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Blubber is a multifunctional tissue essential to the survival of cetaceans. Histological assessment of blubber may be useful in determining odontocete nutritional state but a greater understanding of specific variation across the body is needed. We report on morphological variation of the blubber according to girth axes and sampling planes in a sub-adult male, bycaught false killer whale (Pseudorca crassidens) using metrics of blubber thickness (BT), adipocyte area (AA), and adipocyte index (AI). 48 full depth blubber samples were taken along 6 girth axes at 5 equidistant sampling points on both sides of the body. At these sampling locations BT was recorded, and AA and AI were determined for three distinct blubber layers. Linear mixed effect models were used to assess variation of the blubber across layers and body topography. BT was somewhat non-uniform across the body but was generally thicker in the dorsal region and thinner laterally. AA was greater cranially and AI was greater caudally. The middle and inner layer blubber showed significant differences dorsoventrally with larger AA and smaller AI in the ventral region of the body. Variation of the blubber metrics across the body are indicative of variable functions of the blubber within an individual. Due to the variability observed, we expect that AI of the dynamic inner layer blubber is most informative of overall body condition and that biopsy samples of the outer and middle blubber may still be useful in determining the nutritional status of live false killer whales.
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1 INTRODUCTION
There are three distinct population segments (DPS) of false killer whales in Hawai‘i. The insular main Hawaiian Islands (MHI) population was listed as endangered under the endangered species act (ESA) in 2012 due to its small population size and observed population decline over the previous two decades (Baird, 2009; Reeves et al., 2009; Oleson et al., 2010; NOAA Fisheries, 2021). The most recent abundance estimate for the MHI DPS is 167 (Bradford et al., 2018). An ESA recovery plan and implementation strategy describes 19 threats to the MHI DPS. Threats of most concern include incidental take and inadequate regulatory mechanisms; however, reduced prey availability and compromised health are additional threats that are likely to impact population health and need to be addressed (NOAA Fisheries, 2021).
An important aspect of the recovery plan and implementation strategy is the monitoring of health. Body condition assessment is commonly used to relate population health to foraging success and food availability (Lockyer, 1986; Williams et al., 2013; Castrillon and Nash, 2020; Raverty et al., 2020). Although acknowledged as an important aspect of population and individual health assessment, there is little consensus on the best method for determination of body condition of live cetaceans and a wide range of direct and indirect measures have been used across species (Kershaw et al., 2017; Castrillon and Nash, 2020; Derous et al., 2020). Most methods focus on measures of blubber quantity; however, these methods can be complicated due to the heterogeneity of form and function of blubber within an individual and between species (Castrillon and Nash, 2020). In this study, measures of blubber quantity, using blubber thickness (BT) as well as blubber histology metrics as proxies, are considered in the context of better understanding false killer whale blubber complexity and body condition.
Blubber is a complex and specialized fat tissue characteristic of all marine mammals, and metrics are needed to determine energetic status and condition. Quantity of blubber is commonly used as an assessment of available energy storage however other tissue properties may be more meaningful due to the multifunctionality of the blubber in cetaceans. Blubber is made of densely packed adipocytes surrounded by collagenous fibers and is variable in the relative density of collagenous fibers, degree of vascularity, and size of adipocyte cells across blubber layer and body topography in a variety of cetacean species (Lockyer, 1986; Ahima and Flier, 2000; Koopman et al., 2002; Struntz et al., 2004; Iverson, 2009; Gómez-Campos et al., 2015). Furthermore, blubber morphology and function may be different among species and groups illustrating that an assessment of blubber quantity must be species specific to ensure meaningful results (Castrillon and Nash, 2020). Recent studies have used histological measurements of adipocyte area (AA) and adipocyte index (AI) of blubber to assess nutritional status in cetaceans (Castrillon et al., 2017; Druskat et al., 2019; Currie et al., 2021). AA is a measurement of the surface area of adipocyte cross sections in hematoxylin and eosin (H&E) stained blubber slides. It is commonly used as a proxy for blubber quantity in cetaceans (Castrillon and Nash, 2020; Struntz et al., 2004; Gómez-Campos et al., 2015). The AI was introduced as an alternative to measuring the more time-consuming AA metric in a study examining blubber biopsies from humpback whales taken at different times during the fasting season in a southern ocean population (Castrillon et al., 2017). While this study found that the two metrics, AA and AI, were correlated, AI has not previously been examined in a comprehensive way as a proxy for blubber quantity in odontocetes. We assessed both AA and AI and describe their relationship and utility in examining blubber quantity and nutritional status in the false killer whale.
