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1 ABSTRACT 

1.1 Objective    
This study RC-2337 responded to SERDP’s request for proposals SISON-11-02 ‘Behavioral 
Ecology of Cetaceans’.  The risk of harm to cetaceans from underwater noise is an important 
environmental and regulatory issue faced by the DoD.  Long-term consequences of disturbance 
are particularly difficult to quantify.  Noise may reduce foraging rates and thereby health of 
individual animals which could then negatively impact survival and reproduction ultimately 
affecting vital rates of populations.  Lipid-store body condition, defined here as the quantity of 
lipid store carried by an animal, is a measure of individual health which has been shown to be a 
good predictor of offspring survival and reproductive success in seals.  Body condition is thought 
to influence how animals broadly trade-off foraging and anti-predator behaviors, and modulates 
responses to natural and anthropogenic disturbance. Unfortunately, for free-ranging cetaceans that 
cannot be captured for study, it is not possible to use the ‘gold-standard’ method to measure lipid 
store in mammals (isotope dilution), though indicators of body condition have been developed 
using visual observation, measurement of body shape from photogrammetry, and analysis of 
remotely collected biopsy samples of blubber.    
 
In this study, we develop and cross-validate a novel, state-of-the-art non-invasive method to 
measure total body lipid-stores of free-ranging cetaceans based upon their tissue body density.  
Tissue body density measures from individual animals are compared to two independent indicators 
of body condition: body shape and lipid and steroid hormonal markers in blubber.   We describe 
how these three measures of body condition vary with reproductive status, location, and timing in 
relation to feeding and fasting cycles.  Finally, we explore how body condition of individuals 
relates to behavioral time budgets, focusing on foraging effort versus resting and/or anti-predator 
behaviors. 
 
1.2 Technical Approach 
Fieldwork efforts were conducted with two key species:  the beaked whale Hyperodoon ampullatus 
(northern bottlenose whale) and mysticete whale Megaptera novaeangliae (humpback whale), 
after we demonstrated that it was possible to calculate body tissue density from those species.  A 
beaked whale was selected based upon their sensitivity to naval sonar signals, and a mysticete 
whale based upon their known cycling of lipid fat stores across annual fasting and feeding seasons.  
Measurement of body density was conducted via analysis of gliding performance from data 
collected by an external tag attached to the body using non-invasive suction cups.   Body density 
determines the overall buoyancy of cetaceans in seawater, which affects speed changes during 
glides in the ascent and descent phases of cetacean dives.  State-of-the-art Bayesian statistical 
techniques simultaneously account for the effects of diving air volume and body drag on gliding 
performance, providing a rich set of physiological measurements.  The same animal-attached tag 
records high-resolution behavioral data used for classification of functional feeding and anti-
predator behaviors, enabling exploration of how body condition relates to foraging time budgets. 
 
In addition to concurrent attachment of suction cup tags, fieldwork efforts focused on collection 
of measurements of body shape and remote biopsy sample collection including external blubber 
layers.  Following evaluation of an approach to measure body shape using a 3-dimensional 
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scanning sonar, we systematically used digital photography from Unmanned Aerial Vehicles 
(UAV) to collect body shape images of humpback whales.  Analysis of photogrammetry images 
entailed calculation of body width versus length, which we quantified using a length-standardized 
surface area index (LSSAI).  Collection of biopsy samples from tagged animals enables both 
estimation of female reproductive status and estimation of lipid-store body condition based upon 
blubber lipid content or hormone concentrations.  Hormonal and potential proteomic approaches 
to quantify body condition were tested and refined based upon analysis of tissue samples obtained 
from stranded or by-caught cetacean carcasses.  Blubber cortisol concentration was found to 
correlate with body condition based upon morphometric condition indices of stranded cetaceans, 
so was used as the primary hormonal indicator of body condition in this study.  Proteins in blubber 
using a ‘shotgun’ proteomic approach were also explored in relation to body condition. 

1.3 Results 
During project RC-2337, we successfully conducted multiple field efforts with 3 excursions to 
study northern bottlenose whales off Jan Mayen, Norway (June 2014-2016) and 7 excursions early 
and later in the feeding season for humpback whales in the Gulf of St Lawrence, Canada (3 during 
June-September 2016-2017) and northern Norway (4 during May-January 2014, 2016-2018).  
Additional tag data for these species were obtained during Limited Scope fieldwork in the Gully 
and Gulf of St Lawrence funded by SERDP prior to commencement of this full project, and from 
collaborating partners.   Calculation of tissue body density was successfully accomplished for the 
two target species, and another deep-diving delphinidae Globicephala melas, the long-finned pilot 
whale.  In all species studied, tissue body density modulated swimming patterns during ascent and 
descent phases of dives, with more gliding in the direction aided by buoyancy.  Northern bottlenose 
whales were found to have individual differences in tissue body density, but the range of observed 
densities (1028.4 to 1033.9 kg m−3) over 21 tag deployments in the Gully and Jan Mayen was 
narrow compared to what we measured for humpback whales (1027.8 to 1050.8 kg m-3.) over 59 
tag deployments in Canada and Norway, indicating that unlike humpback whales that cycle lipid 
fat stores seasonally, free-ranging bottlenose whales maintain an allostatic body condition, 
probably by continuous feeding.  Interestingly, bottlenose whales tagged off Jan Mayen had a 
consistently lower tissue body density, indicating larger lipid stores, than whales tagged off Nova 
Scotia, Canada.  Greater deviations away from neutral buoyancy observed in the Gully animals 
may entail higher dive transit swimming costs, indicating greater metabolic requirements than 
occur for bottlenose whales off Jan Mayen. 

As predicted for humpback whales, tissue body density was higher (indicating smaller lipid stores) 
early in the feeding season and lower (indicating greater lipid stores) later in the feeding season. 
Statistical analysis indicated that across both Norway and Canada, tissue body density of whales 
decreased by 0.03 kg m-3 per day, or 2.7 kg m-3 over 90 days of the feeding period.  A similar 
seasonal trend was found for the body shape measure LSSAI of 55 humpback whales for which 
photogrammetry images were taken using a drone UAV, indicating whales were wider per unit 
length later in the feeding season.  Reproductive status also influenced tissue body shape with 
lactating females being thinner per unit length than other adult females, as expected.   We found a 
strong statistical correlation between LSSAI and tissue body density with wider adult humpback 
whales having a lower body density, as predicted (N = 18).  In contrast, cortisol concentrations of 
73 blubber samples of humpback whales did not vary with season and did not correlate with tissue 
body density or LSSAI across the 33 tagged animals for which biopsy samples were also collected. 



3 

However, we found a strong trend between body density and cortisol across 9 pregnant females, 
those with lower tissue density (hence greater lipid stores) had higher cortisol concentrations. 
Whilst blubber cortisol concentrations per se were not a useful quantitative indicator of condition, 
our validation studies (and recently additional published studies in cetaceans) indicate they provide 
information on the metabolic state of the tissue at the time of sampling, where high concentrations 
are seen in animals mobilizing fat and lower concentrations are seen when fat is being deposited.  
Thus, overall, the  strongest  and statistically significant correlation  was  found  between  tissue 
body  density  and  LSSAI for adult humpback whales  (R2=29.9%,  N=18).  

As expected for whales tagged during the feeding season, production of echolocation click buzzes 
by northern bottlenose whales and performance of underwater lunges by humpback whales 
indicated active feeding by animals tagged in our study.  Humpback whales a spent relatively large 
amount of time in foraging in both the early (68 ± 19%, range, 17-92%, n = 17 whales) and middle 
season (61 ± 38%, range, 7-93%, n = 4 whales) in Canada.  Tagged whales in Norway spent 
relatively little time foraging in the late season (18 ± 24%, range, 0-62%, n = 10 whales) compared 
with the early season (42 ± 31%, range, 17-92%, n = 14 whales). Indeed, time spent feeding 
substantially decreased with decreasing tissue body density. The result suggests lipid store body 
condition affects feeding behavior and that relatively fat humpback whales might be less motivated 
to feed, as predicted by starvation-predation tradeoff theory.  Intriguingly, the opposite trend was 
observed across the 15 northern bottlenose whales tagged off Jan Mayen.  Contrary to predictions 
of starvation-predation tradeoff theory, lower tissue body density (indicating a greater lipid store) 
was found to predict more foraging time and less anti-predator behavior, indicating that lipid-store 
body condition may be the consequence, rather than the driver, of foraging effort over the narrow 
ranges of body condition observed for northern bottlenose whales. 

