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Abstract

RATIONALE—Stable isotope analysis integrates diet information over a time period specific to 

the type of tissue sampled. For metabolically active skin of free-ranging cetaceans, cells are 

generated at the basal layer of the skin and migrate outward until they eventually slough off, 

suggesting potential for a dietary time series.

METHODS—Skin samples from cetaceans were analyzed using continuous-flow elemental 

analyzer isotope ratio mass spectrometery (EA-IRMS). We used ANOVAs to compare the 

variability of δ13C and δ15N values within and among layers and columns (“cores”) of the skin of 

a fin, humpback, and sperm whale. We then used mixed-effects models to analyze isotopic 

variability among layers of 28 sperm whale skin samples, over the course of a season and among 

years.

RESULTS—We found layer to be a significant predictor of δ13C values in the sperm whale’s 

skin, and δ15N values the humpback whale’s skin. There was no evidence for significant 

differences in δ15N or δ13C values among cores for any species. Mixed effects models selected 

layer and day of the year as significant predictors of δ13C and δ15N values in sperm whale skin 

across individuals sampled during the summer months in the Gulf of Alaska.

CONCLUSIONS—These results suggest that skin samples from cetaceans may be subsampled to 

reflect diet during a narrower time period; specifically different layers of skin may contain a 

dietary time series. This underscores the importance of selecting an appropriate portion of skin to 

analyze based on the species and objectives of the study.

INTRODUCTION

Understanding changes in an animal’s diet and the temporal scale over which those changes 

occur can give valuable insight into habitat preferences, migration patterns, and potential for 

interactions with humans. Stable isotopes have become an increasingly important method for 

the study of marine mammal diets, trophic niche, movement patterns, physiology, historical 

ecosystem parameters, and other ecological studies 1–7. Stable carbon isotope ratios (δ13C 

values) are used as a proxy for determining foraging habitat because in marine systems, 
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species in pelagic and offshore areas tend to have lower carbon isotope ratios than those in 

benthic and near-shore areas 8–11. Stable nitrogen isotope ratios (δ15N values) are an 

indicator of trophic position due to metabolic fractionation with each trophic level 12–18. 

Specifically δ15N values increase 2–4‰ per trophic level in marine mammals 4,19–22. For 

marine mammal species, the majority of analyses over recent years have focused on single-

species niche breadth 23–27, comparative diet studies 1,3,28–31, and mixing models to 

determine diet composition 29,32. Unlike results of samples from stomach lavage or feces, 

stable isotope analysis of consumer tissues integrates diet over a longer time period than a 

single meal or day, and samples are more accessible from free-ranging cetaceans 33–35. 

However, key metabolic parameters allowing for precise interpretation of the temporal 

resolution of stable isotope results are often lacking, especially for metabolically active 

tissues. In addition, the variability of stable isotope ratios from different samples within a 

tissue is not well-established, although existing studies indicate that replicate samples of 

muscle tissue from individual fish and zooplankton produced variability within a single 

individual of <0.2‰, and a recent study with common and striped dolphins showed there 

were no significant differences among stable isotope ratios across various locations on the 

skin 36–39. This variability is essential context to appropriately interpret differences in stable 

isotope ratios observed among tissues or individuals.

To properly interpret stable isotope ratios of animal tissue, it is essential to account for the 

temporal dynamics of isotopic integration. Two aspects of integration are important to 

consider: diet-tissue incorporation rate and tissue turnover rate. Incorporation rate refers to 

the amount of time between prey ingestion and when the isotopic signature of that prey item 

enters the tissue being analyzed 40,41. This rate can be estimated in captive cetaceans 

through controlled feeding experiments, but is not well understood in free-ranging 

cetaceans, and depends on biochemical processes such as thermoregulation type, growth 

rate, reproductive status, and environmental stressors 21,22,33,40,42. Animal tissues can be 

categorized as metabolically active or inert. Metabolically active tissues have different 

isotopic incorporation rates, while interpretation of isotope patterns in metabolically inert 

tissues depends on tissue growth rates. Turnover rate refers to the rate of replacement of the 

tissue 43,44. Turnover rates are more widely studied in marine mammals, and can be low in 

metabolically active tissues such as liver or blood, or much higher in inert tissues such as 

whiskers, baleen, bone, and hair. Differences in turnover rate is one of the causes of 

variability in stable isotope signatures within and between tissues 33,45. Turnover rates in 

stable isotope analysis are often discussed in terms of the half-life of the tissue, or the time 

at which half of the tissue has been replaced 33,46,47. Inert tissues such as claws, baleen, and 

hair often preserve a dietary time series for individual marine mammals 7,23,27,30,48,49. In 

these tissues, diet-tissue incorporation occurs toward the basal layer of the tissue where new 

cells are generated, and the turnover rate is related to the growth rate of the tissue and 

thickness of the sample, with lower turnover rates for thinner sections 21,40,41,46. Controlled 

feeding experiments of captive animals have been used to study turnover rates for skin of 

smaller cetacean species (Table 1). Such experiments can only be performed on captive 

animals, excluding direct measurements for baleen whales.

Skin tissue (epidermis) is often used to study diet in free-ranging cetaceans because its 

collection is minimally invasive 2,29,34,50,51. Current stable isotope analysis of cetacean skin 
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treats the skin as a homogenous tissue in terms of dietary information and uses a variety of 

methods to select the portion of skin used in analysis. Most common are analyses using the 

outer layer of skin as it sloughs off 52, homogenizing a small piece of skin cut from an 

undefined portion of a biopsy sample 2,35,53, extracting a section of skin from a stranded 

carcass 25,54, or a combination of these sampling methods 1,55.