In this study we establish baseline values of blubber quantity metrics according to morphology in a presumed healthy sub-adult male false killer whale and provide recommendations for the application of these metrics when assessing body condition in this species, including the use of biopsy samples collected from live false killer whales. Specific objectives included: 1) Examination of the relationship between AA, AI, and BT in an individual false killer whale; 2) Comparison of BT by girth, AA, and AI according to blubber layer and by girth; 3) Comparison of BT by body plane, AA, and AI according to blubber layer and by body plane; and 4) Assessment of the utility of BT, AA, and AI measurements when scoring the body condition of individual false killer whales.
2 MATERIALS AND METHODS
2.1 Sample collection
On 6 December 2019, a fishery interaction resulted in the mortality of a sub-adult male false killer whale. The National Oceanic and Atmospheric Association Fisheries Service Pacific Islands Region Observer Program recovered the carcass and stored it in an onboard freezer until the vessel returned to Honolulu the night of 18 December 2019. Upon arrival the animal was transported to the University of Hawai‘i Health and Stranding Lab and frozen until necropsy on 4 February 2020.
The individual appeared to be in good body condition, weighed 221 kg and had a total body length of 277 cm. Histopathological examination of the testes indicated the animal was immature at time of death. A full stomach was noted upon necropsy with intact and partially digested mahi mahi (Coryphaena spp.) fishes present. The false killer whale length and weight were compared to a growth curve based on repeated measures of 12 captive false killer whales (Kastelein et al., 2000). Based on length this individual weighed 19 kg less than expected however Kastelein et al. (2000) suggested that the growth curve equation overestimated weights of wild animals. Growth curve results and the absence of pathological findings indicative of poor nutritional status support the assumption that the bycaught false killer whale was in good body condition. An extensive blubber sampling protocol, including 48 sampled locations, was conducted during necropsy to generate baseline data on AA, AI, and BT across topographical regions of this presumed healthy false killer whale (Figure 1).
[image: Figure 1]FIGURE 1 | (A) Visual representation of blubber sampling locations across the left side of the false killer whale body. Vertical lines represent six anatomically identified girth axes, horizontal lines represent five equidistant sampling planes. Square gray boxes show the locations at which blubber was sampled during necropsy. While not illustrated here, the dorsolateral, lateral, and ventrolateral sampling planes were mirrored on the right side of the animal’s body at all girth axes resulting in a total of 48 sampled locations across the body topography. (B) Illustration of a single blubber sample and the three blubber layers. Illustrations created by Conner Humann and Jana Phipps using Procreate digital illustration app and Photoshop.
At the time of necropsy, blubber core samples were cut to encompass the full blubber layer from the epidermal skin layer to the muscle blubber boundary that is characterized by a thin layer of loose connective tissue. At each location sampled BT was recorded. Cross sections of the full blubber layer taken from blubber core samples were approximately 2 cm wide and 0.25 cm thick and were fixed in 10% buffered formalin at the time of sampling for histological processing. Blubber has a very high lipid content that protects the tissue from significant change due to freezing (Pond and Mattacks, 1985). Furthermore, the examination of the blubber using histology methods described in previous studies either included freezing as a consistent step in processing or potential changes were considered negligible to resulting findings (Castrillon et al., 2017; Koopman et al., 2002; McClelland et al., 2012).
Blubber samples were collected from eight points around six anatomically identified girth axes of the animal, resulting in a total of 48 sampling locations across the entire body topography (Figure 1). The girth axes included the anterior and posterior insertions of the pectoral fin, the anterior and posterior insertions of the dorsal fin, and the middle of the genital and anal slits. Previous odontocete blubber quantity studies suggest that locations cranial to the anterior pectoral fin may confound data regarding the energy storage function of blubber as the head contains acoustic fats which are distinct in function and morphology and not a focus in this investigation (Norris, 1968; Ackman et al., 1971; Koopman et al., 2002; Gómez-Campos et al., 2015). Equidistant sampling planes were identified along each of the anatomically identified girths. Sampling took place at the dorsal ridge and ventral most locations at each girth, at the midline on each side of the body, at a midpoint between the midline and dorsal, and midline and ventral locations, totaling eight locations. These were then categorized as five sampling planes to include the dorsal, dorsolateral, lateral, ventrolateral, and ventral planes (Figure 1).
Girth measurements and BT were also obtained using measuring tapes and electronic calipers at each location where blubber was sampled.