1.4 Benefits 
This study has made several fundamental advances in methods to estimate body condition of free-
ranging cetaceans, and our understanding of the factors that can influence it.  The method of 
analysing gliding performance to estimate tissue body density has now been applied to several 
cetacean species, including a DoD priority beaked whale and a relatively shallower-diving baleen 
whale.  This confirms that the tissue body density method can be a widely-applicable tool, enabling 
routine measurement of body condition of free-ranging cetaceans.  As a tag-based method, it has 
the potential to enable longitudinal measurement of body condition changes in the same individual 
animal.  Long-term monitoring of the body condition of individuals can be a powerful tool to 
measure health changes that might arise from disturbance associated with DoD activities. 
Transition of this technology and its incorporation into a longer-duration tag, with onboard 
calculation of body density and satellite telemetry of the results, has been started under ONR 
funding. 

Our study has also confirmed that the camera-mounted UAV approach to measure body condition 
via photogrammetry is effective and correlates well with the body density approach to estimate 
full body lipid stores in humpback whales.  As a low-cost method that is even less invasive than 
suction-cup tagging, we expect that UAV approaches to measure body shape will also become 
more widely used to study body condition of free-ranging cetaceans.   Our study also showed that 
use of remotely collected biopsy samples to estimate body condition requires care as simple 
measures like lipid content are not reliable.  Hormones such as the glucocorticoids that are 
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upregulated in response to local tissue metabolic state and particularly when measured in 
combination with other regulatory proteins and peptides, have the potential to add valuable 
information on the energetic status of the animals at the time of sampling. 

These approaches have advanced our ability to measure body condition of this group of animals. 
By quantifying how natural factors of season and reproductive status affect body condition, this 
study enables fuller evaluation of the possible biologically-significant effects of disturbance on 
cetaceans, including by DoD activities. 
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2 OVERALL INTRODUCTION 

2.1 Background 
This project was conducted under the SERDP program SISON-11-02 ‘Behavioral Ecology of 
Cetaceans’. Many published effects of sonar on cetaceans include changes to biologically 
important behavior such as foraging (De Ruiter et al., 2013; Isojunno and Miller, 2015), social 
acoustic communication, and energy expenditure (Williams et al., 2017). The clear documentation 
of the short-term effects of sonar disturbance, due to acute exposures at sea, has led to concern that 
chronic exposure to disturbance might impact the longer-term health of individuals and 
populations of marine mammals (Southall et al., 2016). One of the important predicted impacts is 
that disturbed animals will be unable to feed effectively (Miller et al., 2009), and may expend more 
energy to find food due to relocation or avoidance responses (Miller et al., 2012c). To lead to a 
population-level impact, such effects have to lead to detrimental impacts on individual health, 
which then lead to effects on reproductive and survival rates (NRC, 2016).  

For marine mammals, the quantity of the lipid energy store is an intermediate health parameter 
that integrates such impacts with the foraging efforts of individuals (Figure 2-1), and ultimately 
should also be a good predictor of the fitness and reproductive health of populations. For example, 
in phocid grey seals (Halichoerus grypus), Hall et al., (2001) demonstrated that fat stores from the 
mother were an important predictor of the chances of first-year survival in her offspring. Because 
cetacean mothers also face extensive gestation and lactation demands, body energy stores are 
expected to be closely tied to reproductive cycles and ultimately to the reproductive success and 
survival of both mother and offspring.  

Figure 2-1. A conceptual framework to link responses to extrinsic stressors to vital rates of 
individuals and populations. Energy store status is one core aspect of the central feature ‘Health’ 
that links the physiology of individuals to their ability to survive, grow, and reproduce. Image from 
NRC, 2016. 
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Indeed, body condition has been demonstrated to be a predictor of fitness in many ways in addition 
to survival and reproductive success (Bradford et al., 2012; Moya-Larano et al., 2008), such as 
immune fitness (Eraud et al., 2005). Body condition can be defined in numerous ways, but is 
usually measured as nutritive condition, specifically the quantity of energy stores carried in the fat 
(lipid) stores (which in marine mammals is all stored as subcutaneous blubber) of an individual. 
The size of the lipid stores reflects an integration of metabolic costs and foraging success, but also 
reflects the reproductive needs of the individual in their life cycle (Miller et al., 2011). For 
example, for seals that breed on land, researchers have been able to quantify the resources required 
to produce offspring and the consequences of variation in resources on future survival and 
reproductive success (McMahon et al., 2000; Pomeroy et al., 1999). “Capital-breeding” seals, such 
as the grey seal, fast while breeding, and female fat stores transferred to the offspring predict first-
year survival and therefore reproductive success (Hall et al., 2001).  

The linkage between lipid-store body condition and vital rates of marine mammals has been the 
focus of recent research in the ONR-funded project: The ‘Population Consequences of Disturbance 
(PCoD) Working Group.’ That research established a modeling framework to connect disturbance 
events to effects on vital rates of populations, a key challenge to quantify the biological 
significance of noise (Figure 2-1, (NRC, 2005, 2016) and our project fits with this approach in 
addressing the key link between the exposure and response, through finding reliable ways of 
assessing health and energetic status in cetaceans. Evolutionary theory suggests that fitness of 
individuals can be optimized if organisms vary responses to their environment dependent on their 
status or condition (Rands et al., 2004). Animals in poorer nutritive condition should increase their 
foraging efforts, including increasing the risk of being predated upon, in order to increase their 
foraging success (Frid and Dill, 2002). Human disturbance may result in worsened body condition 
of affected individuals (New et al., 2013a), but little is known how effectively those individuals 
might be able to compensate for such effects by increasing their foraging effort.  

The state of the art method to measure lipid stores in mammals is isotope dilution (Reilly and 
Fedak, 1990), which requires injection of isotopic water, and subsequent extraction after dilution. 
This method is clearly only feasible for animals that can be held for several hours. Amongst marine 
mammals, this method has been used most widely with pinnipeds (e.g. Biuw et al., 2003) that are 
available for research when they haul-out on land. However, such measurements cannot be made 
for cetaceans that cannot be temporarily captured for study, or indeed for pinnipeds during the 
long periods of time they are away from land.  

Because lipids are less dense than other animal tissues, a consequence of changes in lipid stores is 
a change in overall body density; and measurement of body density is the state-of-the-art approach 
to measure fat content in humans (Fields et al., 2005). A critical tool for the study of body condition 
in elephant seals (Mirounga leonina) is that lipid store body condition can be estimated during 
drift dives (Biuw et al., 2003), in which the seal is passive in the water and its vertical drift rate is 
a consequence of its buoyancy in relation to body drag. Drift dives are known to be performed by 
only a few species (Aoki et al., 2011b), whereas gliding during descent and ascent phases of dives 
is a common behavior that increases when movement is aided by buoyancy (Miller et al., 2004a; 
Williams et al., 2000). Gliding periods can be identified unequivocally using accelerometers 
deployed on animals and sampled at more than twice the stroke frequency, which register animal 
thrusting movements (Sato et al., 2003). Sato et al. (2003) showed that percentage of time gliding, 
and ascent and descent rates of diving Weddell seals (Leptonychotes weddelli) were strongly 
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correlated to girth/length fatness ratios. Speed and acceleration of gliding bodies are a predictable 
outcome of identified forces (drag, buoyancy) acting upon them. Miller et al. (2004) used Dtags 
to measure acceleration in sperm whales (Physeter microcephalus) during ascent and descent 
glides and Watanabe et al., (2006) showed how body density can be measured from prolonged 
glides in seals.  

