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ABSTRACT 

RATIONALE The coupled analysis of 13C and 15N stable isotope values of blubber 

and skin biopsy samples is widely used to study the diet of free-ranging cetaceans. 

Differences in the lipid content of these tissues can affect isotopic variability because 

lipids are depleted in 13C, reducing the bulk tissue 13C/12C. This variability in carbon 

isotope values can either be accounted for by chemically extracting lipids from the 

tissue, or by using mathematical lipid normalisation models. 

METHODS This study examines: (1) the effects of chemical lipid extraction on 13C 

and 15N values in blubber and skin of southern hemisphere humpback whales, (2) 

whether chemical lipid extraction is more favourable than mathematical lipid 

correction and (3) which of the two tissues is more appropriate for dietary studies. 

Strategic comparisons were made between chemical lipid extraction and 

mathematical lipid correction, and between blubber and skin tissue 13C and 15N 

values, as well as C:N ratios. Six existing mathematical normalisation models were 

tested for their efficacy in estimating lipid-free 13C for skin. 

RESULTS Both 13C and 15N values of lipid-extracted skin (13C: -25.57 ‰, 15N: 

6.83 ‰) were significantly higher than bulk skin (13C: -26.97 ‰, 15N: 6.15 ‰). Five 

of the six tested lipid normalisation models had small error terms for predicting lipid-

free 13C values. The average C:N ratio of lipid-extracted skin was within the lipid-

free range reported in other studies while the average C:N ratio of blubber was 

higher than previously reported. 

CONCLUSIONS These results highlight the need to account for lipids when 

analysing 13C and 15N values from the same sample. For optimised dietary 

assessments using parallel isotope analysis from a single sample, we recommend 

the use of unextracted skin tissue. 15N values should be obtained from unextracted 

skin, whilst 13C values may be adequately lipid corrected by a mathematical 

correction. 

 

 

Keywords: Humpback whales, Southern Ocean, Dietary evaluation, chemical 

extraction, lipid correction, lipid normalisation, model correction  
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Introduction 

 Stable isotopes are widely used to address questions regarding trophic 

structure 1, niche shifts 2 and diet composition of animals 3. The two most commonly 

used stable isotope systems are those for carbon (C) and nitrogen (N)4. δ15N values 

can be used to determine the trophic position of an animal 5 while δ13C values are 

indicative of the isotopic composition of primary production 6 and are therefore used 

to determine diet source 7. 

 

A key consideration when carrying out stable isotope analyses is the lipid 

content of the tissue being investigated 8. Compared to bulk proteins and 

carbohydrates, lipids are depleted in 13C, which results in lower δ13C values 7. Lipid 

content can be highly variable between tissue types and species, and even within a 

species 8,9. Thus, the potential influence of lipid content on bulk tissue δ13C values, 

and subsequent data interpretation of dietary sources of carbon, must be considered 

10. Variations in δ13C values between individuals greater than 1 ‰ may be due to 

lipid content differences, rather than dietary differences 11. In response to these 

challenges, two alternative approaches are commonly used to account for the effect 

of lipids on δ13C values. The first, a priori approach involves chemical extraction of 

lipids from tissue samples using solvents. The second, a posteriori approach is a 

mathematical correction technique to standardize lipid content 8,12. The latter is 

based on the elemental ratio of carbon to nitrogen (C:N), as tissues with higher lipid 

content have a greater relative proportion of carbon than tissues with lower lipid 

content 8. Both the a priori and a posteriori methods have advantages and 

disadvantages and have been given considerable attention within the field of stable 

isotope ecology 13–16. 

 

Chemical lipid extraction usually involves using methanol-chloroform or 

hexane-isopropanol solvent mixtures 17–19, that remove all lipids or reduce the 

concentrations to a low and uniform level. However, chemical lipid extraction may 

cause fractionation in δ15N to varying degrees because solvents have the potential to 

solubilize amino acids 19,20. Changed δ15N can be problematic because carbon and 

nitrogen isotopes are typically analysed together from the same sample to reduce 

the cost of analysis. 
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Retrospective, mathematical correction of empirical δ13C values for lipid 

content in bulk samples is based on an inverse relationship between tissue C:N 

ratios and δ13C values. Lipids contain C but not N, so that C:N ratios can be used to 

estimate lipid contents and fractions. Hence, most regression models used for the 

mathematical correction of bulk tissue δ13C values include the C:N ratio of lipid-free 

tissue that is usually mostly protein, and a protein-lipid δ13C discrimination value D 8. 

The correct values for protein-lipid δ13C discrimination and C:N ratios of lipid-free 

tissue are often unknown and vary between species and tissue types, making it 

difficult to develop generally applicable models. 