Cetacean skin is divided into layers based on cellular structure, often referred to as the 

stratum basale/germinativum (inner), stratum spinosum (intermediate), and stratum 

externum (outer) 56,57. Cells in the stratum basale tend to be primarily large, tall epithelial 

cells that are well developed with many mitochondria, ribosomes, desmosomes, and lipid 

droplets. Cells in the stratum spinosum tend to have fewer mitochondria and ribosomes, but 

the same number of lipid droplets and desmosomes. This layer shows cells that are rounded 

or oval in shape, and they become flattened as they migrate out towards the stratum 

externum, where cells show keratinization and lipid droplets are densely packed. In the 

stratum externum the nucleus is often remnant, and sometimes completely intact, indicating 

that keratinization is not complete 56,57. Because epidermal cells are generated at the basal 

layer of skin (stratum basale) and migrate outward 58,59, there is the potential for a dietary 

time series to exist within cetacean skin. The basal layer of cetacean skin, adjacent to the 

dermis, is textured rather than flat 60. Small dermal papillae extend between a quarter to 

half-way up into the epidermis from the dermis 58–60. Hicks et al 58 labeled sub-epidermal 

cells in bottlenose dolphins to examine the rate of skin turnover. Labeled cells migrated first 

laterally out of the intruding papillae, and then vertically toward the outer layer of skin, 

before flaking off as the animal sloughed its skin (Figure 3 in 58). Labeled cells entering the 

skin from the tip of the dermal papillae in the stratum spinosum were able to move directly 

outward toward the surface in the stratum externum, with no lateral movement. Therefore, 

new cells may be found from the stratum basale to the furthest intrusion of the papillae in 

the stratum spinosum (Figure 3 in 58). This, combined with information on cellular 

differences between strata, suggests that epidermal cells get older on average in tissue 

further from the dermal-epidermal interface. Busquets-Vass et al41 hypothesized that due to 

this stratification within the skin, skin might contain a dietary time series. In stable isotope 

analysis of blue whale (Balaenoptera musculus) skin, Busquets-Vass et al found δ15N values 

to vary significantly between the inner (stratum basale) and outer (stratum externum) layers 

of skin in the California Current System, which corresponded temporally to differences in 

δ15N values of prey in two seasonal foraging grounds 41.

Among cetaceans in the Gulf of Alaska (GOA), there is a wide range of variability in diets, 

which vary considerably among individuals in some species, but are more homogenous in 

other species. Fin whales (Balaenoptera physalus) forage in both near-shore and offshore 

waters in the GOA. Fin whales worldwide have a fairly homogenous lower-trophic diet of 

euphausiid krill (Euphausiacea) and occasionally of small amounts of small schooling fish 

and copepods 19,61–65. Humpback whales (Megaptera novaeangliae) are generalist predators 

in coastal Southeast Alaskan waters, feeding on a varied diet of krill 66,67, herring 68–70 and 

other small schooling fish 71, that have a broad range of isotopic ratios 4,29. Sperm whales 

(Physeter macrocephalus) are the largest of the toothed whales, and are deep-diving offshore 

predators 72. While the current diet of sperm whales in the GOA is poorly understood, 

stomach content data from historical whaling shows that they feed on a variety of deep-sea 
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fishes and squid 61,73–75. They are also known to remove sablefish (Anoplopoma fimbria) 

and halibut (Hippoglossus stenolepis) from commercial longline fishing gear in the GOA 
76–79.

In this investigation, we aim to determine if layers of cetacean skin exhibit isotopically 

distinct signatures, which may be attributed to temporal shifts in diet. To address this 

objective we designed a pilot study consisting of two experiments. In the first experiment we 

tested for differences in δ13C and δ15N values both within and among layers of skin of three 

individual cetaceans: a stranded fin whale, a stranded humpback whale, and a free-ranging 

sperm whale. We hypothesized that subsamples from within the same layer of skin would be 

more isotopically similar than subsamples taken from different layers within the same full-

thickness vertical core of the sample. More specifically, we hypothesized that layer would be 

a significant predictor of one or both stable isotope ratios in species with variable diets, 

while core would never be a significant predictor. This hypothesis rests on the assumptions 

that the cells within the same layer of skin were deposited closer to the same time on 

average than cells in the same core, and that the animal had undergone a detectable diet shift 

within the turnover time of the full skin thickness. For the humpback whale and sperm 

whale, two generalist foragers with diverse and seasonal diets, this was probably the case 
61,66–71,73–75. For the fin whale, with a more homogenous diet, we expected there to be 

lower variability overall among layers 19,61–65. A second experiment measured the average 

differences among layers of a larger number of sperm whale skin samples, and tested if the 

differences between specific layers were consistent across individuals. We hypothesized that 

we would again find higher variability among layers in each sperm whale than would be 

expected from replicate samples within a single layer, but that there would not be consistent 

differences in stable isotope ratios among layers of skin across individual sperm whales. 

This hypothesis was based on the assumption that the sperm whales sampled might have 

individual differences in the timing and direction of diet shifts, the timing of seasonal 

migrations, and the timing of seasonal isotopic trends in the baseline of the food web relative 

to the sampling time.

METHODS

Sample Acquisition: Experiment 1

Skin samples were acquired from a dead stranded fin whale, a dead stranded humpback 

whale, and a biopsy of a free-ranging sperm whale, all in the GOA (Table 2). Fin whale skin 

was acquired from a dead animal that arrived into the port of Seward, Alaska on the bulbous 

bow of a cruise ship on May 29, 2016 (NMFS Regional stranding ID 2016053). The animal 

was a sub-adult male, 50 feet in length, and in good body condition. The portion of skin 

taken for this analysis came from high on the animal’s dorsal flank, below the dorsal fin. 