2.2 Histological preparation and imaging
Fixed blubber tissue samples were embedded in paraffin and the resulting blocks were cut into five-micron sections and mounted onto glass slides (Parlee et al., 2014; Castrillon et al., 2017). Slides were stained with H&E for histological analysis using standard protocols. All tissue embedding and slide processing was conducted at the Histology and Imaging Core Facility at the University of Hawai‘i, John A. Burns School of Medicine.
Slides were viewed using an Olympus BX-41 microscope at ×100 magnification and grey scale images were captured using a Jentopix Gryphax Arktur digital camera. From each slide three images were taken of each of the three stratified layers of blubber: outer, middle, and inner layers (Figure 2). Based on descriptions and imaging in previous studies of bottlenose (Tursiops truncatus) and striped dolphins (Stenella coeruleoalba) each layer was visually identified by the relative amount of structural and connective tissue observed through the depth of the blubber (Montie et al., 2008; Gómez-Campos et al., 2015). The outermost layer just below the dermis appeared darker by H&E stain due to more connective tissue; dermal tissue was also visible adjacent to the outer blubber layer. The middle blubber layer had characteristically lighter H&E staining and adipocytes were more evenly distributed in comparison to the outer and inner layers (Figure 2). The innermost layer had qualitatively more variable cell size and structure, the H&E stain was moderate in intensity and this layer was directly adjacent to the loose connective tissue layer that separates blubber from muscle (Figure 2) (Struntz et al., 2004; Montie et al., 2008; Gómez-Campos et al., 2015). Nine images from each slide were used in image analysis of AA and AI.
[image: Figure 2]FIGURE 2 | Example images of blubber from three visually identified layers in a single slide made from a full depth blubber sample. Blubber layer indicated by label above each image in panel. Pink stained areas of blubber indicates connective tissue stained, white unstained areas indicates adipocyte vacuolar space. Images taken by Jana Phipps using Jentopix Gryphax Arktur digital camera mounted on an Olympus BX-41 microscope at × 100 magnification.
2.3 Image analysis
2.3.1 Adipocyte area (AA)
Using previously described methods open source Adiposoft Image Analysis software was used in the FIJI (ImageJ) interface to measure a minimum of 100 adipocytes per image (Galarraga et al., 2012; Schindelin et al., 2012; Parlee et al., 2014; Castrillon et al., 2017). The Adiposoft software output was manually corrected to ensure the quality of overall estimate of adipocyte size. Manual correction included the deletion of incorrectly identified cells as well as the identification of cells missed in the processing of the image. All cells measured in an image were used to determine an average AA for that image. This average AA measurement was then used for data analysis.
2.3.2 Adipocyte index (AI)
In addition to the more commonly used AA metric we also assessed the recently described AI measurement that utilizes the threshold tool in FIJI (ImageJ) to determine a ratio value of intervacuolar space to the lipid filled adipocyte vacuolar space, estimating the relative lipid storage of the tissue sampled (Shapiro and Stockman, 2001; Ferreira and Rasband, 2012; Schindelin et al., 2012; Castrillon et al., 2017).
Gray scale images were uploaded into ImageJ and the threshold tool was set to darken all but the vacuolar space of the adipocyte at the discretion of the analyst. In Castrillon et al., 2017 a constant threshold value was set for the humpback whale blubber, however, in this study the threshold value was manually adjusted to best fit for each image. This step was taken due to the variability of stain intensity with blubber sample depth (Montie et al., 2008; Gómez-Campos et al., 2015). Once a binary image was produced using the threshold tool the number of black and white pixels were individually measured; black pixels represented connective tissue and white pixels represented adipocyte vacuolar space. A ratio of black:white pixels was calculated that represented the energy reserve exhibited in the image, a larger AI was suggestive of a sample with less relative lipid energy stored, a smaller AI was suggestive of a larger relative amount of lipid energy stored.
2.4 Data analysis
AA, AI, and BT data were evaluated for normal distribution and homogeneity of variance using Kolmogorov-Smirnoff goodness of fit and Levene’s test for equality of variance. When all sampled layers were combined into a single sample set the assumptions of normality and homogeneity were not met for AA and AI values even after transforming the data. Potential relationships between AA, AI, and BT were evaluated using Spearman’s method of correlation.
Kruskal–Wallis one-way analysis of variance and Dunn’s multiple comparisons for non-parametric data were used to assess differences in AA and AI metrics across blubber layers. Linear mixed effect models with Tukey’s multiple comparisons were used to examine the variability of AA and AI across girth axes and sampling planes by individual blubber layer because of the distinct differences in values observed between each layer.