 

In cetacean research, blubber and skin tissue are widely used in dietary 

studies because they are metabolically active tissues and can be easily obtained via 

non-lethal, remote biopsy facilitating the study of healthy, free-roaming populations 

21,22. Blubber is a specialised type of subcutaneous adipose tissue in marine 

mammals, with multiple physiological functions 21. It is predominantly composed of 

13C-depleted lipids but also includes an important collagen protein component 23. 

Skin is a protein-rich tissue in the form of keratin in the epidermis and a considerable 

amount of lipids in the hypodermis, but less lipid than blubber 23,24. The tissue used 

for stable isotope analyses in cetacean dietary research often depends on logistical 

considerations of sample availability 23, tissue reflection of overall diet, tissue turn-

over rates and lipid content 8. 

 

 Thus far, the effects of chemical lipid extraction on δ13C and δ15N values in 

blubber and skin tissue, the use of lipid normalisation models and the comparative 

suitability of blubber or skin tissue have been studied for several cetacean species, 

including northern hemisphere humpback whales (Megaptera novaeangliae)14,25. 

Previous studies on cetacean skin have found contradicting δ15N results following 

chemical lipid extraction, suggesting species-specific or solvent specific changes in 

δ15N values due to lipid extraction, even in closely related taxa 14. Southern 

hemisphere humpback whales are high-fidelity Antarctic krill (Euphausia superba) 

consumers 26–28. Thus, they have a simpler diet than northern hemisphere humpback 

whales and also feed at a lower trophic level 29. These differences in feeding ecology 

warrant the separate assessment of the impact lipids have on stable isotope values 

of different populations of the same species. Here, we assess the effects of chemical 
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lipid extraction on δ13C and δ15N values in 30 paired blubber and skin biopsy 

samples of humpback whales belonging to the E1 breeding population that migrates 

along the east coast of Australia (hereafter referred to as E1 humpback whales). 

Secondly, we investigated whether an a priori chemical lipid extraction is more 

favourable than an a posteriori mathematical correction, through application of six 

existing lipid normalisation models. Finally, based upon findings of (1) and (2), we 

ascertained which of the two tissues, blubber or skin, is more appropriate for dietary 

studies. 

 

 

Materials and methods 

Sample Collection 

Blubber and skin biopsy samples of free-swimming E1 humpback whales 

were collected in September and October 2016, 2017 and 2018 using a modified 

0.22 calibre rifle (Paxarms NZ) with flotation darts. The biopsies were collected off 

North Stradbroke Island, southeast Queensland, Australia (approximately 27º26’S, 

153º34’E) during the annual southward migration of the whales to their feeding 

grounds in the Southern Ocean. As recommended by Lambertsen et al.30, biopsy 

darts were fired at the whale’s dorsum, ventral and slightly posterior to the dorsal fin. 

Tissue samples were immediately sub sectioned onboard the vessel and stored on 

ice until transfer to a -18ºC freezer for longer term storage prior to analysis. For more 

details see Bengtson Nash et al. (2018)31. 

 

Lipid Extraction 

 The routinely utilized modified Bligh and Dyer (1959)18 methanol-

dichloromethane-water (2:1:0.8 v/v/v MeOH/CH2Cl2/H2O) method was used to 

extract lipids overnight from pre-weighed (ca. 0.03 g) blubber and skin samples at 

room temperature, in closed, stationary separation funnels. The aqueous and the 

dichloromethane phases were separated by adding dichloromethane and water to 

the separation funnel the following day, yielding a solvent ratio of 1:1:0.9 v/v/v 

methanol-dichloromethane-water. After phase separation, the lower dichloromethane 

phase was collected in round-bottom flasks, reduced to dryness for approximately 30 

minutes and re-weighed to obtain total lipid content, expressed as percent lipid of the 
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initial sample. The extracted tissue was removed from the solvent mixture to air dry 

before being stored at -18ºC. 

 

Stable Isotope Analysis 

 The lipid-extracted blubber and skin tissue (hereafter referred to as lipid-free), 

as well as the non-lipid-extracted skin tissue (hereafter referred to as bulk) were 

oven dried overnight at 58ºC and ground to powder. A weight of 1-2 mg of powdered 

blubber or skin was placed into tin capsules for δ13C and δ15N analysis. Stable 

isotope abundances were calculated in units of permil (‰) using the following 

formula: 

 

δX =  [(
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
) − 1] × 1000 

 

where X = 13C or 15N and R = the respective ratio (13C/12C or 15N/14N). The 

international standards used in the equation for carbon and nitrogen are Vienna Pee 

Dee Belemnite and N2 in air, respectively. Laboratory standards, sucrose and 

(NH4)2SO4 were calibrated using international standards IAEA-CH-6 for carbon and 

IAEA N1 for nitrogen. A Europa EA-GSL, interfaced to a SERCON Hydra 20-20 

isotope ratio mass-spectrometer (IRMS) was used for analyses. The standard 

deviation for δ13C and δ15N averaged 0.03 ‰ and 0.09 ‰, respectively based on 

analysis of replicate standards. Carbon and nitrogen weights and isotope values 

were generated and atomic C:N ratios were calculated. C:N ratios were used as a 

proxy for lipid content 16. 