Skin was also obtained from a dead humpback whale struck by a cruise ship near Juneau, 

Alaska on 27 July, 2010 (NMFS Regional stranding field ID 2010089). The whale was a 

non-pregnant female, measured 46 feet in length, and was reported to be in good body 

condition (blubber thickness 61.3 mm dorsolateral to dorsal fin). During the necropsy, 

scientists removed a section of skin and blubber from the dorsal surface approximately 10 
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cm by 7.5 cm, which was stored at -80° C. Skin was subsampled from this section, and 

measured 7 mm in thickness.

Biopsy samples were collected from free-ranging sperm whales between 2003 and 2017 

using a Barnett crossbow (150 lb draw weight), with bolts equipped with stainless steel tips 

measuring 40 mm in length and 7 mm in diameter, with a float for retrieval 50,51. Biopsy 

samples collect both skin and blubber, with skin being subsampled for this analysis. A single 

sample, collected from a male sperm whale in September 2015, was chosen for analysis of 

experiment 1 due to its large size, suitable for subsampling. The skin from the sperm whale 

sample measured 6 mm in depth, with a diameter of 7 mm.

For stable isotope analysis, we subsampled a small 1-cm2 section of both the fin and the skin 

(full-depth) of the humpback whale, and the full skin sample of the sperm whale biopsy into 

10 pieces (Figure 1). Each sample was cut into a 9 × 9 grid of three subsamples per row 

(laterally along sample), and three per column (vertically through depth of sample), and a 

tenth fully homogenized subsample (Figure 1). Our sub-sampling method produces multiple 

samples from the same layer, which allows for measures of variability and tests of 

significance. The lateral, or horizontal cuts, subset each core into “layers” assumed to 

correspond roughly to the three strata of skin mentioned earlier in this paper (Figure 1). We 

termed these layers “outer” referring to the stratum externum, the layer of skin adjacent to 

the whale’s environment (sample #s 1–3), “middle” referring to the intermediate layer of 

skin or stratum spinosum (sample #s 4 -6), and “inner” referring to the basal layer of skin or 

stratum basale (sample #s 7–9). Each layer was approximately 2 mm thick. The vertical 

columns of skin were cut transversal to the body, which we refer to as “cores” with each 

core containing samples 1, 4, and 7; 2, 5, and 8; and 3, 6, and 9 (Figure 1). These cuts were 

also made with each core cut at equal width relative to the full width of the sample. The final 

portion of the sample was a transversal cut including all layers, which we refer to as the 

“full” thickness sample, or sample 10.

Sample Acquisition: Experiment 2

Between 2003 and 2017 in the eastern GOA, skin from 28 free-ranging male sperm whales 

was collected via biopsy in the same manner as the sample from experiment 1 (Table 2). 

These samples were collected as part of the Southeast Alaska Sperm Whale Avoidance 

Project (SEASWAP, www.seaswap.info), which focuses on sperm whales that interact with 

longline fishing vessels in the eastern GOA, primarily targeting sablefish 76,78. From each of 

the samples a single column of skin was cut into subsamples corresponding to the three skin 

layers described above: “outer”, “middle”, and “inner”, parallel to the angle of the blubber-

skin interface of each sample. All samples used in this experiment consisted of enough skin 

to cut into three layers each approximately 2.3 mm thick.

Sample Processing: Experiments 1 and 2

Lipid content and preservation method are known to affect the isotopic composition of 

tissues 80,81. All skin was stored prior to analysis at -80° C. Six tissue samples from sperm 

whale biopsies (experiment 2) were stored in a 20% saturation of dimethyl sulfoxide 

(DMSO). For both experiments, tissue was weighed, cut into small pieces to increase surface 
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area for drying, and then oven-dried at 60°C for 24 hours. In addition to removing the 

influence of lipids in bulk tissues, extracting lipids can eliminate the effects of storage in 

DMSO tissues 35,55,82,83. However, lipid-extraction can alter the δ15N values of some 

species 84–86, although this has not been tested for sperm whales. Thus, we performed a 

small proof of concept study in which the 28 samples from experiment 2 were subsampled 

into two pieces with half analyzed without extracting lipids (NLE) and the other half with 

lipids extracted (LE). The differences between the extracted (LE) and non-extracted (NLE) 

δ15N values for each sample were analyzed using a one sample t-test for significance. The 

lipid-extracted samples did not have significantly different δ15N values from the non-

extracted samples (t=−1.25, df=44, p=0.22). Meanwhile the δ13C values were significantly 

different between the LE and the NLE samples (t=−8.82, df=44, p<0.01), showing that the 

samples warranted lipid extraction. Finally, the C:N ratios of the non-lipid-extracted samples 

ranged from 3.3 to 4.7, ratios which were high enough to warrant lipid-extraction or 

correction 87. Thus, all the stable isotope ratios in this study were assessed using lipid-

extracted samples.

For lipid-extraction, the dried tissue was soaked in 2 mL of a 2:1 solution of chloroform-

methanol for 20 minutes in an ultrasonic bath to extract lipids 84,88,89. The lipid-filled 

solution was removed using disposable glass pipettes. This procedure was repeated three 

times 84,88,89. After lipid-extraction, the samples were rinsed with deionized water, again 

dried at 60°C for 12–24 hours, and re-weighed. The samples were then ground into a fine 

powder, and 0.2 to 0.4 mg aliquots were placed into tin capsules that were sent to the Alaska 

Stable Isotope Facility (ASIF) in Fairbanks, AK, USA for processing. At ASIF stable 

isotope data for bulk stable carbon (δ13C values) and nitrogen (δ15N values) isotope ratios 

was obtained using continuous-flow isotope ratio mass spectrometry (CFIRMS). This 

method utilizes a Flash 2000 elemental analyzer and a Conflo IV interfaced with a Delta 

VPlus isotope ratio mass spectrometer (all from Thermo Scientific, Bremen, Germany). 