Mixed effect models were used to assess the effect of girth axes and sampling plane on the AA, AI, and BT measurements. To assess the effect of girth axis it was identified as the fixed effect in the model and sampling plane was designated as the random effect. The random and fixed effects were reversed to assess the effect of sampling plane. The mixed model method allowed for one factor of sampling, either girth axis or sampling plane, to be the focus of the analysis while variability from the other or from an interaction of effects was discounted by being categorized as a random effect (Bates, 2007). All statistical analyses were performed using R Studio open-source software environment, mixed effects models were run using the package lme4, standard error calculated using the package psych. Figures were created in R Studio using ggpubr, ggplot2, and ggsci packages (v3.6.2; Rstudio Team, 2020).
3 RESULTS
3.1 Blubber thickness (BT)
BT measurements were recorded for all 48 sampled locations and the average thickness among all sampling locations was 16.57 ± 0.56 mm (range: 11.02–28.52 mm). BT was examined across girth axes in the individual false killer whale and did not follow a clear pattern. The smallest average BT was found at the anterior pectoral and posterior dorsal girth axes, averaged 14.83 ± 1.76 mm and 13.9 ± 1.14 mm respectively, and were not significantly different from one another. The largest average BT was observed in the posterior pectoral girth axis which averaged 18.48 mm ± 1.58 and was significantly different from both the anterior pectoral and posterior dorsal girth axes. The largest variation within individual girth axes was observed at the posterior dorsal girth axis where BT ranged between 11.02 and 28.52 mm with large variation also evident at the anal girth axis (Figure 3A).
[image: Figure 3]FIGURE 3 | Linear mixed effect models illustrating average BT across girth axes (A) and sampling planes (B). Girth axes labeled with 1-2 letter identifier, “AP” = Anterior Pectoral, “PP” = Posterior Pectoral, “AD” = Anterior Dorsal, “PD” = Posterior Dorsal, “GS” = Genital slit, “A” = Anus. Sampling planes labeled with 1-2 letter identifier, “D” = Dorsal, “DL” = Dorsolateral, “L” = Lateral, “VL” = Ventrolateral, “V” = Ventral. Significant differences between factors illustrated by lowercase letters above each bar graph. Groups with any shared letters are not significantly different to each other. Error bars represent standard error.
BT was also examined according to sampling planes. The highest average thickness was observed in the dorsal plane, 21.5 ± 2.87 mm, and this plane was significantly different from all other body planes except for the ventral and ventrolateral planes. The dorsal plane also exhibited the greatest variation in BT measurements among the body planes examined, ranging between 13.68 and 28.52 mm. The smallest average BT value was observed at the lateral plane measuring 14.06 ± 0.52 mm, and this was significantly different from the dorsal and ventrolateral planes (Figure 3B).
When looking at the BT data across the whole body of the individual the location with the largest BT measurement was at the posterior pectoral girth in the dorsal plane, with a measure of 28.52 mm and the smallest BT was located at the posterior dorsal girth in the lateral plane with a measure of 11.02 mm.
3.2 AA and AI comparison by layer
AA and AI were examined according to blubber layer. AA and AI both varied significantly between blubber layers (p < 0.05). The outer layer adipocytes had the smallest average AA (933.10 ± 8.92 μm2, range: 663.84–1,208.93 μm2), the middle layer the largest average AA (2,342.04 ± 38.53 μm2, range: 1,503.35–1914.59 μm2) and the inner layer an intermediate average AA (1866.67 ± 34.47 μm2, range: 1,001.73–2,922.51 μm2) (Figure 4A). An inverse relationship was observed in the AI values, with the largest AI observed in the outer layer (1.27 ± 0.03, range: 0.51–1.63), smallest in the middle layer (0.19 ± 0.01, range: 0.08–0.38), and intermediate in the inner layer (0.59 ± 0.02, range: 0.17–1.25) (Figure 4B).
[image: Figure 4]FIGURE 4 | Multiple comparisons of average AA and AI across layers. Blubber layer represented by unique color. Multiple comparisons showed significant differences between all layers in AA (A) and AI (B) data. Significant differences illustrated using lowercase letters above each bar graph. Error bars represent standard error.
3.3 Relationship between AA, AI, and BT
A significant and strong linear correlation was observed between the AA and AI values (rs = −0.875, p < 0.01) when compared among all sampling locations (Figure 5A). The overall relationship between AA and AI indicates distinct groupings by layer and a stronger correlation between AA and AI when data from all sampling locations is combined as opposed to the relationship between AA and AI on an individual layer basis (Figure 5A). When considering the individual layers separately, the middle layer was most strongly correlated (R2 = 0.49, p < 0.01), the inner layer weakly correlated (R2 = 0.2, p < 0.01) and the outer layer of intermediate correlation strength (R2 = 0.31, p < 0.01).