 

Statistical Analysis 

 Stable isotope data were analysed in R (version 3.5.3) and PRIMER 

v732 with PERMANOVA+ add-on33 (http://www.primer-e.com). In total, 30 biopsy 

samples of southward migrating E1 humpback whales were included in this study. 

Skin samples were analysed as bulk skin and lipid-extracted skin while only lipid-

extracted blubber samples were analysed, due to constraints of available blubber 

tissue. Ten samples from each sampling year were included in this study, and a 

permutational multivariate analysis of variance (PERMANOVA) showed that there 

was no significant difference between years (PERMANOVA: pseudo-F2, 81 = 0.415; p 

http://www.primer-e.com/
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= 0.7542), hence all samples were pooled in subsequent analysis. A Shapiro-Wilk 

test was used to check data for normality, and a Levene’s test was used to check 

data for homogeneity of variance. Because δ13C and δ15N values were not normally 

distributed for either tissue, and sample variances differed significantly, 

PERMANOVAs were used to test for significant differences in stable isotope ratios 

as a result of chemical lipid extraction, and as a comparison between tissues. 

Homogeneity of multivariate dispersions was tested using PERMDISP, which 

showed that there was no difference in the within-group multivariate dispersion 

among groups (PERMDISP: pseudo-F2, 87 = 1.0014; p = 0.3899). A Kendall rank 

correlation test was used to assess all linear regressions. All results were interpreted 

using a significance level of  = 0.05. Euclidean distance matrices were calculated 

for all multivariate statistical analyses. Differences between bulk tissue (δ13CB, δ15NB) 

and lipid-free values measured after chemical extraction (δ13CLFX, δ15NLFX) were 

respectively calculated as δ13CB - δ13CLFX and δ15NB - δ15NLFX. These differences 

between blubber and skin were tested using two-factor PERMANOVA with partial 

sum of squares (Type III) and permutation of residuals under a reduced model with 

9958 permutations. Post-hoc pairwise comparisons were used to identify significant 

differences among factor levels. 

 

 Six different linear and non-linear normalisation models were tested for the 

efficiency to estimate lipid-free δ13C (hereafter δ13CLFM) values of skin. Presence of 

lipids is indicated by a trend towards declining δ13CB values with increasing C:N, with 

δ13CB declining asymptotically towards the δ13C value of lipids25. Several models 

have been proposed to describe this asymptotic change in δ13C and estimate lipid-

free δ13CLFM. Frequently, they are also used to estimate low and uniform lipid-free 

C:N (C:NLFM) characteristic of proteins such as keratin (C:N ~3.3) or collagen (C:N 

~2.9) that comprise most of the lipid-free material in blubber and skin25. 

Mathematical corrections were based on measured C:N values, given here as 

atomic or weight ratio C:N values without subscripts, unless otherwise noted. 

Goodness of fit between the δ13C values of measured and modelled lipid-free skin 

samples was estimated with the Akaike Information Criterion (AIC) and mean 

standard error (MSE) of model fits. Estimated lipid-free δ13CLFM values were also 

compared to lipid-extracted δ13CLFX values to determine the adequacy of model fits. 
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Linear regression models were tested for normality and homoscedasticity of 

residuals using a Shapiro-Wilk test and a Breusch Pagan test, respectively. Both 

assumptions were met. All models were fitted in R using the “lm” function for linear 

models or the “nls” function for non-linear models. All coefficients were estimated 

from the data by using a least squares method, with starting values from Ryan et al. 

(2012)25 for northern hemisphere humpback whales. Model (1) is a revised non-

linear equation 15 based on the model initially proposed by McConnaughey & McRoy 

(1979)8 fitted for whole body marine vertebrates and invertebrates. The coefficients 

used in this equation are: lipid content (L), C:N ratio, a constant (I) with a starting 

value of -0.02 and the isotopic discrimination factor between pure lipid and lipid-free 

sample (D; 6.4 ‰ for cetacean skin; Lesage et al., 2010). 