Isotope composition was expressed as a ratio relative to an international standard, in delta 

notation (δ) as parts per thousand (‰):

δX( ‰ ) =
Rsample

Rstandard
− 1 1)

where X is 13C or 15N, and R represents the respective abundance ratio of each isotope (e.g., 
13C/12C or 15N/14N). Reference standards used were Vienna Pee-Dee Belemnite for carbon 

and atmospheric N2 for nitrogen. Analytical precision was ±0.2‰ for both δ13C and δ15N 

values.

Statistical Analysis: Experiment 1

For experiment 1 we used two-way analyses of variance (ANOVAs) to test for significant 

differences in the δ13C or δ15N values by layer and core (as a control). Layers were defined 

previously as a categorical independent variable with classes: inner, middle, and outer. 

Cores, also defined previously, were also a categorical independent variable with three 

classes. Cores were used as a control due to evidence that cetacean skin shows isotopic 
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homogeneity across the body 39. This experiment aimed to examine the influence of the two 

different variables (layers and cores) on a continuous dependent variable (δ13C or δ15N 

values). This analysis was performed separately for each isotope ratio and separately on each 

of the three species. Models were run using the nine samples from each species (3 layer, by 

3 core), omitting the full thickness-samples (#10s), as they do not include layers. The 

models were compared using the Akaike Information Criterion with a correction for low 

sample size (AICc values) 90. When significant differences among layers or cores were 

found, post-hoc tests (Tukey’s Honest Significance Differences) were used to determine 

which layers or cores differed significantly 91.

Statistical Analysis: Experiment 2

For experiment 2, the samples, due to smaller tissue sizes from biopsies, were cut into 3 

layers from a single lipid-extracted column only. Observed differences in isotope ratios 

(δ13C and δ15N values) among layers were first examined visually by individual. Mixed 

effects models were then used to model isotope ratios as a function of layer and day of the 

year (DOY) as follows:

yijk = ∝ j + ai + ak + β1, j ∗ doy + β2, j ∗ doy2 + εijk, 2)

where yijk is the isotope ratio (δ13C or δ15N value) for individual whale i in layer of skin j 
and in year k, αj is a fixed intercept for layer j, ai represents a random intercept for each 

individual whale i, αk represents a random intercept for each year k, β1,j and β2,j are layer-

specific coefficients that allow isotope ratios to change differently by layer over the course 

of the season (DOY) to capture potential lagged effects of diet changes across different 

layers, and the εij are residuals. The layer-specific coefficients β1,j and β2,j were estimated 

by including an interaction term between layer and DOY. Seasonal trends in isotope ratios 

were modeled as a quadratic function of DOY based on preliminary analyses that strongly 

suggested a curvilinear seasonal pattern. The random effects ai and ak, and residuals εij are 

assumed to be independent and normally distributed with mean zero and variances σai
2 , σak

2

and σ2, respectively. The models were fitted using maximum likelihood or restricted 

maximum likelihood (REML) as implemented in package “nlme” for R version 3.3.1 92. 

Models were initially fitted using maximum likelihood estimation to allow for model 

selection using AICc values. Once the AICc-best model was identified, we re-estimated the 

final model using REML.

RESULTS

Experiment 1

Stable carbon and nitrogen isotope ratios from the three cetacean species did not overlap in 

2-D space: relative to the other species, the sperm whale had high δ15N and δ13C values, the 

fin whale had low δ15N and δ13C values, and the humpback whale had low δ15N values and 

high δ13C values (Table 3, Figure 2). Variability in δ15N values, as measured by their 

standard deviation across all skin subsamples, was more than twice as high in the humpback 
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whale than in the other species (Table 3). The sperm whale had the highest variability in 

δ13C values (Table 3, Figure 2).

The fin whale samples did not differ significantly in δ15N or δ13C values among cores or 

layers (Table 4, Figure 3). Layer was a significant predictor for one stable isotope ratio each 

for both the sperm whale (δ13C value) and the humpback whale (δ15N value), while core 

was not significant for either species or isotope ratio. The humpback whale samples had 

significantly different δ15N values among layers (F2,6=122, p<0.001; Table 4, Figure 3) and 

all pairwise differences were significant (p=0.043, p<0.001, p<0.001 for inner-middle, 

middle-outer, and inner-outer comparisons, respectively). No significant differences were 

found in δ13C values among layers for the humpback skin (Table 4). The sperm whale 

sample had significantly different δ13C values among layers (F2,6=11.9, p=0.008; Table 4, 

Figure 3). Specifically, the inner layer of sperm whale skin had significantly higher δ13C 

values than both the middle (p=0.02) and the outer layers (p=0.01) (Table 4). No significant 

differences in δ15N values among layers were found in the sperm whale skin (Table 4).

Experiment 2

Among the 28 individual sperm whales, the stable isotope ratios showed broad ranges by 

layer. The range of δ15N values within an individual averaged 0.40±0.22‰ (min 0.1; max 

1.1), while the range of δ13C values within an individual averaged 0.65±0.31‰ (min 0.1; 

max 1.0). Both the δ13C and the δ15N values decreased between the inner and middle layer 

on average, but these differences were highly variable across the 28 individual sperm whales 

(Figure 4). While δ15N values showed on average a 0.1‰ difference between the middle and 

outer layers, differences between the middle and inner layers were 0.2‰ (Figure 4A). For 

δ13C values, the outer layer decreased by an average of 0.4‰ from the middle layer (Figure 

4B).