[image: Figure 5]FIGURE 5 | Linear correlation relationships between metrics of AA, AI and BT. Blubber layer identified by color and line shape. Outer layer data shown as orange dotted line, middle layer shown as blue solid line, inner layer shown as gray dashed line. (A) Linear correlations between AA and AI by Pearson’s method of correlation (inner R2 = 0.2, p < 0.01; middle R2 = 0.47, p < 0.01; outer R2 = 0.32, p < 0.01). (B) Linear correlations between AA and BT by Pearson’s method of correlation (inner R2 = 0.0019, p = 0.6; middle R2 = 0.00014, p = 0.89; outer R2 = 0.011, p = 0.21). (C) Linear correlations between AI and BT by Pearson’s method of correlation (inner R2 = 0.084, p = 0.00044; middle R2 = 0.0023, p = 0.57; outer R2 = 0.015, p = 0.14).
BT at each sampling location was also assessed for correlation with AA and AI on an individual layer basis. The correlations between BT and either AA or AI were not significant except for the relationship between inner layer AI and BT (p = 0.0004). R2 values were weak in all cases when comparing BT to either AA or AI (Figures 5B, C).
3.4 Topographical variation in AA and AI across girth axes
3.4.1 Outer layer AA and AI
Across girth axes AA and AI generally decreased and increased respectively from the cranial to caudal regions of the animal (Figures 6A, B). When the outer layer AA data was considered, the largest average AA was observed at the anterior pectoral axis and values were significantly different from all other girth axes except for anterior and posterior dorsal girth axes (Figure 6A). The smallest average AA was observed in the genital slit girth axis, but this was only significantly different from the anterior pectoral, anterior dorsal, and posterior dorsal girth AA values (Figure 6A). In the outer layer AI data, the smallest average AI value was observed in the anterior pectoral axis, and it was significantly different from the average AI values of all girth axes except for the posterior dorsal girth axis. The largest AI value was observed at the genital slit girth axis and was significantly different from all other axes apart from the anal girth axis (Figure 6B).
[image: Figure 6]FIGURE 6 | Linear mixed effect model of average AA and AI across girth axes subset by layer. Outer layer data shown in orange at top row of figure panel, middle layer shown in blue in middle row of figure panel, inner layer shown in gray in bottom row of figure panel. Significant differences identified by lower case letters above each bar graph. Groups with any shared letters are not significantly different to each other. Error bars represent standard error. (A) Outer layer AA, (B) Outer Layer AI, (C) Middle layer AA, (D) Middle Layer AI, (E) Inner layer AA, (F) Inner Layer AI. Girth axes for all plots shown using one to two letter identifier along X-axis of inner layer Panel 6E, F, “AP” = Anterior Pectoral, “PP” = Postersior Pectoral, “AD” = Anterior Dorsal, “PD” = Posterior Dorsal, “GS” = Genital slit, “A” = Anus.
3.4.2 Middle layer AA and AI
In the middle layer a general trend of larger AA and smaller AI cranially and smaller AA and larger AI caudally was observed. However, the general trend observed in the outer blubber layer was stronger in terms of statistical significance (Figures 6A–D). In the middle layer AA data, the largest average AA was observed at the anterior pectoral girth axis, and this was significantly different when compared to all the girth axes examined except for the posterior dorsal axis. The smallest average AA was observed at the genital slit axis but was only significantly different from the anterior pectoral and posterior dorsal girth axes (Figure 6C). Fewer significant differences were observed within the AI dataset when compared to the AA values. The largest average AI was observed at the anal slit girth axis and was only significantly different from the anterior pectoral girth axis (Figure 6D).
3.4.3 Inner layer AA and AI
The general trend of decreasing AA from the cranial to caudal regions in the outer and middle blubber layers was also observed in the inner layer AA but not the corresponding increase in AI (Figures 6E, F). The largest average inner layer AA was observed in the anterior pectoral girth axis, and it was significantly different from all other girth axes measured. The anus girth had the smallest average AA value, but this girth axis was only significantly different from the anterior pectoral and posterior dorsal girth axes (Figure 6E). In the inner layer the largest average AI value was observed in the posterior dorsal girth axis and the smallest in the posterior pectoral axis, which was different from the general trend observed in the outer and middle blubber layers. The only significant differences between inner layer AI girths were observed between the posterior dorsal and posterior pectoral axes (Figure 6F).