 

𝐿 =  
93

1+[0.246 × (C:N)−0.775]−1  

 

δ13𝐶𝐿𝐹𝑀 =  δ13𝐶𝐵 + 𝐷 × {𝐼 + 
3.90

1+
287

𝐿

}     (1) 

 

Model (2) is a linear equation deemed appropriate for lipid normalisation of 

Balaenopteridae skin 14. It estimates δ13CLFM values as a function of δ13CB values, 

irrespective of the C:N ratio, and hence lipid content, with fitted linear regression 

coefficients α and β. 

 

δ13𝐶𝐿𝐹𝑀 =  α +  β ×  δ13𝐶𝐵      (2) 

 

Model (3) is a non-linear equation developed for whole organism and muscle tissue 

of aquatic and terrestrial species with a high lipid content (>15%)13. It is based on 

two coefficients, i and j, which represent the y-intercept and slope, respectively. Both 

are estimated from the data. 

 

δ13𝐶𝐿𝐹𝑀 = δ13𝐶𝐵 + 𝑖 + 𝑗 ×  (C: N)     (3) 

 

Model (4) is a log-linear equation, which allows the non-linear relationship of a single 

explanatory variable, C:N which is represented by 𝑒(−𝛽0/𝛽1) 16. 
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δ13𝐶𝐿𝐹𝑀 = δ13𝐶𝐵 + β0 +  β1 ×  ln (C: N)     (4) 

 

Model (5) is a non-linear equation derived from the model proposed by 

McConnaughey & McRoy (1979)8, where the protein-lipid discrimination coefficient, 

D is replaced by a. The coefficient b (x-intercept) represents the model estimated 

C:NLFM and the coefficient c (y-intercept) represents the δ13C difference 

corresponding to a C:N value of 0. This model has been tested on whole-body 

homogenates and individual tissues for aquatic vertebrates and invertebrates 16. 

 

δ13𝐶𝐿𝐹𝑀 = δ13𝐶𝐵 +
𝑎 × (C:N)+𝑏

C:N+𝑐
      (5) 

 

Model (6) follows a mass balance approach applied to tissues of freshwater fish 12. 

C:N ratios are used to estimate fractional mixing contributions of lipid and non-lipid 

components. A constant discrimination factor D is assumed between lipid-free 

material and lipids (D = δ13CLF - δ13CLipid) Details regarding the derivation of this two-

source mass balance mixing equation can be found in the supplementary material, 

alongside the C:NLF and C:NB values for lipid-free and bulk material, respectively. 

 

𝛿13𝐶𝐿𝐹𝑀 = 𝛿13𝐶𝐵 + 𝐷 ×  (1 −
𝐶:𝑁𝐿𝐹

𝐶:𝑁𝐵
)     (6) 

 

 

Results 

Changes in δ13C and δ15N following chemical lipid extraction 

 Differences between lipid-extracted blubber, lipid-extracted skin and bulk skin 

tissue were significant for both δ13C and δ15N values (Fig. 1). Lipid-extracted blubber 

had significantly lower δ13C values but significantly higher δ15N values than lipid-

extracted skin (Figure 1). Following chemical lipid extraction, there were significant 

increases in δ13C and δ15N values of skin (Figure 2). Average increases in δ13C 

values (1.4 ‰ ± 0.49) were higher than average increases in δ15N values (0.67 ‰ ± 

0.31). There is a clear correlation between bulk and lipid-extracted skin for both δ13C 

and δ15N (Figure 2). Chemical lipid extraction largely removed isotope trends 

observed in bulk skin as indicated by the slope of the trendlines for empirical and 

predicted δ13C skin values being close to 0, which is expected if lipids account for the 
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trend in bulk skin δ13C values (Figure 3). The mean C:N ratio was higher in lipid-

extracted blubber (3.96 ± 0.86) than it was in bulk and lipid-extracted skin (Bulk: 3.69 

± 0.23; lipid-extracted: 3.19 ± 0.08, Table 1). However, only the difference between 

lipid-extracted blubber and lipid-extracted skin C:N ratios was significant 

(PERMANOVA: pseudo-F 58 = 4.8844, p = 0.0001). Lipid-extracted skin had the 

lowest mean C:N ratio. 

 

Lipid normalisation models for δ13C values 

All model predictions, except those of model 2 provided a close fit to δ13CLFX 

values following lipid extraction (Figure 4). Mathematical corrections showed no 

average difference (0.0 ‰) to those made following chemical extraction. However, 

models slightly underestimated the change in δ13C values due to lipid extraction 

compared to the empirical δ13C values. Model 2 was the only one that consistently 

underestimated the change in δ13C values (Table S1). The other models all provided 

close predictions to parity with empirical shifts in δ13C values following lipid 

extraction, with model 5 performing slightly better than models 1, 3, 4 and 6 (Figure 

4). Model 3 performed best when only considering the percentage (83.3%) of 

predicted values fitted within 0.3 ‰ of empirical lipid-extracted values (Table 2). 80% 

of predictions by models 1, 4 and 6 fell within 0.3 ‰ of empirical lipid-extracted 

values (Table 2). Models 1 and 6 had the lowest AIC values while model 5 had the 

lowest MSE (Table 2). Generally, the levels of error of the model estimates were low, 

except for model 2, which had the worst fit to the data with the highest AIC and MSE 

values (Table 2). 43.3% of predicted values of model 2 did not fall within 0.3 ‰ and 

33.3% not within 0.5 ‰ of empirical lipid-extracted values (Table S1). 