The AICc-best model for δ15N values included layer and day of the year (DOY) as 

predictors, without an interaction term (Table 5). A likelihood ratio test determined that the 

random effect of year did not significantly improve the fit of the model (L.ratio=5.68, p=1); 

hence it was not included in the final model, thereby effectively pooling data across years. 

The model suggests that δ15N values in all three layers decreased sharply on average 

through the first part of the season to a minimum in mid-summer, before increasing again 

towards the end of the season (Figure 5A). Random whale-specific intercepts suggested that 

the variability in mean δ15N values among individual whales (σa=0.63‰) was much larger 

than the residual variability within individuals (σ=0.21‰) as evident in a large spread 

around the mean seasonal trend. The best-fit model indicated that layer and day of the year 

explained 92% of the variability in δ15N values (R2=0.92). Although the best model 

included differences in mean δ15N values among layers, Tukey post-hoc tests showed no 

significant pairwise differences between layers (Middle-Inner t= −1.07, p=0.53; Outer-Inner, 

t= −0.64, p=0.80; Outer-Middle, t=0.43, p=0.90).

For δ13C values, the best model chosen using AICc selection included layer and DOY as 

predictors (Table 5). As with δ15N values, the random effect of year did not significantly 

improve the fit of the model (L.ratio=1.25e-12, p=1) and this was excluded from the final 

model. Coefficients for all the top-ranked models indicated that the δ13C values decreased 
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significantly from the inner layer of skin to the outer layer (Figure 5B). The R2 value for the 

best-fit model (R2=0.86) suggested that layer and day of the year could explain 86% of the 

variance in stable isotope ratios. The random variability in mean δ13C values among 

individuals (σa=0.50‰) was much larger than the residual variability within individuals 

(σ=0.25‰). Based on the reduced model, pairwise differences were significant between the 

inner and middle layer (t= −2.49, p=0.03) and between the inner and outer layers (t= −3.55, 

p=0.001), but not between the middle and outer layers (t= −1.06, p=0.54).

DISCUSSION

The results from experiment 1 provide preliminary support to the hypothesis of a dietary 

time series in layers of the skin of cetaceans 41, specifically in humpback and sperm whales. 

We found significant differences in stable isotope ratios among different layers but not 

among cores in both sperm and humpback whales, which are known for their isotopically 

diverse diets 61,66–71,73–75. Furthermore, the stable isotope ratios did not differ among layers 

or cores in the skin of the fin whale, consistent with our expectations for a species which is 

thought to have a less variable diet 19,61–65. These results suggest that subsampling only the 

inner layer of cetacean tissue could provide a means for assessing recent diets, better suited 

for interpretation with observational feeding studies and comparative studies where prey is 

sampled as well.

While the ANOVA results found that cores were not included in the best-fit model, there was 

variability in stable isotope ratios across layers (Figure 3). However, while systematic in the 

differences among layers, the variability within a layer (across cores) was minimal and 

random. Furthermore, all but two of the ranges in δ13C and δ15N values within a layer were 

under 0.5‰, which was lower than the range of stable isotope ratios measured across 11 

different skin positions in common and striped dolphins 39. Other causes of variability 

within a layer, including the two outlier layers with high variability, may be related to 

limitations in accuracy of cutting layers when sampling the skin. Increasing our sample size 

for each species would probably smooth out that variability. We have included subsampling 

within layers (cores) to serve as a control because we do not expect stable isotope ratios to 

vary systematically by core (we do have this expectation of values by layer). However, it is 

no surprise that there would be some random variation, which is what makes core a useful 

control, and thus the low variability in the stable isotope ratios of cores found in this study 

justifies the ANOVA results of non-significance, implying heterogeneity.

The stable isotope ratios in experiment 1 were within or near the range of what is to be 

expected from each of these species 1,2,19,53. The lack of significant differences between 

cores or layers in the fin whale indicates that the whale did not undergo a marked diet-shift 

during the turnover time of the skin. This was expected given the fairly homogenous diet of 

this species 19,53,61. The fin whale’s δ13C values were surprisingly low, 1–2‰ lower than 

the δ13C values observed from other studies of fin whales 19,53,65. However, two of these 

studies were conducted at either a much lower latitude 53 or a combination of a lower 

latitude and different ocean basin 19, both of which can significantly affect δ13C values 
93–96. In particular, higher latitude foraging is known to result in lower (more negative) δ13C 

values in the North Pacific Ocean 93,94,96. Witteveen and Wynne 65 found δ13C values of 
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near-shore fin whales in a similar region to this study to be on average 1.5‰ higher than 

found in this study. Given similar latitude in the same ocean basin, this suggests that the fin 

whale in this study was foraging further offshore. Stable isotope studies of zooplankton in 

Prince William Sound and the central GOA have shown strong patterns of lower δ13C values 

offshore 97, though seasonal and annual differences and fluctuations do exist. This whale 

was struck by a cruise ship transiting the GOA, whereas the samples from Witteveen and 

Wynne were collected near-shore close to Kodiak Island, perhaps resulting in higher δ13C 

values 65.

The difference in stable nitrogen isotope ratios between the inner and outer layers of the 

humpback whale could indicate diet shifts from higher trophic level herring in the spring to 

lower trophic level krill in the summer before it died. Humpback whales in Southeast Alaska 

eat a mixed diet of herring, krill, and other forage fish 66–69,98, and have a lower trophic 

level diet overall than those in other areas of Alaska 2. The humpback whale sampled in this 

analysis was found dead on July 28, 2010, and while deposition rates are unknown for this 

species, incorporation of stable isotopes from prey into tissue has been estimated in other 

cetacean species to occur between 2.5 and 6 months 41,42,59. Herring spawn in Southeast 

Alaska in the spring, forming dense aggregations that attract large numbers of humpback 

whales as they return from their low-latitude breeding areas 70,98. The outer layer of our 

sample, representing the least recent diet, shows the highest δ15N value, which is consistent 

with that of a whale foraging primarily on herring or other schooling fish such as eulachon 

or pollock 29. Krill are the most common humpback whale prey in Southeast Alaska and 

have their highest energy content in late summer and fall 67, which could explain the low 

δ15N values in the inner layer of our sample that reflects prey consumption during the 

summer months.