3.5 Topographical variation in AA and AI across sampling planes
3.5.1 Outer layer AA and AI
The largest average outer layer AA was observed in the lateral plane and the smallest in the dorsolateral plane and these two planes were significantly different from each other (Figure 7A). In the outer layer AI values, no significant differences were observed, with the highest average AI in the dorsolateral plane and the lowest in the lateral plane (Figure 7B).
[image: Figure 7]FIGURE 7 | Linear mixed effect model of average AA and AI across sampling planes subset by layer. Outer layer data shown in orange at top row of figure panel, middle layer shown in blue in middle row of figure panel, inner layer shown in gray in bottom row of figure panel. Significant differences identified by lower case letters above each bar graph. Groups with any shared letters are not significantly different to each other. Error bars represent standard error. (A) Outer layer AA, (B) Outer Layer AI, (C) Middle layer AA, (D) Middle Layer AI, (E) Inner layer AA, (F) Inner Layer AI. Sampling plane for all plots shown using 1-2 letter identifier along X-axis of inner layer Panel 7E, F, “D” = Dorsal, “DL” = Dorsolateral, “L” = Lateral, “VL” = Ventrolateral, “V” = Ventral.
3.5.2 Middle layer AA and AI
The largest AA value observed in the middle blubber layer was in the ventrolateral plane and this was not significantly different from any other plane except for the dorsolateral plane. The dorsolateral plane had the smallest average AA value and was also significantly different from the ventral plane (Figure 7C). The largest AI value in the middle blubber layer was observed in the dorsolateral plane and was significantly different from the ventral and ventrolateral planes. The smallest average AI was observed in the ventrolateral plane and was significantly different from all the sampling planes except for the ventral plane (Figure 7D).
3.5.3 Inner layer AA and AI
In the inner layer AA data, the smallest average AA was observed in the dorsolateral plane and this plane was also significantly different from the ventral and ventrolateral planes (Figure 7E). In the inner layer AI values, an inverse relationship to AA was observed (Figure 7F). The inner and middle layer AA and AI values indicated that dorsolateral planes were significantly different from the ventral and ventrolateral planes (Figure 7).
4 DISCUSSION
This is the first study to our knowledge that links BT measurements to blubber histology metrics at the same body locations to assess the relationship among these metrics in cetaceans. Previous studies have considered BT across topography and its relation to other morphological metrics including length and mass, biochemical metrics such as lipid content and protein content, as well as studies relating thickness to measures of AA (Lockyer et al., 1985; Koopman et al., 2002; Struntz et al., 2004; Dunkin et al., 2005; Miller et al., 2011; Gómez-Campos et al., 2015; Irvine et al., 2017; Kastelein et al., 2018). We add to this body of knowledge with analysis of AA and AI from more topographical locations than previously assessed in an individual odontocete. Changes in AA and AI across the body and between blubber layers support region specific functions of blubber that vary by blubber layer and contribute to informing the potential application of these metrics as body condition indices.
4.1 BT across body topography
Direct measurement of BT at 48 locations along six girth axes and five body planes of a false killer whale that was presumed in good body condition was compared to histological blubber metrics at the same locations. Average BT varied across the girth axes and sampling planes of the body. The largest averages of BT were observed in the dorsal plane and the posterior pectoral girth axis, and the smallest were in the lateral plane and posterior dorsal girth axis with up to a 62% difference in thickness (Figure 3). Non-uniformity in BT across the body has been documented in several marine mammals (Lockyer, 1986; Doidge, 1990; Koopman, 1998; Koopman et al., 2002; Hamilton et al., 2004; Caon et al., 2007; Noren et al., 2015; Noren et al., 2021). This variation supports the diverse functions of the blubber across the body. The thoracic-abdominal region is important to insulation and short-term energy reserve and the caudal region is more important to locomotion and heat dissipation in harbor porpoises (Phocoena phocoena) (Koopman, 1998; Koopman et al., 2002). In both harbor porpoises and franciscanas (Pontipora blainvillei) greater variability across sampling planes in the caudal region of the body is attributed to the importance of keel stability for movement (Hamilton et al., 2004; Caon et al., 2007). We found the highest variability in BT in the anal girth suggesting a similar function in the false killer whale (Figure 3).