 

 

Discussion 

 The present study investigated the effects of chemical lipid extraction on δ13C 

and δ15N stable isotope values in blubber and skin tissue of southern hemisphere 

humpback whales. Our results showed that chemical lipid extraction resulted in 

significant increases of both δ13C and δ15N values in skin, which indicates that 

chemical lipid extraction can bias δ15N results. By comparison, changes to δ13C 

could be attributed to the change in skin lipid components. This finding also 

underscores that lipids have to be accounted for, when using skin tissue of E1 
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humpback whales for dietary studies. Systematic analysis of both chemically lipid-

extracted and non-lipid-extracted skin tissue samples allowed us to test the precision 

of six different mathematical lipid normalisation models. Five of the six linear and 

non-linear models, based on measures of AIC and MSE, provided good fits for 

predicting lipid-free δ13C values for skin tissue of E1 humpback whales. Model 6 had 

the best congruence between empirical (3.19) and modelled C:N ratios (3.1) for lipid-

free skin, and overall was judged best of the five near equal models. Our results 

showed that skin is the more suitable tissue for dietary assessment of E1 humpback 

whales using stable isotope analyses because C:N ratios indicated the absence of 

interference by lipids. Although empirical δ13C and δ15N values derived from 

separate aliquots is ideal, under consideration of time, cost or tissue availability, the 

use of non-lipid extracted skin tissue with mathematical lipid normalisation for δ13C 

values using model 6 is a satisfactory alternative for dietary studies of E1 humpback 

whales. This allows the coupled analysis of δ13C and δ15N values. 

 

Changes in δ13C and δ15N following chemical lipid extraction 

This study found that chemical lipid extraction leads to significant increases in 

δ13C values of bulk skin tissue of E1 humpback whales. This is in accordance with 

other stable isotope studies of various cetacean species and tissues which reported 

increases in δ13C values in the same order of magnitude of 1 - 2 ‰ 13,14,25,34. 

However, it is still a somewhat unexpected result considering that skin, in general, 

has a comparatively low lipid content, suggesting that lipid extraction should have 

little impact on δ13C values 19. In fact, Post et al. (2007)13 suggest that it is not 

necessary to account for lipids in aquatic animal samples when lipid content is 

consistently below 5% and samples have a C:N ratio below 3.5. Empirically 

measured lipid content of skin samples (n=30), and sample C:N ratios were 4.35 ± 

3.11% and 3.69 ± 0.23 respectively. Interestingly, mathematically predicted lipid 

content values using the McConnaughey & McRoy (1979)8 and Fry (2002)12 models 

that are based on C:N ratios, are 11% and 14%, respectively. In those models, the 

assumption is that variation in the C:N ratio is solely the result of changes in lipid 

content. It is, however, important to note that the C:N ratio can also correlate with the 

glycogen content of a tissue 7,35,36. Glycogen is a source of carbon, which could 

increase the C:N ratio 15,35, and therefore result in an overestimated lipid content 

using the above-mentioned calculations. Although empirically measured lipid data do 
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not match the modelled values, it cannot be confidently ascertained whether this is a 

limitation of lipid extraction protocols that have been outlined extensively in recent 

literature 37, or whether it is a model overestimate. This uncertainty means that the 

true lipid content could lie somewhere between 4 to 14%, and therefore it is 

reasonable that chemical lipid extraction has some impact on δ13C values. Whilst a 

significant increase in δ13C is unexpected, models 1 and 6 show that the lipids of E1 

humpback whales are very depleted in 13C because the average discrimination 

coefficient D between lipid and non-lipid components is estimated at 9 ‰ (Figure S1, 

Table 2) rather than the average 6 ‰ 8 or the 6.4 ‰ calculated for cetacean skin by 

Lesage et al. (2010)14. The manually calculated D values for each sample ranged 

from 8.5 to 15.5, showing that D is not constant and can have a relatively high 

variability even within a species (Figure S1). Hence, small amounts of lipids that 

have very low 13C can have a large effect on the overall 13C. The above findings 

emphasise the need to account for lipids, even at low C:N ratios, when using skin 

tissue of E1 humpback whales for dietary studies. 