The sperm whale’s higher δ15N values than the fin and humpback whales reflect its higher 

trophic position (Table 3, Figure 2). The sperm whale’s higher δ13C values can be attributed 

to foraging on higher trophic level species found further offshore than the two baleen whales 

(Table 3, Figure 2). An increase in the δ13C value of the inner layer of sperm whale skin of 

just over 1‰ represents a trophic level difference and could indicate a recent shift to more 

benthic prey or higher-latitude prey 9,94,99,100. Higher-latitude feeding tends to result in 

higher δ13C values in sperm whale skin in the southern hemisphere 52, which would be 

consistent with the inner layer of sperm whale skin in this study if the whale had been a 

recent arrival to Alaskan waters 94,99,101. Conversely higher latitude has shown decreased 

δ13C values in other studies, which would not be supported by this data 94. Foraging on 

larger squid and foraging closer to shore results in higher δ13C values in sperm whale tissue 
94. Finally, even if the whale had been foraging in the same Alaskan waters for an extended 

period of time, seasonal shifts in the isotopic baseline of the ecosystem could be responsible 

for the trophic level shift between layers 6,11,100. The lack of significant differences in the 

δ15N values of this individual could simply indicate that the trophic position of sperm whale 

prey between different foraging areas or during the timeline of the skin was not significantly 

different. There have been no comprehensive stable isotope analyses of prey species of 

sperm whales in the GOA to confirm this, but the δ15N values found in this study are similar 

to those measured from adult male sperm whales in the Gulf of California 1.
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The specific dietary time period represented by each layer of skin remains unknown, and 

probably varies between species and regions. A recent study with blue whales has estimated 

full isotopic incorporation (turnover) in nitrogen isotopes (δ15N values) of the largest 

cetacean and baleen whale to be 163±91 (mean±SD) days 41. For odontocete species, the 

most comprehensive controlled feeding experiments have used bottlenose dolphins as a 

subject, one of which found 95% turnover to be achieved in 104±35 days for δ13C values 

and 180±71 days for δ15N values 42. The results from these two studies are surprising given 

that they estimated similar isotopic incorporation rates despite vast differences in size of the 

two cetaceans represented, the blue whale and the bottlenose dolphin 41,42. For δ15N values 

alone, assuming that new skin is formed and sloughed at a constant rate, each layer (strata) 

of skin could be estimated to represent 54±52.5 or 68.7±49 days of dietary information in 

the blue whale and bottlenose dolphin studies, respectively, and applied to other (e.g. sperm 

whale) species. It must be noted too that water temperature probably has an effect on 

epidermal turnover. Studies have shown that both killer whales and beluga whales use 

seasonal migration to or through warmer waters to stimulate epidermal molt and skin 

sloughing 59,102. The isotopic incorporation rates studied recently in blue whales in two 

different foraging regions found very different isotopic incorporation rates between the 

regions (84±5 days for Gulf of California versus 242±44 days for the California Current) 41. 

The authors hypothesized that cooler water temperatures in the California Current ecosystem 

could have slowed turnover rates in that region compared with the warmer water of the Gulf 

of California.

For experiment 2, layers of skin from 28 individual sperm whales showed similar patterns to 

those found in the single sperm whale from experiment 1. However, experiment 2 also 

showed a surprising consistency in the patterns of isotopic differences among layers, 

highlighting the need for more research. The range of δ15N values among layers in an 

individual averaged 0.4‰ (min=0.1‰; max=1.1‰), while the range of δ13C values among 

layers averaged 0.7‰ (min=0.1‰; max=1.5‰). Given the variability of 0.1‰ found in 

replicate skin samples from a single humpback whale35, these findings indicate that sperm 

whale skin reveals differences in isotopic ratios among layers that cannot be explained by 

within-tissue variability alone nor by the precision of the mass spectrometer.

The presence of trends in stable isotope ratios among layers of different individuals found in 

mixed effects modeling of experiment 2 was not expected (Figures 4 and 5). In spite of high 

variability among individuals, the inner layer of skin generally had higher δ15N and δ13C 

values than other layers throughout the summer season (Figure 5) with the pattern being 

more pronounced in the δ13C values. This pattern persisted over time, across a significant 

seasonal trend where δ15N values dropped mid-summer and increased again in late summer 

(Figure 5A) and δ13C values showed a slight decrease earlier in the summer and then 

increased in late summer (Figure 5B). Had these animals all come to Alaska around the 

same time period in late spring, we would have expected the later-season samples to have 

outer and middle layers trending toward the inner layer (and inner layers of the early-season 

samples) as the full thickness of the skin began to represent their Alaskan foraging ground 

habitats. Similarly, if all animals had been experiencing the same seasonal shift in diet, we 

would again have expected later season samples to have outer and middle layers trending 

toward the inner layer. Finally, if animals had all been foraging in different areas prior to 
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coming to Alaskan waters, or if they had been eating variable diets, we might have expected 

layers to all exhibit differences individually, but we would not expect those differences to 

carry the same trend, in that the value in the inner layer of skin was consistently higher 

across multiple individuals taken over a 4 month time period. Instead the trend the we see is 

that, no matter when they were sampled (May through September), most sperm whales had 

higher δ13C values in their inner layer than in their outer layer.