To date, three different methods have been demonstrated to estimate body density of divers from 
analysis of hydrodynamic performance during glides. The drift dive method (Biuw et al., 2003) 
requires animals to drift motionless at depth – a behavior limited to a few species. The all-glide 
method makes use of all available glides to fit a 3-term model of drag, air buoyancy, and tissue 
buoyancy and has been successfully used with Dtags on sperm whales (see Equation 1 in Methods 
below; Miller et al., 2004). The prolonged glide model (Watanabe et al., 2006) estimates body 
density from the terminal descent gliding velocity of a diving seal. Recent research in the Miller 
lab has validated these three methods with translocated Northern elephant seals (Mirounga 
angustirostris) whose fat content was measured using the isotope dilution method (see Biuw et al, 
2003). Three elephant seals were outfitted with Little Leonardo 3MPD3GT tags, a weight and 
float. The weight and float together were neutrally buoyant. All three methods gave a good 
correlation (r2 0.95-0.99) with density estimated from fat content derived from isotope dilution 
measurements (see Figure 3 in Aoki et al., 2011). Thus, in seals which can be more easily captured 
for blood measurements, the method to determine body condition from buoyancy-based methods 
has been tested against the ‘gold-standard’ method of isotope dilution (Reilly and Fedak, 1990). 

With large cetaceans that cannot be captured for isotope-dilution, alternative methods of estimating 
body condition have been developed and used in various studies (Nowacek et al., 2016). 
Measurement of blubber-thickness in the Northern right whale (Eubalaena glacialis) indicated 
that that blubber stores vary with reproductive status (Miller et al., 2011). Visual-assessment of 
body condition appears to be effective for certain species (Bradford et al., 2012). Overhead 
photogrammetry has been used successfully to measure shape changes of cetaceans in relation to 
reproductive status (Miller et al., 2012a; Perryman and Lynn, 2002). However, until recently this 
was achieved using fixed wing plans and helicopters. Recently, the capability of small UAV 
(drone) systems to make such photographic measurements of cetaceans has been demonstrated 
(Durban, 2015; Fearnbach et al., 2011). Measurements of shape changes over the fasting season 
of humpback whales have demonstrated the potential of UAV systems to track lipid-store body 
condition changes (Christiansen et al., 2016).  

Remote biopsy samples are often collected from large, free-living cetaceans, largely for genetic 
studies, for which only the skin is used. Thus recent investigations have demonstrated that the 
underlying blubber can be used for analysis of lipophilic hormones, particularly the steroids (Hunt 
et al., 2013). This resource could therefore also provide information on the nutritional or energetic 
status of the animals. For example, an alternative approach to estimate body condition from 
blubber samples, which has been explored is the analysis of its lipid content, which has been 
demonstrated to be a potential useful predictor of total energy stores (Aguilar and Borrell, 1990) 
particularly when coupled with other body measurements. As predicted from other mammalian 
species, blubber lipid content should be highly correlated with total body fat stores and may 
therefore provide a further, independent validation method for the body density estimates. 
However, this has only been explored in a limited number of species and results have been 
equivocal (Ackman et al., 1975a; Dunkin et al., 2005). Therefore, further research into the 
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reproducibility and robustness of this approach needs to be established if the widely available 
biopsy tissue samples are to be useful for determining nutritional status in free-living cetaceans.  

In addition, the upregulation of the ‘adipocytokine’ and glucocorticoid hormones or other 
important peptides and proteins involved in fat metabolism could be investigated. The 
adipocytokines are related to long-term energy balance in a wide variety of mammalian species 
(Ahima, 2006). These hormones are secreted in combination by adipocytes and are the means by 
which animals judge their long term energy stores (Collins et al., 1996; Guerre-Millo, 2004) and 
are likely to have similar paracrine actions and functional roles in cetaceans.  

2.2 Background to the specific aims of our study 
Despite positive progress to measure body condition of cetaceans using diverse methods, there is 
no existing method to measure total-body lipid store body condition of cetaceans in a quantitative 
and replicable fashion. Therefore, we aimed to establish, cross-validate, and implement the glide 
method as a relatively non-invasive method to quantitatively measure lipid-store body condition 
of free-ranging cetaceans.  

A centerpiece of the project was to refine the method of estimating body density from swimming 
performance data recorded using animal-attached tags (Figure 2-2) using advanced statistical 
techniques, and to apply the method to cetacean species. The process model describing how body 
density alters the pattern of acceleration observed during glides (Equation 1) includes influences 
of body drag and gas-volume. Before the start of this study, methods used non-linear least-squares 
regression to estimate the unknown parameters in the model (Aoki et al., 2011a). This has been 
effective in some cases, but has some weaknesses. It does not allow us to apply prior knowledge 
about the likely range of the parameters, for most of which we have good information. Also, it 
does not allow the consideration of how measurement errors might influence the parameter 
estimates. Therefore, we will establish a Bayesian analysis procedure for estimating the 
parameters. Prior ranges for the parameters will be based upon literature reports or logical analysis. 
An observation model will include the measurement accuracy of the parameters which are obtained 
using the tag devices.  
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Figure 2-2. Two different suction-cup-attached tags used in the study. Left: The 3MPD3GT tag 
produced by Little Leonardo, Tokyo, Japan. Right: The Dtag produced by the Woods Hole 
Oceanographic Institution, USA. Both devices sense high-rate acceleration data which enables 
identification of glides, and pressure to measure animal depth during glides. The 3MPD3GT 
device has a flywheel speed sensor to measure speed changes during glides, while for the Dtag 
speed is measured using the change of depth divided by sin(pitch) which works well for relatively 
vertical transit during descent and ascent phases of dives (Miller et al., 2004). 

Equation 1: The hydrodynamic process model. The sum of drag, tissue and gas buoyancy forces 
determine the acceleration experienced by a gliding body. The effects of hydrostatic pressure on 
gas volumes and density of tissues are explicitly included in the model. Cd is the drag coefficient, 
A is the relevant surface area (m2), m is the mass of the whale (kg), ρsw is the density of the 
surrounding seawater (kg m−3), ρtissue is the density of the non-gas component of the whale body 
(kg m−3), g is acceleration due to gravity (9.8 m s−2), p is animal pitch (rad) with negative values 
indicating a downward orientation, Vair is the volume of air carried from the sea surface (ml), ρair 
is the density of air (kg m−3), d is glide depth (m) and r is compressibility of the animal tissue or 
the fractional change in volume per unit increase in hydrostatic pressure. The value 101,325 
converts pressure in atmospheres to pressure in Pa, so that the units of body tissue compressibility 
are proportion×10−9 per Pa. The equivalent compressibility value for 0°C water of salinity 35 ppm 
is 0.447×10−9 Pa−1. 
 

 
 
Unfortunately, it remains infeasible to attempt to determine the true state of lipid-stores of free-
ranging cetaceans using the gold standard method of isotope dilution. Therefore we sought to 
validate the body density method to estimate energy store by comparing body density values of 
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individuals with measures from biopsy samples and body dimensions. Thus fieldwork efforts 
including tagging using suction cups, remote collection of an external biopsy sample, and 
measurement of body shape of the same individual whale, ideally during the same encounter. Core 
efforts in this project focused on testing and evaluation of specific ways to refine these methods, 
with the joint goal of being feasible to collect during fieldwork efforts, and to provide a measure 
expected to reflect body condition. For tissue indicators, we evaluated hormone and lipid 
concentrations as candidate indicators of body condition using tissues obtained from stranded or 
bycaught animals. For body shape measurements, we first evaluated use of a 3D underwater 
scanning sonar, and later developed methods to use an UAV drone to collect photogrammetry 
images of the shape of tagged whales. After refining each of the methods independently, we then 
compared the results of the measures across different sampled whales. We predicted that animals 
with large energy stores will have low body density, large girth/width to length shapes, and high 
levels of lipid or variously high or low hormonal indicators in their blubber.  