 

 Contrary to other studies, our results show a significant increase in δ15N 

values of skin tissue of E1 humpback whales following chemical lipid extraction. The 

average δ15N change found here (0.67 ‰ ± 0.31) is larger than that found in other 

studies, and also larger than the typical analytical error for δ15N analyses (0.15 - 0.25 

‰)13. While some studies also report increases in δ15N values following chemical 

lipid extraction, others report no change or even decreases in δ15N values, with not 

all changes being significant 13,15,16,20. No change in δ15N values has been reported 

for northern hemisphere humpback whale skin tissue following chemical lipid 

extraction 25. These disparities could arise from the use of two different lipid 

extraction techniques or the use of different solvents in the extraction process. Ryan 

et al. (2012)25 used a Soxhlet reflux extraction with hot n-hexane and acetone while 

we used a modified Bligh and Dyer18 extraction method with room temperature 

dichloromethane and methanol. The significant increase of δ15N values in our study 

is consistent with the hypothesised loss of isotopically light, nitrogenous cell 

components such as amino acids, which may be extracted when using solvents that 

can extract both polar and non-polar compounds 38. However, the extraction protocol 

used was shown to have little influence on the δ15N values 39. Variations among 

different cetacean species likely arise from differences in skin structure and 
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thickness. The dermis, which is mainly composed of proteins (collagen and elastin 

fibres), is only 1.5 - 5.5 mm thick in humpback whales 24. This may have facilitated 

the extraction of lipids, and hence detached nitrogenous compounds from skin 

tissue, leading to increases in δ15N values 14. Such amino acid loss, if occurring, 

could also potentially affect δ13C, and may need separate evaluation. However, the 

primary effect of solvent extractions on δ13C is consistent with lipid removal, resulting 

in reduced and uniform C:N ratios with little residual trend in δ13C (Table 1, Figure 3). 

The proposed solution to overcome fluctuations in δ15N following chemical lipid 

extraction, is ideally the separate analysis of C and N isotopes, in lipid-extracted and 

bulk tissue respectively20. This may, however, not always be feasible when tissue 

quantities are limited or budgets are restricted. A compromise is therefore 

simultaneous analysis of bulk tissues whilst accounting for lipid content using 

mathematical lipid normalisation for δ13C values. 

 

Lipid normalisation models for δ13C values 

 The usefulness of mathematical lipid normalisation models for δ13C values 

depends largely on their precision, accuracy and reliability in predicting δ13Clipid-free 

values. Models 1, 3, 4 and 5 were developed for muscle and whole-body 

homogenates of multiple aquatic invertebrates and vertebrates, while model 6 was 

developed for muscle tissue of fish and model 2 was developed specifically for 

cetacean skin. Our results show that lipid normalisation models 1, 3, 4, 5 and 6, 

which are all based on the C:N ratio and hence lipid content, have low levels of error 

(MSE ~0.05) in predicting δ13Clipid-free values for skin tissue of E1 humpback whales. 

More than 76.7% of predicted lipid-free δ13C values from these five models fitted 

within 0.3 ‰ of empirical values while more than 96.7% of predicted δ13Clipid-free 

values fitted within 0.5 ‰, which is twice the mean instrument error of δ13C values 

reported in most ecological studies. The non-linear models 1 and 6, respectively 

proposed by Kiljunen et al. (2006)15 and Fry (2002)12, provided the best fit out of the 

six tested models. Ryan et al. (2012)25 drew the same conclusion for northern 

hemisphere humpback whales, with the difference that they reported higher levels of 

error for all tested models. 

 

Despite variation in precision, five of the six tested lipid normalisation models 

might all be considered reliable when applied to skin tissue of E1 humpback whales, 
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because resulting errors were no greater than when the models were applied to 

other tissues or species. The similarity of model fits and errors precludes a decision 

on the best model to use based on these factors alone. Model 6 has a theoretical 

mass-balance background using the sample C:N ratio, the modelled C:Nlipid-free ratio 

and the protein-lipid discrimination factor D. It is easy to follow and provided 

congruence between empirical (3.19 ‰, Table 1) and modelled (3.1 ‰, Table 2) 

C:Nlipid-free values. Therefore, we recommend the use of model 6 while noting that 

models 1, 3, 4, and 5 all provided good model fits, too. The good model fits were 

only attained because lipid corrections were small, on average less than 1 ‰, which 

is due to low amounts of lipid in skin tissue, and because key parameters such as 

empirically measured C:Nlipid-free ratios were known or allowed to be re-estimated. 

Model fit for all five models was improved when the model was refitted to the data. 