There are a few potential reasons for why we might see a trend in layers of sperm whale skin 

with consistently higher δ13C values in the inner layer of skin across multiple individuals. It 

is possible that the turnover rate in sperm whales at high latitudes is extremely long, as 

Busquets-Vass et al 41 hypothesized for blue whales, and each layer of skin represents a 

longer time period than the estimated 54–68 days mentioned above. Given Busquets-Vass et 
al’s 41 estimation of 242±44 days for isotopic incorporation in the California Current region 

(the northernmost region of their study), each layer would represent 80±25 days, probably 

more for whales inhabiting even colder waters in the GOA. Indeed, evidence suggests that 

sperm whales slough large amounts of skin in Gulf of California waters 103, while anecdotal 

evidence from the authors’ 15-year history of field research is that sloughed skin is rarely if 

ever seen in GOA waters. We propose that isotopic incorporation rates of sperm whale skin 

slow as they move to higher latitudes. With our range of sampling dates spanning from late 

May to mid-September (115 days total), our samples could conceivably represent one season 

(summer). Thus, the inner layer of skin may represent a shift in diet, baseline isotope ratios, 

or large-scale movement for each whale individually to higher δ13C values than in their 

other layers. While each individual whale has its own “niche” of diet preference, the higher 

isotopic ratios in the inner layers may represent a large-scale, seasonal baseline shift from 

winter/spring to summer/fall signatures that affected all individuals regardless of sampling 

date.

Although the inner layer of skin may represent a longer time period spanning an entire 

summer, or nearly four months time, the specific causes of higher δ13C values in the inner 

layer of skin remain inconclusive. Studies on plankton and squid have shown that δ13C 

values generally decrease with increasing latitude 93,101, although they may slightly increase 

again at latitudes north of 40°N 94. This pattern is opposite to what we would expect if the 

inner layer of our samples represented the result of a migration from warmer equatorial 

waters to Alaskan waters in the summer. It must be noted that sperm whales have a higher 

trophic level than species in these studies; thus, the inner layer would not be an ideal tissue 

to infer baseline shifts because trophic discrimination probably obscures changes in baseline 

patterns. In addition, while male sperm whales are generally thought to move to GOA waters 

in the spring and summer months, no pattern exists for sperm whale departures from 

Alaskan waters 104, suggesting that arrivals are similarly non-patterned. Shifting prey 

species between regions could also explain changes in stable isotope ratios, as sperm whales 

in the eastern GOA are known to consume more deep sea fish than squid, unlike other 

regions off the western coast of North America where squid is the primary diet item 
1,61,73,74,105. While the stable isotope ratios of prey in the eastern GOA are largely unknown, 

the δ13C values of squid in the California Current region increase with size 1 and are 

generally higher than those of deep sea fish in that region 11. This pattern is again opposite 

to what would be expected if the inner layer of skin represented diet from the GOA versus 
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diet from lower latitude habitats. Together, these potential isotopic shifts that would result in 

opposite patterns in the layers of sperm whale skin from what was observed in this study 

signal that there is much still to be learned about how stable isotopes move through 

ecological systems and are incorporated into consumer tissues.

The observed consistent stable isotope gradient among individuals could also be due to 

improperly extracted lipids or structural differences among layers, but we consider these 

explanations to be unlikely. Differences in lipids among different layers of the skin may not 

be properly accounted for in the analyses. C:N ratios can be an indicator of carbon content, 

and are used as a metric for lipid extraction in studies where high lipid content is inherent to 

the tissue. 82,106 We are confident that our lipid-extraction methods were not the cause of the 

trends observed in δ13C values between layers. We used standard lipid-extraction techniques 
84,88,89, and found δ13C values to vary significantly between non-lipid-extracted and lipid-

extracted values. There was also no trend in δ13C values when plotted against the C:N ratios 

of our lipid-extracted samples. Opinion in the literature varies when discussing the C:N 

ratios of sufficiently lipid-extracted tissues with appropriate values between 3.5 and 4, and 

our values ranged from 2.9 to 3.8 falling within the range of other studies 21,81,82,87. In 

addition, if lipid-extraction were not complete, we would expect the inner layer, nearest to 

the blubber, to have lower δ13C values than other layers, rather than higher. Furthermore, 

differences between layers were not completely consistent across individuals (Figure 4B), 

including some individuals with lower δ13C values in the inner layer. These differences 

among individuals suggest that the patterns that we are seeing are not due to structural 

differences in the layers of skin that might affect isotope ratios.

Within the consistent pattern of higher delta values in the inner layer of sperm whale skin, 

there was also a significant seasonal gradient for both δ13C and δ15N values. The 

interpretation of this seasonal gradient across the sampling period of May to September also 

depends on isotopic incorporation rates, and the temporal snapshot of each layer. A slower 

incorporation rate as suggested above, with the inner layer representing a 4-month period, 

would potentially indicate a lagged dietary shift, where the inner layer of skin is responding 

to foraging changes some time before they appear in the skin. Rather than a single factor 

driving the patterns of change over time that were observed, it is more likely a combination 

of seasonal and regional diet shifts, changes in isotopic baselines, and more nuanced 

movement behaviors that influence the stable isotope ratios observed in this study.

The differences in seasonal trends among layers indicate that some trends may also be 

masked by the high variability among individual whales and by the uneven distribution of 

samples across the season. The nature of the opportunistic sampling for sperm whale tissues 

resulted in the earliest sampling date of late May, and the latest sampling date of mid-

September, representing 3.5 months or around ¼ of a year. Within this relatively short 

sampling season, the majority of samples were collected in July (Figure 5). With a turnover 

rate in high latitudes that is potentially upwards of 242 days (2/3 of a year), sampling whales 

early in the season (March and April) as well as later in the season (October and November), 

and re-sampling the same individuals over the course of a season would shed more light on 

the specific seasonal drivers of diet for these animals. In addition, increased knowledge of 
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prey characteristics and availability in these habitats would be useful to better understand 

sperm whale foraging habits in this region.