Little is known the patterns of variability of lipid store body condition in cetaceans, though we 
predict that animals should gain lipids over the feeding season, and that pregnant animals have 
higher lipid stores to provide for energy required during lactation. We will explore patterns of 
variability in body density, tissue indicators, and body dimensions against animal sex, location and 
date of tagging. Sex can be determined from DNA analysis of part of the skin collected with the 
biopsy sample (Rosel, 2003).  Reproductive status will be classified as pregnant, lactating or 
resting. Pregnancy will be determined based upon progesterone concentrations in blubber biopsy 
samples (Trego et al., 2013). The state of “lactation” will be assessed by observation of calf 
presence at sea.  

The determination of pregnancy status using blubber samples was first investigated in minke 
whales (Balaenoptera acutorostrata) by the determination of progesterone (the major hormone 
necessary to maintain pregnancy) in samples collected following a Norwegian whale hunt 
(Mansour et al. 2002). Pregnancy status was therefore confirmed at post-mortem. Hormones were 
extracted from the blubber using various solvents before measurement by immunoassay. 
Progesterone concentrations were significantly higher in pregnant females than in non-pregnant 
females and males (mean ± SE 133 ±23 ng/g blubber of pregnant compared with 1.95 ± 0.3 ng/g 
in non-pregnant females, p<0.0001). This approach was also confirmed by Kellar et al. (2006) in 
which 110 blubber samples from three delphinid species (Delphinus delphis, Lissodelphis borealis 
and Lagenorhychus obliquidens) by-caught in fisheries were analysed for progesterone (and 
testosterone). Blubber progesterone was again significantly higher in pregnant females (132-415 
ng/g) than non-pregnant and immature animals (0.92-48.2 ng/g) for all three species. In the limited-
scope study, using the same methods we found high blubber levels were detectable in biopsy 
samples from pregnant humpback whales that were subsequently seen with a calf.  

Finally, we examine how body condition relates to foraging effort of the cetaceans tagged in this 
study. In addition to potentially being a good indicator of the reproductive health of populations, 
body condition may be an important predictor of behavior patterns in cetaceans. Body condition 
influences how individuals trade-off foraging and anti-predator behaviors (Hilton et al., 1999; 
McNamara and Houston, 1990), with poor condition foragers taking greater risks in order to 
increase foraging rates. This leads to two important predictions. The first is that cetaceans should 
have some ability to adjust their foraging effort to recover their desired body condition, or to 
maintain “allostasis” (McEwen and Wingfield, 2003). Thus, individuals whose body condition is 



11 

poor, including any that might have been negatively affected by human disturbance, are predicted 
to have some capacity to compensate for those effects, but the effort of compensation could have 
its own costs, such as increased predation risk or delayed reproduction. The second prediction is 
that animals in poor body condition should be more tolerant of disturbance sources than animals 
in good body condition, a prediction which as has been tested in birds (Beale and Monaghan, 
2004). Unrecognized variability in body condition could lead to increased variation in behavioral 
responsiveness to human disturbance, complicating attempts to derive effective dose-response 
relationships. 

2.3 Choice of study species 
Our goal in the choice of target species for this study was to cover some of the diversity among 
cetacea, both in relation to breeding life history and diving behavior. Some cetacea are known to 
be capital breeders that fast during breeding seasons by utilizing energy stores amassed during 
feeding periods. Capital breeders are expected to undergo annual cycling of fat stores, whereas 
income-breeders that feed throughout the year, are expected to have less strong variations in lipid-
store body condition. A secondary consideration was to attempt to apply the body density 
methodology to a relatively shallower-diving cetacean, as to date the method has been applied 
solely with deep-divers. Gas spaces become more strongly compressed at depth, which simplifies 
the calculation of body density for deep divers (Biuw et al., 2003; Miller et al., 2004). 

As a Ziphiid, the Northern bottlenose whale (Hyperoodon ampullatus) is a deep-diving species 
within a key taxonomic group of priority interest to DoD. Among the Ziphiids, Northern bottlenose 
whales are relatively well-studied, particularly the initially proposed study population in the Gully, 
Canada. As one of the few Ziphiid species to have been whaled commercially, relevant information 
on seasonality of calving and body length of pregnant females is available (Benjaminsen, 1972). 
Researchers have successfully worked in the Gully to tag, photo-identify, biopsy sample, and 
observe Northern bottlenose whales in dozens of research trials over the past 20 years (Dalebout 
et al., 2001; Gowans et al., 2000; Hooker and Baird, 1999b; Hooker et al., 2002; Whitehead and 
Wimmer, 2005; Whitehead et al., 1997a; Whitehead et al., 1997b; Wimmer and Whitehead, 2004). 
In our limited-scope pilot study of 2011, we were able to tag three different whales in just three 
days of workable weather in the Gully and use those data to calculate the body density of individual 
Hyperoodon. In 2013, the 3S collaborative research program identified a large population of 
bottlenose whales off Jan Mayen, Norway and found them to be sensitive to disturbance from 
sonar signals (Miller et al., 2015b). We shifted our efforts from the Gully to Jan Mayen to study 
this species of beaked whale, aided by matched funding from ONR to study the sensitivity of the 
species to sonar signals. 

The mysticete humpback whale (Megaptera novaeangliae) is one of the better studied baleen 
whales, with numerous studies of their life-history and behavior (Clapham, 2000). Humpbacks 
undertake an annual fasting cycle as part of their migration to breeding grounds. Thus, as for 
phocid seals, deposition and utilization of lipids are expected to occur on an annual cycle, and the 
amount of lipid stored during the feeding season should be an important factor in shaping their 
behavior and reproductive success. Humpback whales display site fidelity to their feeding grounds 
(Stevick et al., 2006), so individual animals can be resighted over successive years. Adult and calf 
survival has been estimated in some populations for this species (Barlow and Clapham, 1997; 
Ramp et al., 2010). Humpback whales are relatively shallower-divers, so our ability to measure 
body density in this species was confirmed (Narazaki et al., 2018) during the project. Unlike the 
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ziphiid bottlenose whales which are very difficult to follow and resight at sea, humpback whales 
are also a more feasible species for conducting the multiple sampling efforts (tagging, biopsy 
sample, photogrammetry) of each individual whale that was required for this study.  

2.4 Objectives 
The overall objective of the study was to develop, validate and apply a novel, non-invasive, tag-
based technique to measure the body condition of free-ranging cetaceans. Specific objectives are 
to: 

1.) Measure the body density of individual Northern bottlenose whale (Hyperoodon ampullatus) 
and humpback whale (Megaptera novaeangliae), using biomechanical and hydrodynamic data 
recorded using high-resolution tags attached with suction cups. We will develop a Bayesian state-
space statistical modeling framework to estimate body density and relative lipid stores using the 
balance-of-forces equation as a process model for hydrodynamic performance during glides. An 
observation model accounting for measurement error will be established, and used for 
measurement of body density from diverse tag types, including the 3MPD3GT tag and the Dtag.  

2.) Validate body density as a metric of body condition using two independent methods. For each 
individual tagged with a 3MPD3GT tag or Dtag, we will collect biopsy samples and 
photogrammetric data to determine independent validation metrics of body condition. The specific 
metrics will be lipid and glucocorticoid (cortisol) content of blubber biopsy samples and body 
dimensions. We will inspect the relationship between these three independent approaches to 
measure lipid-store body condition, with a prediction that fatter animals will have a combination 
of lower body density, higher lipid levels in blubber, lower glucocorticoid levels and greater 
girth/length ratios. When possible, individual animals identified with photographs will be 
repeatedly measured in order to track within-animal changes in lipid-store body condition. 

3.) Identify patterns of lipid store body condition for individuals based upon their sex, reproductive 
status, location, and time of year. Humpback whales of both sexes are predicted to increase fat 
stores throughout the foraging period, while Northern bottlenose whales are predicted to maintain 
a more narrow range of body density. However, females of both species are predicted to deposit 
larger lipid stores when pregnant and reduce stores during nursing periods. For female subjects, 
we will determine the subject’s reproductive status as either pregnant, lactating, or resting. 
Pregnancy status will be assessed using progesterone concentrations in biopsy samples. Lactation 
status will be assessed by observation of calf presence at sea, and estimates of calf size.  