This was also the case when the same models were applied to other taxa 9,15,16. Like 

other studies, our study also emphasises the sensitivity of lipid normalisation models 

to parameter values. Especially the high variability observed in D values (Figure S1) 

can propagate into large uncertainties in 13C corrections. This was not evident in the 

case of skin because skin had relatively low lipid content, which led to small lipid-

based corrections. However, in agreement with Ryan et al. (2012), larger lipid 

content of blubber coupled with individual-level variation in D would mean that 

mathematical lipid corrections could become problematic for blubber tissue. This 

highlights the necessity to adjust model parameters to tissue and species-specific 

values. 

 

Blubber-Skin comparison 

Both blubber and skin are used in stable isotope analyses to discern cetacean 

diet, but tissue availability, tissue reflection of overall diet, tissue homogeneity, turn-

over rates and lipid content vary between the two tissues and among species in 

general. A lack of captive studies on mysticetes prevents evaluation of tissue 

reflection of true diet using stable isotope analyses. Skin is the most widely used 

tissue when assessing cetacean diet via stable isotope analyses 23,34,40,41. 

Depending on the angle of dart entry or length of the biopsy dart tip, only skin tissue 

can be obtained, often precluding the use of blubber tissue in analyses 22. 

Nevertheless, blubber constitutes an important part of the tissue obtained from a 

common biopsy, and the relative influence of diet is more readily apparent, because 
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blubber is mainly comprised of lipids in the form of fatty acids, and consumed fatty 

acids are deposited into the blubber with little modification or in a predictable pattern 

21. In fact, blubber fatty acids can be used to quantitatively estimate diet using 

quantitative fatty acid signature analysis (QFASA) while stable isotopes can be 

mainly used semiquantitively42. In the absence of true known diet, muscle has been 

used as a proxy to delineate diet in a wide range of species. Blubber of northern 

hemisphere humpback whales was found to have significantly lower δ13C values 

than muscle 34. Conversely, skin tissue of several mysticeti species was found to 

have similar δ13C values to muscle 34,43, indicating that muscle and skin reflect 

similar dietary information, and providing support for the use of skin in dietary 

investigations based upon stable isotope analyses. In addition, skin is more uniform 

across the body of different cetacean species, alleviating concerns about the 

homogeneity of isotope ratios 41, while blubber tissue is highly variable depending on 

body location and depth 44. Lipid-extracted blubber may be used in some cases for 

diet analysis of humpback whales, with lipid-free blubber δ13C values estimated to 

average 0.8 ‰ (Figure S2) to 2.3 ‰25 higher than lipid-extracted skin. Blubber δ15N 

values are 0.7 to 0.8 ‰ higher than skin, both before and after lipid extraction 25. 

 

Isotopic turn-over rates for blubber tissue are unknown for any cetacean species. 

Nevertheless, they represent an important consideration when assessing diet in free-

roaming wildlife. Isotopic incorporation occurs during tissue growth, resynthesis and 

breakdown, and varies among tissue types 23,45. Isotopic turn-over of skin δ15N has 

been estimated for bottlenose dolphins (Tursiops truncatus) and blue whales 

(Balaenoptera musculus) at 163-180 days while isotopic turn-over of skin δ13C has 

been estimated for bottlenose dolphins at 104 days46,47. For southern hemisphere 

humpback whales, it might be assumed that blubber has a ≤9 month tissue turn-over 

rate, because the lipid store in the blubber is almost entirely depleted over the 

course of their annual migration and associated voluntary fast 26. In the present 

study, there were roughly 150 days between E1 humpback whales leaving their 

Antarctic feeding grounds in March and the time they were sampled in September 

and October. Based upon available information therefore, it is likely that both skin 

δ13C and δ15N values of tissues sampled during an individual’s return migration to 

feeding grounds, reflect the dietary intake of the preceding feeding season. 
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C:N ratios can be used as a proxy for lipid content in a sample and as a reliable 

quality assurance approach to determine if samples have been adequately lipid 

extracted. Sample C:N ratios are compared with those expected for “pure” tissues 

such as collagen or keratin, which have approximate theoretical atomic C:N ratios of 

2.8 and 3.0, respectively 23. If sample C:N ratios are significantly higher than these 

theoretical values of pure tissues, they likely contain lipids 23. In this study, the 

average C:Nlipid-free ratio of skin was 3.19 ± 0.08, the average C:NBulk ratio of skin was 

3.69 ± 0.23 and the average C:Nlipid-free ratio of blubber was 3.96 ± 0.86 (Table 1). 