CONCLUSION

In light of these experiments and findings of variable stable isotope ratios among layers of 

cetacean skin, we suggest that this pilot study provides conditional evidence that cetacean 

skin shows a dietary time series. Directed sampling of specific layers of skin across a 

population may allow for more nuanced analysis in dietary trends of whales. However, we 

also contend that attributing trends in the observed stable isotope ratios to specific ecological 

systems is more nuanced than may have been previously thought. Above all, this study 

supports the argument that in stable isotope analysis of cetacean skin it is important to select 

a portion of skin to analyze based on the species and objectives of the study. Due to structure 

of skin, there may be a significant temporal gradient between the inner and outer layers of 

skin. For studies focused on diet in species where foraging preference may change over time 

or the species may migrate, the inner layer of skin may give the most precise information to 

compare with prey and ecosystem baselines or in mixing models to assess prey contribution. 

However, for studies focusing on general isotopic niche and trophic level calculations, a full-

thickness homogenized sample of skin may provide a more appropriate long-term average of 

diet composition for the species. Collection of sloughed skin samples may be useful as an 

opportunistic sampling method for species that have a more general diet, do not exhibit prey 

switching, and/or do not migrate. Most importantly, further research with cetacean skin 

should seek to expand on this research to examine specifically how stable isotopes move 

through the tissue, and at what temporal rates. Overall, it is imperative that researchers 

communicate the portion of skin used in the study to allow the scientific community to 

better assess conclusions taken from isotope studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Left, schematic showing the methodology for sub-sampling a biopsy sample into 10 

subsamples of skin to analyze differences within layers (1–3, 4–6, 7–9) and within cores 

(1,4,7 vs 2,5,8 vs 3,6,9). Right, photo showing sperm whale skin divided into 10 sections, as 

defined on the left.
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Figure 2. 
Bi-plot showing carbon and nitrogen delta values of the 10 subsamples of each of the three 

species of whale sampled in this experiment.
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Figure 3. 
Bi-plot showing carbon and nitrogen delta values from each piece of tissue from the fin (A), 

humpback (B), and sperm (C) whale samples that were sub-sampled into 10 pieces (Figure 

1). Layers are shaded the same with outer layer = black, middle layer = grey, and inner layer 

= white. Cores are indicated with shapes, from left to right = triangles, squares, and circles. 

Sample 10, the full sample, is shown in with a “+” symbol. Note differences in scale of x-

axes.
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Figure 4. 
Twenty-eight sperm whale skin samples showing sequential differences in δ15N (A) and 

δ13C (B) values between layers. Differences between the middle and inner layer (▲) are on 

average (dashed line) greater than differences between the middle and outer layers (×, dotted 

line).

Wild et al. Page 24

Rapid Commun Mass Spectrom. Author manuscript; available in PMC 2019 August 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Observed sperm whale δ15N (A) and δ13C (B) values for each layer with respect to Julian 

day of the year, and predicted means for each layer of skin (solid line = inner, dotted line = 

middle, dashed line = outer) based on best-fit models.
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Table 1

Existing experiments addressing turnover rates of cetacean skin

Species Method
Estimated 
turnover rate 
(days, x̄ ± sd)

Type of turnover Source

Blue whale (Balaenoptera 
musculus)

Free-ranging with known 
migratory diet shift 163 ± 91 (δ15N) Full isotopic incorporation

Busquets-Vass 
et al 41

Bottlenose dolphin (Tursiops 
truncatus) Labeled cells sub-epidermally 73 Full epidermal turnover Hicks et al 58

Bottlenose dolphin (Tursiops 
truncatus) Controlled feeding

17 ± 1.3 (δ15N) 
22 ± 0.5 (δ13C) Half life

Browning et al 
22

Bottlenose dolphin (Tursiops 
truncatus) Controlled feeding

180 ± 71 
(δ15N)104 ± 35 
(δ13C) Full isotopic incorporation Giménez et al 42

Beluga (Delphinapterus leucas) Labeled cells sub-epidermally 70–75 Full epidermal turnover
St. Aubin et al 
59
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Table 2

Types of samples used for experiments 1 and 2. F = fin whale, H = humpback whale, and S = sperm whale. 

Sample size is in parentheses.

Stranded (Sample Size) Live free ranging (Sample Size)

Experiment 1 F (1) H (1) S (1)

Experiment 2 - S (28)
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Table 4

Results from ANOVA tests for experiment 1 of stable isotope analysis of sperm whale, humpback whale, and 

fin whale cores and layers. Bold model results indicate significant relationships for each species and isotope 

ratio.

Species Factor F-value p-value

Sperm Whale

 δ13C Layer F2,6=11.91 p<0.01

Core F2,6=0.01 p=0.99

Layer + Core F4,4=4.06 p=0.10

 δ15N Layer F2,6=3.44 p=0.10

Core F2,6=0.72 p=0.52

Layer + Core F4,4=2.68 p=0.18

Humpback Whale

 δ13C Layer F2.6=0.79 p=0.50

Core F2,6=0.87 p=0.47

Layer + Core F4,4=0.76 p=0.60

 δ15N Layer F2,6=122.7; p<0.01

Core F2,6=0.02 p=0.98

Layer + Core F4,4=60.14 p=0.05

Fin Whale

 δ13C Layer F2,6=1.79 p=0.24

Core F2,6=0.69 p=0.54

Layer + Core F4,4=1.29 p=0.41

 δ15N Layer F2,6=1.62 p=0.27

Core F2,6=2.67 p=0.15

Layer + Core F4,4=4.59 p=0.09
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