4.) Use the high-resolution tag data to quantify how individuals might vary foraging effort and 
anti-predator behavioral responses in relation to body condition. Behavioral ecology theory 
predicts that body condition should influence these behaviors, with high-density (lean) animals 
tending to forage more intensely and be less responsive to predation risk than low-density (fat) 
animals.  
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3 DEVELOPMENT AND EVALUATION OF THREE INDEPENDENT 
METHODS TO ESTIMATE BODY CONDITION 

3.1 Tissue indicators of body condition 
Blubber Progesterone as an Indicator of Pregnancy 

Historically, the pregnancy status of cetaceans was assessed by examining carcasses taken in 
commercial whale hunts. More recently, biochemical techniques have been developed to detect 
pregnancy using non-lethal methods by measuring progesterone concentrations in the blubber of 
individuals through biopsy sampling. Progesterone is a lipophilic steroid hormone that is produced 
by the corpus luteum, and is the primary regulator of oestrous cycling and pregnancy in mammals 
(Pineda, 2003). Concentrations of this hormone increase during pregnancy to maintain the uterus 
lining, and its lipophilic properties mean that this increase in circulating concentrations is 
measurable in the blubber. The collection and analysis of biopsy samples of skin and blubber are 
therefore a readily obtainable and non-lethal way of assigning pregnancy in free-ranging cetaceans. 

Previous work in a range of cetacean species, both mysticetes (Kellar et al., 2013; Mansour et al., 
2002) and various species of smaller odontocetes (Kellar et al., 2006; Perez et al., 2011; Trego et 
al., 2013) have shown that blubber progesterone concentrations are indicative of pregnancy as 
confirmed by physical examination of the carcasses and recording the number of corpora, corpus 
lutea and size and/or length of the fetus if present. Since the validation of blubber progesterone as 
a marker of reproductive state, this method has been used to investigate pregnancy rates in free-
ranging bottlenose dolphins (Tursiops truncatus) (Perez et al., 2011), long-finned pilot whales 
(Globicephala melas) (Perez et al., 2011) and humpback whales (Clark et al., 2016; Pallin et al., 
2018). The same methods will be applied here to assess the pregnancy status of the female 
humpback whales and northern bottlenose whales sampled for this work.  

Blubber Lipid Content as an Indicator of Body Energy Stores 
The high energy yield of fats, specifically triacylglycerols (esters made up of a glycerol and three 
fatty acids), relative to carbohydrates or proteins make them the favoured energy storage form in 
mammals (Coleman and Lee, 2004; Young, 1976). A proper capacity for triacylglycerol storage 
in adipocytes is important for normal metabolic regulation (Wang et al., 2015). Adipose tissue 
lipid content has therefore been linked with total fatness in a range of mammalian species (Beck 
et al., 1993; Shier and Schemmel, 1975; Stirling et al., 2008), such that when coupled with 
demographic and ecological data, using lipid content as a body condition index can be a 
biologically relevant, relatively inexpensive and rapidly assessed marker (McKinney et al., 2014). 
Lipids in cetacean blubber are mobilized in times of energetic need and nutritional stress, and then 
deposited when food is in excess. Recent evidence suggests that cetaceans have evolved an 
enhanced capacity for inhibiting unrestricted lipolysis and are able to finely control the lipid 
content of their blubber through the positive selection of certain lipolysis-related genes (Wang et 
al., 2015). 

Similarly to other mammal species, the direct quantification of blubber lipid content has been used 
as a metric of overall energy stores and body condition in mysticetes (Ackman et al., 1975b; 
Aguilar and Borrell, 1990; Konishi, 2006; Lockyer, 1986), and to a lesser extent, in odontocetes 
(Evans et al., 2003; Gómez-Campos et al., 2011; Montie et al., 2008b; Read, 1990). Variation in 
overall body condition and lipid content tend to be more extreme in mysticetes because their 
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seasonality in feeding and reproduction is stronger than in odontocetes (Boness et al., 2002). Here 
we investigate how blubber lipid content can be used as an indicator of body condition and overall 
fat stores as it is important to appreciate the degree of variability in blubber lipid content both 
within and between individuals in order to correctly interpret the results from blubber samples 
collected by biopsy dart from live animals. 

 Adipocyte Metrics as an Indicator of Body Energy Stores  
Blubber is primarily composed of lipid filled adipocyte cells surrounded by a matrix of collagen 
and elastic structural fibers (Pabst et al., 1999). Given that mammalian adipocytes typically shrink 
and swell in response to fasting and fattening, as opposed to increase and decrease in number in a 
given depot (Pond, 1998), measuring the size of adipocytes may act as an alternative means of 
measuring blubber adiposity and thus body condition.  

Previous research has investigated the occurrence of adipocyte shrinkage in two cetacean species: 
harbour porpoises (Koopman et al., 2002) and humpback whales (Castrillon, Huston, & Bengtson 
Nash, 2017). A change in both size and number of adipocytes was observed in the blubber of 
stranded harbor porpoises in response to a decline in body condition (Koopman et al., 2002). 
Analysis of necropsied blubber samples revealed starved harbour porpoises had fewer, smaller 
adipocytes in the middle layer thorax blubber than their healthy counterparts, suggesting both a 
decrease in adipocyte size and number occurs in response to nutritional stress. Interestingly, a 
similar pattern in adipocyte size was observed in migrating humpback whales (Castrillon et al., 
2017), where “migration cohort” of animals travelling to or from feeding grounds was used as a 
proxy for fasting state. Analysis of blubber samples revealed fasted animals had smaller adipocytes 
than those returning from feeding grounds, suggesting adipocytes shrink in response to nutritional 
stress. Furthermore, adipocyte area had a greater probability of predicting migration cohort in 
comparison to blubber lipid content, suggesting adipocyte area may prove a viable, and indeed 
potentially more informative alternative biomarker of blubber adipocity in wild ceteacans.  

We therefore further investigated the use of adipocyte metrics as an informative biomarker for 
body condition in cetaceans. However, due to blubber biopsy sample mass limitation, it was not 
possible to apply this method to the samples collected from the free-living cetaceans. Therefore 
further details about the methods and findings regarding adipocyte metrics are given in the 
Supplementary Material, with a summary presented in Section 3.4. 

 Blubber Cortisol as an Indicator of Physiological State 
As well as their involvement in the stress response, glucocorticoids have also been proposed as 
long-term regulators of both energy intake and storage (Strack et al., 1995). Glucocorticoids, 
including cortisol, are metabolic hormones that increase in circulation in response to energetic 
needs, and their concentrations can be interpreted as indicators of allostatic load (Bonier et al., 
2009). Cortisol is of particular interest in the regulation of whole body energy stores as it is 
involved in maintaining the balance between fat storage where triglycerides are deposited, and fat 
depletion where they are catabolised and released into circulation (McMahon et al., 1988) (Peckett 
et al., 2011). Overall, cortisol is known to play an active role in lipolysis in subcutaneous adipose 
tissue (Divertie et al., 1991; Djurhuus et al., 2004; Samra et al., 1998), stimulate gluconeogenesis, 
mobilise amino acids, and increase circulating concentrations of plasma proteins (Bergendahl et 
al., 1996; Exton et al., 1972). Thus, overall, cortisol is a catabolic hormone, and together these 
processes act to increase the availability of all fuel substrates by mobilisation of glucose, free fatty-
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acids and amino acids from endogenous stores (Dinneen et al., 1993; Djurhuus et al., 2002). 
Cortisol concentrations could therefore be used as indicators of overall physiological state.  