When comparing tissues and treatments, lipid-free skin was the only one that had 

C:N ratios close to the aforementioned theoretical values. It was also the only tissue 

and treatment combination with an average C:N ratio between 3.0 and 3.3, which 

DeNiro (1985)48 described as the normal range of unaltered collagen. In addition, the 

C:Nlipid-free ratio of skin was very close to the average C:N ratio of keratinous baleen 

plates (3.31 ± 0.06) from stranded E1 humpback whales (Eisenmann et al. 2016, 

unpublished data)49 and C:Nlipid-free values converged to a narrow range near 3 

(Table 1), indicating that skin tissue is lipid-free after chemical lipid extraction. 

 

In contrast, the average blubber C:N ratio of 3.96 was higher than 3.1 showing 

that lipids were probably not fully extracted from the tissue or that other carbon-rich 

components such as glycogen were still present after lipid extraction. An incomplete 

chemical extraction of lipids appears more likely because δ13C still decreased as the 

C:N ratio increased (Figure S2), rather than remaining relatively constant, which is 

expected if glycogen were the cause of high C:N values. In our study, skin lipid 

corrections averaged 1.4 ‰, which is comparable to the average 13C corrections for 

northern hemisphere humpback whales skin (1.7 ‰), but 3.5 times smaller than the 

average 13C corrections (5.9 ‰) for blubber 25. Based on these results, we 

recommend the use of skin tissue for stable isotope analyses of E1 humpback 

whales. We conclude that using skin tissue of E1 humpback whales in stable isotope 

analyses for dietary studies has several advantages. Skin is the more accessible 

tissue, lipid corrections were smaller for this relatively low lipid content tissue, it has 

similar δ13C values to muscle, it is more uniform throughout the body and both lipid-

corrected and lipid-extracted skin C:N ratios are within the same range of pure 

tissues such as collagen and keratin. 
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Conclusions 

This study has shown that δ13C and δ15N values in skin tissue increase after 

chemical lipid extraction, highlighting the need to account for the influence of lipids. 

However, the decision of whether to lipid-correct δ13C values through chemical lipid 

extraction or lipid normalisation models depends on study objectives. Changes in 

δ15N values introduced by chemical lipid extraction distort trophic structure and food 

web placement in the isotopic space, while imprecision in results introduced by 

mathematical lipid normalisation can have an impact on isotopic mixing model 

outputs14. Consequently, when diet composition estimates are the main study 

objective, the analysis of separate aliquots for determination of lipid-free δ13C and 

bulk δ15N values is ideal. When this is not possible due to tissue or cost restraints, 

we recommend bulk skin analysis of δ15N combined with mathematical correction for 

δ13C. Specifically, we recommend the use of the lipid normalisation model proposed 

by Fry (2002)12 with a C:NLM value of 3.1 and a protein lipid discrimination factor D of 

8.92 for stable isotope analyses of E1 humpback whale skin tissue. This model was 

the only one that provided congruent empirical and predicted C:Nlipid-free values. The 

differential tissue- and species-specific C:N ratios and protein-lipid discrimination 

factor D presented in this and other studies indicate that both should be measured 

empirically for tissues and species not yet investigated, although samples from three 

different sampling years following similar trends is an indication that lipid correction 

parameters may be applicable more generally. 
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Table 2. Coefficients of best model fit for six linear and non-linear regression models 
used to predict lipid-free δ13C values in skin tissue of E1 humpback whale (n=30). 
Column 5 states the percentage of predicted lipid-free δ13C values fitted within 0.3 ‰ 
of the empirical lipid-free δ13C values. 

 

Table 1. Table shows the mean and standard deviation (SD) of δ13C and δ15N values of bulk and lipid-free 

blubber and skin tissue of E1 humpback whales (n=30). P values were assessed using an -level of 0.05 and 
pertain to a PERMANOVA for the effects of chemical lipid extraction on δ13C and δ15N values. 
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Figure 1. Boxplot showing the distribution of δ13C and δ15N values in E1 humpback whale 

blubber and skin tissue before and after chemical lipid extraction (n=30). 
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Figure 2. Scatterplot showing that chemical lipid extraction leads to enrichment of δ13C and 

δ15N values in skin tissue of E1 humpback whales (n=30). Dotted line represents the linear 

regression with standard deviation. Points are plotted in proportion to log(C:N) values. 

Dashed line corresponds to no difference between bulk and lipid-free samples. 
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Figure 3. Scatterplot showing the relationship between the empirical C:N ratio and δ13C 

values for bulk, chemically lipid-extracted (Lipid-free Empirical) and mathematically 

corrected (Lipid-free Predicted) skin of E1 humpback whales (n=30). Model 6 was used for 

the mathematical correction. 
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Figure 4. Comparison between the chemically lipid-extracted (empirical) and mathematically 

corrected (predicted) changes in δ13C values in E1 humpback whale skin tissue. Predicted 

values were obtained by modelling our bulk skin data using previously published lipid 

normalisation models. Dashed line corresponds to no difference between observed and 

predicted values. 


