporal and spatial variability across the Southern Ocean in terms of climate cycles and resulting resource availability, we recommend future research focus on multiple species across different ocean sectors to understand broad scale responses to environmental change.
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