To date, investigation of this hormone in marine mammal energy regulation and fasting 
metabolism has focused on pinnipeds (Bennett et al., 2012; Gardiner and Hall, 1997; Guinet  et 
al., 2004; Kershaw and Hall, 2016; Ortiz et al., 2003; Riviere et al., 1977). Specifically, similar to 
terrestrial mammals, there is an increase in plasma cortisol concentrations with prolonged fasting 
events in subantarctic fur seals (Arctocephalus tropicalis) and northern elephant seals (Mirounga 
angustirostris) (Guinet  et al., 2004; Ortiz et al., 2001). It has been hypothesised that these higher 
circulating cortisol concentrations may contribute to significantly increased fat oxidation during 
the fast, and may also serve as a cue to terminate fasting and initiate feeding (Ortiz et al., 2001). 
Blubber cortisol concentrations were not correlated with handling time in wild caught harbour 
seals (Phoca vitulina), indicating that the concentrations are not reflective of an acute stress 
response to the capture and handling event (Kershaw and Hall, 2016). Blubber cortisol 
concentrations were shown to vary by sex, with females having higher concentrations than males, 
and importantly for this work, concentrations were significantly higher during natural fasting 
periods of the life cycle, during the breeding season, and especially during the moult (Kershaw 
and Hall, 2016). Finally, blubber cortisol concentrations decreased inversely with proportion 
blubber lipid content in California sea lions (Zalophus californianus) (Beaulieu-McCoy et al., 
2017), further suggesting that this hormone could be used to monitor long-term nutritional status. 
Here, blubber cortisol concentration will be investigated as a potential endocrine marker of overall 
physiological state rather than an acute stress response. 

 Protein Components of Blubber as Markers of Health and Condition? 
Since the 1980s, mammalian adipose tissue, or fat tissue, is increasingly being recognized as an 
endocrine organ involved in the regulation of a number of metabolic processes and pathways. It 
responds to signals from different hormone systems and the central nervous system, and expresses 
a variety of protein factors with important paracrine and endocrine functions (Ahima, 2006; Galic 
et al., 2010; Kershaw and Flier, 2004; Siiteri, 1987). As such, adipose tissue is integrally involved 
in coordinating a variety of biological processes including the regulation of appetite and energy 
balance, immune system function, insulin sensitivity, angiogenesis, inflammation and the acute-
phase response, blood pressure, nutrient transport and lipid metabolism and haemostasis (Trayhurn 
and Wood, 2004). These processes enable the organism to adapt to a wide range of different 
metabolic challenges including starvation, stress, infection and periods of energy excess (Frühbeck 
et al., 2001). The presence and concentrations of certain proteins and their metabolites in adipose 
tissue, as well as circulating concentrations in the blood stream can therefore provide information 
on various physiological processes and metabolic challenges experienced by individuals at the 
time of sampling. More generally, protein screening and identification are commonly used as 
diagnostic markers in medicine to detect disease and perturbations to metabolic pathways (Steffen 
et al., 2016).  

The protein components of adipose tissue are therefore of interest to understand whole tissue 
function, the regulation of whole body metabolism and overall systemic health. Here, we aim to 
investigate whether cetacean blubber could show equivalent pleiotropic functions to the adipose 
tissue in terrestrial animals by starting to identify some of the main protein components in the 
tissue. The separation and identification of proteins in blubber tissue from different species are 
important steps in establishing a database of baseline, identifiable proteins and subsequently 
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applying a proteomic approach to using various proteins as biomarkers of health and condition in 
these animals with otherwise limited sampling opportunities from live individuals.  

However, as with the adipocyte size metrics, the amount of tissue available from the biopsy 
sampled animals was limited. Therefore, this approach was not used in the final cross-validation. 
All the details of the methods and results are therefore given in the Supplementary Material with 
a summary of those findings and further recommendations give in Section 3.1.4. 

3.1.2 Biomarker method development preface 
The majority of the work for the tissue analysis part of the project has been to investigate and 
validate the use of novel biomarkers of health and condition in blubber samples. This was done by 
using full depth blubber samples from a combination of stranded cetaceans and biopsy samples 
collected from individuals that were not collected specifically for the RC-2337 project. Full depth 
blubber samples were collected from dead animals of various cetacean species by the Scottish 
Marine Animal Standings Scheme (SMASS). These full depth dorsal samples were collected with 
accompanying information on the individual including sex, age class, cause of death and various 
morphometric measurements. These accompanying data on the individual that was sampled were 
vital to put the results of the blubber sample analysis into context, and thus assess the applicability 
of different blubber biomarkers.  

A small number of full depth blubber samples were also collected from dead animals sampled 
opportunistically by the Mingan Island Cetacean Study, referred to from now on as MICS, during 
their summer field seasons in the Gulf of St Lawrence, Quebec, Canada. These were from both 
minke and humpback whales, but because of logistical constraints, accompanying morphometric 
and cause of death information was not recorded for this handful of animals. Finally, a number of 
blubber biopsy samples taken by the MICS between 2004 and 2013, again from both minke whales 
and humpback whales were also used to assess the applicability of the methods on remotely 
obtained, shallow depth samples from different species, and to put the results from the RC-2337 
sampled animals into context. 

The methods that are described in the rest of this section are therefore based on these samples used 
for method development, or, where the methods were assessed to be robust and warranted further 
investigation, are split into these method development samples followed by the application of the 
methods to the biopsy samples from live animals.  

 Lipids 
3.1.2.1.1 Method Development using Stranded Animal Samples 
A total of 27 individuals, from three cetacean families, were sampled and are summarised in Table 
3-1. These were delphinids (n = 10) - white beaked dolphins (Lagenorhynchus albirostris); 
ziphiids (n = 8) - Cuvier’s beaked whales (Ziphius cavirostris), Sowerby’s beaked whales 
(Mesoplodon bidens) and Northern bottlenose whales (Hyperoodon ampullatus); and 
balaenopterids (n = 9) - minke whales (Balaenoptera acutorostrata) and humpback whales 
(Megaptera novaeangliae). These were freshly dead individuals that showed minimal signs of 
decomposition, 25 of which were sampled and assessed by the SMASS between 2013 and 2015. 
For these animals, the cause of death (COD) was determined either by necropsy, or based on visual 
observations of the carcass showing signs of trauma, disease or emaciation. Two COD categories 
were generated. ‘Acute’ cases were individuals that died of an acute trauma (bycatch, acute 
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entanglement, storm damage, and predatory attacks). ‘Chronic’ cases were individuals that died of 
general debilitation and a prolonged decline in their heath either though infectious disease 
(parasitic, bacterial, viral, or mycotic infections), starvation (severely emaciated animals that died 
of starvation/hypothermia) or chronic injuries (e.g. chronic entanglement). Measurements of mass, 
length, girth and blubber thickness proximal to the dorsal fin along the dorsal axis were taken 
(Kuiken and Hartmann, 1991). Due to the logistical constraints presented by their larger body size, 
mass was not recorded for the ziphiids or the balaenopterids. Individuals were classed as adults or 
juveniles using the lengths at sexual maturity for each species based on published data (Galatius 
et al., 2013; Hauksson et al., 2011; Heyning, 2002; Hooker and Baird, 1999b; Mead, 1989; 
Whitehead et al., 1997b). The final 2 individuals were an adult female minke whale and an adult 
female humpback whale that dead stranded in the Gulf of St Lawrence, Canada, and were 
opportunistically sampled by the MICS during their 2013 and 2010 summer field seasons 
respectively. No cause of death was confirmed for these animals and morphometric measurements 
were not taken. 

Table 3-1. Summary of the mysticete and odontocete individuals used for full depth blubber 
samples across three different families. *SMASS (Scottish Marine Animal Strandings Scheme). 
**MICS (Mingan Island Cetacean Study). 