While BT variation within the body of odontocetes is well documented, there is less support for a correlation with body condition. BT has been used as an indicator of overall body condition in many cetaceans, however it appears to be more suited to determination of baleen whale health in comparison to odontocete body condition and nutritional status (Kershaw et al., 2018; Castrillon and Nash, 2020; Derous et al., 2020). In sperm whales (Physeter macrocephalus), franciscanas, harbor porpoises, and beluga whales (Delphinapterus leucas), BT was not indicative of nutritional or reproductive state suggesting it is not a good indicator of body condition (Read, 1990; Evans et al., 2003; Caon et al., 2007; Larrat and Lair, 2022). Smaller odontocetes may maintain a more consistent BT because of the ability to feed often and the importance of thermoregulation for a smaller body size (Gearty et al., 2018; Kershaw et al., 2018). The relationship between the BT metric and the histology metrics AA and AI were not correlated in this study except for the inner blubber AI and BT (Figure 5C). These results suggest that BT is not a strong indicator of nutritional or reproductive status in false killer whales with the caveat that our data are based on examination of one sub-adult animal.
4.2 Stratification of the blubber
Blubber histology metrics indicated clear morphological stratification of the three sampled blubber layers consistent with histological identification of layers (Figure 4). Findings aligned with previous studies in other cetacean species where the different layers were visually identifiable based on H&E stain intensity (Montie et al., 2008; Gómez-Campos et al., 2015; Castrillon and Nash, 2020). In South Africa, adipocyte cell size, number, and stain density were different among blubber layers in Indo-Pacific bottlenose dolphins (Tursiops aduncus) and common dolphins (Delphinus delphis) but not in Indian Ocean humpback dolphins (Sousa plumbea) as blubber stratification was not observed in this species (Roussouw et al., 2022). In this study, the false killer whale outer layer had the smallest cell size and the largest AI data, indicative of increased connective tissue in this layer. The middle layer had the largest average AA and smallest AI, and the inner layer was intermediate in both AA and AI data (Figure 4). This relative comparison in a false killer whale followed the same pattern as previously described in striped dolphins, Indo-Pacific bottlenose dolphins, and common dolphins (Gómez-Campos et al., 2015; Roussouw et al., 2022). Regarding striped dolphins, it was hypothesized that these differences among layers were related to variable function of blubber (Gómez-Campos et al., 2015).
4.3 Histological metrics across the body topography
Blubber samples from six girths axes and five body planes exhibited variation in the blubber histology indices of AA and AI across body regions (Figures 6, 7). AA and AI variation was assessed by layer due to the stratified structure of the blubber that was observed across the entire body of the animal. Larger average AA values were seen in anterior most girth axis, the anterior pectoral axis, and the posterior dorsal girth axis as well as the two most ventral sampling planes. AI values were higher towards the caudal end of the body and in the dorsal and dorsolateral planes, however, AI differences were not significant in the outer blubber layer across all girth axes and planes.
Regional variability in the blubber has been described from previous studies that have used blubber histology metrics, as well as morphology and biochemical methods to assess differences in the blubber across the body in a range of cetaceans including striped dolphins, harbor porpoises, short-finned pilot whales (Globicephala macrorhynchus), common dolphins, fin (Balaenoptera physalus), sei (Balaenoptera borealis), and minke whales (Balaenoptera acutorostrata) (Lockyer et al., 1985; Koopman, 1998; Tornero et al., 2004; Christiansen et al., 2013; Gómez-Campos et al., 2015; Noren et al., 2021). The high AA and low AI values in the anterio-ventral body region of this false killer whale with good nutritional status are consistent with lipid storage function. In striped dolphins, harbor porpoises, and common dolphins increased adipocyte numbers and size and increased lipid content from dorsal to medio-ventral planes in the anterior to mid region of the body have been observed (Koopman, 1998; Tornero et al., 2004; Gómez-Campos et al., 2015). Furthermore, variation of blubber in the anterio-ventral region in harbor porpoises and common dolphins of different nutritional status highlights this region as important to insulation and energy storage (Koopman, 1998; Koopman et al., 2002; Tornero et al., 2004).
The significant differences of AA and AI across girths and planes were also observed among the blubber layers. Significant differences between AA and AI across sampling planes were most pronounced in the middle and inner blubber layers (Figures 6, 7). This may be due to the functional stratification of the blubber in false killer whales as has been observed in other species using histological, lipid quantification, and biochemical methods. Outer layer blubber has been hypothesized to act as a stable mechanical barrier in fin whales and striped dolphins that is less likely to change with physiological state (Aguilar and Borrell, 1991; Gómez-Campos et al., 2015).
In the false killer whale, the middle layer blubber had significant regional differences with larger adipocytes and less connective tissue in the cranial and ventral regions of the body. AI values were consistently small in this layer with less variation than in outer and inner blubber layers. These characteristics suggest that the middle layer blubber may function more as a stable lipid reservoir serving thermoregulatory and buoyancy functions as reported in bottlenose and striped dolphins (Montie et al., 2008; Gómez-Campos et al., 2015).