Suborder Family Species Number Source 

Mysticete Balaenopteridae 

Minke whale 

(Balenoptera acutorostrata) 

6 SMASS* 

MICS** 

Humpback whale 

(Megaptera novaeangliae) 

3 SMASS 

MICS 

Odontocete 

Ziphiidae 

Sowerby’s beaked whale 

(Mesoplodon bidens) 

4 SMASS 

Cuvier’s beaked whale 

(Ziphius cavirostris) 

2 SMASS 

Northern bottlenose whale 

(Hyperodon ampullatus) 

2 SMASS 

Delphinidae White beaked dolphin 

(Lagenorhynchus albirostris) 

10 SMASS 

Approximately 2.5cm2 to 5cm2 blocks of full depth blubber were collected from the dorsal area 
immediately caudal to the dorsal fin. This area was chosen to emulate the standard biopsy site from 
live animals. The entire blubber layer was sampled for all animals to include both the epidermis 
and some underlying muscle so as to recognize the orientation of the sample. The samples were 
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wrapped in aluminum foil, placed individually in plastic containers, and frozen at -200C before 
further analysis.  

3.1.2.1.2 Sample Analysis  
The thickness of the fresh blubber samples was measured to the nearest millimetre by measuring 
the length from the interface between the skin and the blubber, down to the interface between the 
blubber and the muscle (Figure 3-1). Any freezer burnt edges with a dark yellowish color were 
removed and discarded. To reduce the loss of lipid while the samples were being prepared, the 
blubber was subsampled while still partially frozen. A full depth subsample of the original block 
was cut, and the epidermis and muscle tissue removed. While visible layering was apparent in the 
blubber of some samples, others did not show visible differences through the blubber depth. For 
this reason, the blubber was not divided according to visually discernible characteristics, but was 
subdivided into layers of approximately equal thickness. For balaenopterid and ziphiid samples 
over 30mm in depth, the blubber thickness was sufficient to allow its subdivision into five layers 
of equal thickness (Figure 3-1). The inner layer (adjacent to the muscle), the middle layer, and the 
outer layer (adjacent to the epidermis) were used for lipid extraction while the two transitional 
layers were discarded (Figure 3-1). The white beaked dolphin samples were not of sufficient 
thickness to follow this same protocol, and for this reason, they were divided into thirds and each 
layer was used for lipid extraction. Duplicate subsamples, each weighing between 0.15g and 0.3g 
were taken from the full blubber depth as well as the inner, middle and outer layers, and lipid was 
independently extracted from each of the blubber samples using a modified version of a previously 
published protocol (Folch et al., 1957).  

3.1.2.1.3 Statistical Analysis  
The data from the white beaked dolphins, ziphiids and balaenopterids were modelled separately. 
Two different statistical approaches were used to firstly investigate differences in the distribution 
of lipids through blubber depth, and secondly, to investigate what other factors may be affecting 
blubber lipid content including blubber thickness sex, species, age class, cause of death and body 
condition. For the white beaked dolphins, mass/length2 was used as the most appropriate 
morphometric index of body condition (Kershaw et al., 2017), and girth/length was used for the 
ziphiids and the balaenopterids as mass data were lacking for the larger animals. 

Figure 3-1. Separation of the full depth blubber samples > 30mm thick into five layers of 
approximately equal thickness prior to lipid extraction. The vertical dashed line shows where the 
blubber was divided in half to generate duplicate subsamples. The horizontal dashed lines show 
where the blubber was divided such that the outer, middle and inner layers were retained for 
analysis while the two transitional layers were discarded. 
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All statistical analyses were performed using the statistical programme, R, version 3.1.2 (R Core 
Development Team, 2014). The main challenges for analysing these data were that multiple lipid 
content measurements came from the same individuals, and these were not normally distributed. 
The modelling approach used here takes advantage of the statistical structure of generalized linear 
mixed effect models (GLMMs). GLMMs combine the properties of two statistical frameworks, 
linear mixed models, which are able to incorporate both fixed and random effects, and generalised 
linear models which are typically used for non-normal data (Bolker et al., 2008). Random effects 
can encompass variation among individuals when multiple responses are measured per individual. 
GLMMs are thus the best tool for analysing non-normal data that involve random effects (Bolker 
et al., 2008). For this reason, GLMMs were used here first, to investigate lipid content through the 
blubber depth whilst accounting for the repeated measurements from the same individuals. A 
GLMM (glmer function in the package ‘lme4’) with a gamma distribution, a log link function and 
each individual treated as a random effect was used to investigate the effect of blubber layer (full, 
outer, middle, inner) on the lipid content of the samples from each species group. 

Generalised Linear Models (GLMs) were then used to investigate the effects of cause of death 
(COD), blubber thickness, body condition (either mass/length2 or girth/length), sex, species (for 
the balaenopterid and the ziphiid data that were made up of multiple species) and age class on the 
blubber lipid content of the full depth samples from each individual. GLMs with a gamma 
distribution and a log link function were used to better model the non-normal distribution of lipid 
content. All sampled individuals were used for the white beaked dolphins (n = 10) and for the 
ziphiids (n = 8). However, for the balaenopterids, the 2 individuals sampled by the MICS, an adult 
humpback whale and an adult minke whale, for which COD and morphometric data were not 
available, were not included in this second part of the analysis (n = 7).  

For each species group, the largest GLM was generated to include the effects of all explanatory 
variables. To ensure that the explanatory variables were not correlated, and thus to avoid 
multicollinearity in the final model, variables were selected for inclusion based on variance 
inflation factors (VIFs). The covariate with the highest VIF value was removed from the model in 
a stepwise fashion until the VIF values for all covariates were below three (Zuur et al., 2010). 
Then, the ‘dredge’ model selection function (MuMIn package) was used to identify from this 
subset of uncorrelated variables, which ones best explain the variation in blubber lipid content 
data, and should be included in the final model. The goodness of fit of each model was assessed 
using the AICc (Second-order Akaike Information Criterion which uses a correction for finite 
sample sizes). The models were ranked by their AICc and the model with the lowest AICc value 
was used for further interpretation. Summary statistics of the model coefficients were used to 
assess the effect of each covariate on blubber lipid content. 

 Steroids (progesterone and cortisol) 
3.1.2.2.1 Method Development using Stranded Animal Samples 
Harbour Porpoises: Full depth skin, blubber and underlying muscle samples were collected from 
20 dead harbour porpoise by the SMASS between 2013 and 2015. Only freshly dead animals, 
classified as those that originally stranded alive or had only recently died and thus showed no 
evidence of bloating, and the meat is considered to be edible (Kuiken and Hartmann, 1991), were 
sampled for this work in order to prevent erroneous hormone concentration measurements as a 
result of tissue decomposition after death. The following morphometric measurements were taken; 
mass, length (tip of rostrum to fluke notch) and girth (immediately anterior of the dorsal fin). 
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Samples were collected from the dorsal, lateral and ventral axes around the girth of the animal, 
immediately caudal to the dorsal fin. Blubber depth was recorded at each sampling site. Tissue 
samples were individually wrapped in aluminium foil and stored at -200C in plastic vials before 
hormone analysis. These individuals were both adults (n = 13) and juveniles (n = 7), and males (n 
= 11) and females (n = 9). The cause of death (COD) was determined as described above, following 
post-mortem examination, and classified, as either an acute case (n = 13) or a chronic case (n = 7). 
Individual details are shown in Table 3-2. 

Balaenopterids: Full depth, dorsal blubber samples were collected from 9 stranded balaenopterids 
(3 humpback whales and 6 minke whales). Samples were collected by the SMASS (2013-2015), 
and by the MICS (2010 and 2013) from the dorsal area immediately caudal of the dorsal fin. For 
the samples collected by the SMASS, information on the COD was used to classify each individual 
as an ‘acute’ or ‘chronic’ case. Morphometric measurements including girth (immediately anterior 
of the dorsal fin), length (tip of rostrum to fluke notch) and blubber thickness were also collected 
from the SMASS animals only, and lipid content data were available for all samples from previous 
analyses (Table 3-2).  
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Table 3-2. Summary table of the harbour porpoise and mysticete individuals used for analysis with 
the data available for each one. ID codes starting with an ‘M’ were collected by the SMASS, while 
codes starting with a ‘GSL’ were collected by the MICS. Blubber lipid content values taken from 
previously described analyses. * Body Condition Index: Mass/Length2 for harbour porpoises and 
Girth/Length for the balaenopterids. 