The inner layer AA and AI values were similar to the middle layer but there was more variability in AI. AA values were intermediate in size compared to the outer and middle layers. This may suggest that the inner layer blubber of the false killer whale is a highly dynamic tissue that changes in response to energy requirements associated with starvation or reproduction as has been observed in several other cetacean species (Aguilar and Borrell 1991; Koopman, 1998; Koopman et al., 2002; Struntz et al., 2004; Montie et al., 2008).
4.4 Application
Our findings of large AA, small AI, and higher BT measurements in the cranial and ventral body regions suggest a higher likelihood of detecting changes in this area which is important in assessing nutritional status and overall body condition. However, this presents a challenge for assessments of live, free-ranging cetaceans, as the anterio-ventral region of the body is not easily accessible for sampling. Biopsy sampling is widely utilized for the collection of small skin and blubber samples from live cetaceans, but biopsy sampling targets the dorsolateral plane near the dorsal fin and blubber of incomplete depth. BT measurements are therefore not useful from biopsies as the entire blubber depth is not sampled, specifically the inner layer blubber is often missed, which we anticipate is the most dynamic of the blubber layers. In odontocetes, biopsy depth typically reaches the middle blubber layer which should be preferentially measured for AA and AI metrics over the outer layer when possible. We observed the largest AA in the middle layer, supporting an important role in energy storage, and more pronounced significant differences across sampling regions when compared to the outer layer. When comparing the body location of biopsy sampling to our findings, our results demonstrated that the middle blubber layer AA and AI were not significantly different between the dorsal and dorsolateral plane and only few significant differences were apparent among girth axes from this general region of the body. We anticipate that AA and AI data from the outer or middle layer would be comparable among animals and that the exact location is not needed to provide a representative sample. Prior measures of AA and AI from biopsies collected from southern hemisphere humpback whales demonstrated that it was possible to identify fasting and feeding groups in one study (Castrillon et al., 2017) and sex ratios were correlated with blubber biopsy AA measures in another (Druskat et al., 2019). To our knowledge, AA and AI have not yet been compared in blubber of biopsied odontocetes although AA and AI values were consistent with drone derived body condition assessments in a limited number of pygmy killer whales involved in a prolonged mass stranding event (Currie et al., 2021). Measurement of blubber AA and AI in biopsies has the potential to serve as a valuable tool for conducting overall body condition assessments in odontocetes.
4.5 Future investigation
Further work on false killer whales should involve measurements of AA and AI from additional animals that represent different sex, age class, and nutritional status. This is an important step to verifying blubber layers and body regions that can be targeted when attempting to detect changes in body condition among or within individuals. Based on our study, we hypothesize that the anterior and ventral regions, most important to lipid storage, would be different across individuals with varied overall body condition. As this animal was killed by a known fishery interaction it provides valuable baseline data that are representative of a sub-adult male. Similar investigations of additional animals are necessary to confirm that our BT and histology findings are consistent among sub-adults and adults as previous studies have shown that blubber composition and morphology may differ among reproductive status (Lockyer et al., 1985; Koopman, 1998; Konishi, 2006; Gómez-Campos et al., 2015; Roussouw et al., 2022).
Our study was restricted to blubber morphology and histological metrics, but our results demonstrated variation in these blubber characteristics across body regions and by layer. Further investigation into the specific types of lipids, proteins, and metabolites in blubber may provide additional insight into the variability of functionality both among blubber layers and across the body topography (Kershaw et al., 2018). Fatty acid profiles of a variety of species have indicated that the blubber is biochemically stratified. In bottlenose dolphins, polyunsaturated fatty acids deposited in the inner layer are believed to be used for later mobilization whereas the more stable outer layer has a higher concentration of monounsaturated fatty acids, hypothesized to be important for thermoregulation (Samuel and Worthy, 2004; Smith and Worthy, 2006). Considerable investigation has focused on the bottlenose dolphin and other small odontocete species, but limited study of the blubber of false killer whales has been conducted. This is despite the global distribution of the species and the endangered status of an endemic population in Hawai‘i where reduced prey availability and compromised health may represent significant threats.
In conclusion, we established baseline data regarding the variation of blubber morphology and histology across the body of a presumed healthy sub-adult false killer whale. False killer whale blubber was found to be distinctly stratified across blubber depth and non-uniform across body topography. While this study is limited in its inclusion of a single animal, our results are generally in agreement with previously published literature from odontocetes that suggests the inner layer blubber in the anterior-ventral region of the body is the most sensitive to change with nutritional status. We anticipate that blubber histology metrics obtained from biopsy samples is likely to be useful in the evaluation of overall body condition in live false killer whales.
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