Species 
Group Species ID 

Age 
Class Sex 

COD 
Class 

Body 
Condition 
Index* 

Blubber 
Lipid 
Content 

Harbour 
Porpoise 

Harbour 
Porpoise 

M018/13 Adult Male Chronic 
M020/15 Adult Female Acute  
M028/14 Juvenile Male Acute  
M055/14 Adult Male Acute  
M060/13 Adult Male Acute  
M072/13 Juvenile Male Chronic 
M134/14 Adult Female Acute  
M147/14 Adult Female Acute  
M265/13 Adult Female Chronic 
M307/14 Adult Male Acute  
M315/13 Adult Female Acute  
M319/14 Adult Male Chronic 
M343/13 Juvenile Female Acute  
M373/13 Juvenile Female Acute  
M377/13 Adult Male Chronic 
M38.2/14 Juvenile Male Acute  
M396/13 Adult Female Acute  
M040/14 Juvenile Male Chronic 
M061/15 Juvenile Female Chronic 
M068/14 Juvenile Female Chronic 

Balaenopterid 

Humpback M159/14 Juvenile Male Acute   
Humpback M163/15 Juvenile Female Acute   
Humpback GSL-2010 Adult Female  
Minke M292/13 Juvenile Female Acute   
Minke M297/14 Juvenile Male Chronic   
Minke M180/15 Juvenile Male Acute   
Minke M319/15 Juvenile Male Chronic   
Minke M396/15 Juvenile Female Acute   
Minke GSL-2013 Adult Female  

3.1.2.2.2 Application to Biopsies from Live Animals 
Northern bottlenose whales: A total of 21 biopsies were collected from Northern bottlenose whales 
in the waters around Jan Mayen, Norway, during the summer field seasons of 2014 and 2016. 
Fifteen of these biopsies were from females and six were from males. Of these 21 individuals, 4 
were tagged with DTags – 2 in 2014 and 2 in 2016. All samples were extracted for cortisol 
quantification, and progesterone was also quantified in all the female samples (Table 3-3).  
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Humpback whales: Humpback whale biopsy samples were taken from two study sites, one in 
Quebec, Canada, and a second in Norway. A total of 43 samples were collected in Norway between 
2011 – 2017 and 39 were collected in Canada over the same time period. Of these 82 samples, 64 
were from tagged animals (DTags and Little Leonardo tags), 32 were males and 50 were females. 
All samples were extracted for cortisol quantification, and progesterone was also quantified in all 
the female samples (Table 3-3). An additional sample set of 72 humpback whale biopsies collected 
by the MICS between 2004 and 2009 from known females was included in the progesterone 
analysis to better interpret the individual hormone concentrations and establish a threshold 
concentration indicative of pregnancy.  

Table 3-3. Summary of the 103 blubber biopsy samples from northern bottlenose whales (n = 21) 
and humpback whales (n = 82) collected during tagging fieldwork and processed to measure 
cortisol and progesterone concentrations. 

Species Area Samples Analysed 
Year Cortisol Progesterone 

Northern 
Bottlenose Whales 

 
Jan Mayen 
 

2014 12 7 
2016 9 8 

 
 
 
 
 
Humpback 
Whales 
 
 
 
 
 

 
 
Coastal Norway 

2011 3 2 
2012 13 8 
2013 6 3 
2014 6 4 
2016 9 5 
2017 6 4 

 
Quebec, Canada 

 
2011 

 
9 

 
3 

2012 2 2 
2013 1 1 
2016 7 5 
2017 20 13 

 

3.1.2.2.3 Sample Analysis 
3.1.2.2.3.1 Cortisol and Progesterone Extraction:  
Given the similarities in the structure and physical properties of the steroid hormones, the same 
method has been used for the extraction of progesterone and cortisol from human adipose tissue 
(Newton et al., 1986). For this reason, a previously developed extraction method for reproductive 
hormones from cetacean blubber samples (Kellar et al., 2006) was used here to extract both 
progesterone and cortisol from the SMASS full depth blubber samples as well as the remotely 
obtained, frozen, blubber biopsy samples from northern bottlenose whales and humpback whales. 
The protocol involves tissue homogenisation followed by tissue debris removal in a series of 
solvent rinses with recovery of the supernatant each time. The resulting residues are washed to 
remove any remaining lipid, and the final extract dried down for resuspension and assaying.  
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Briefly, between 0.15-0.2 g of the blubber tissue are accurately weighed and homogenized in 
ethanol. Homogenates are then centrifuged and the supernatants collected. These are then 
evaporated under compressed air while incubating at 250C. Ethanol and acetone (4:1) are added to 
the residue and after the same vortexing and centrifugation steps, the solution is again evaporated 
to leave a new residue. Diethyl ether, acetonitrile and hexane are used to further clean up the 
extract, with the final residue re-dissolved in phosphate buffered saline before assaying. 

3.1.2.2.3.2 Cortisol Concentration Measurements:  
A commercially available Enzyme Linked Immunosorbent Assay (ELISA) (DRG International 
Inc. Cortisol ELISA EIA-1887) is used for the quantification of cortisol in all sample extracts. This 
kit has been used to quantify cortisol in blubber biopsies from harbour seals (Kershaw and Hall, 
2016). The concentrations are measured according to the ELISA kit instructions with a standard 
curve ranging between 0 and 800 ng/ml with a sensitivity of 2.5 ng/ml. The hormone 
concentrations in the samples are determined using a 4 parameter log-logistic model based on the 
standard curve. Any samples with a concentration higher than the highest standard (> 800 ng/ml) 
are diluted with the 0ng/ml standard and re-assayed to bring the concentration down onto the 
standard curve. All samples are assayed in duplicate and the mean hormone concentration reported 
as cortisol per wet weight of the blubber samples in ng/g. From the live biopsy samples, extracts 
of varying concentrations, high, medium and low (n=3), were used to calculate inter-assay 
(between different plates) and intra-assay (within a plate) coefficients of variation (CV), with mean 
percentage CVs of <20 % and <10 % set as the acceptable limits respectively (Andreasson et al., 
2015). Inter- and intra- assay CVs were all below these acceptable thresholds for both species and 
are given in the Supplementary Material. Standard parallelism, matrix effect and extraction 
efficiency checks were carried out to ensure that the ELISA kit was performing adequately and is 
compatible with cetacean cortisol in these tissue extracts (see Supplementary Material).  

3.1.2.2.3.3 Progesterone Concentration Measurements:  
A commercially available ELISA (DRG International Inc. Progesterone ELISA EIA-1561) is used 
for the quantification of progesterone in all sample extracts from the live biopsies samples from 
females only. The concentrations are measured as for the cortisol, according to the ELISA kit 
instructions with a standard curve ranging between 0 and 40ng/ml with a sensitivity of 
0.045 ng/ml. The northern bottlenose whale females were all assayed on the same plate, with the 
exception of a single female with very high concentrations that was assayed twice. Inter- and intra- 
assay CVs were all below these acceptable thresholds for both species and are given in the 
Supplementary Material. Again, standard parallelism, matrix effect and extraction efficiency 
checks were carried out to ensure that the ELISA kit was performing adequately and is compatible 
with cetacean progesterone in these tissue extracts (see Supplementary Material).  

3.1.2.2.3.4 Cortisol and Progesterone Concentration Calculations:  
The extraction efficiency of the method, together with the effect of sample mass on the hormone 
concentrations were assessed by measuring the cortisol recovery from spiked samples (see 
Supplementary Material). These extraction efficiencies and sample mass corrections were then 
used to correct the measured cortisol and progesterone concentrations in each sample to give a 
final cortisol concentration used for statistical analysis (see Supplementary Material). 
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3.1.2.2.4 Stranded Animal Samples 
Harbour Porpoises: Two different modelling approaches were used to assess firstly, the effects of 
both sampling site and sampling depth on blubber cortisol concentration and, secondly, the effects 
of other explanatory covariates (age class, sex, COD and body condition). A summary of each set 
of subsamples used for the various models is given in Table 3-4. 

Body Location and Blubber Layer: Generalised Linear Mixed Effect Models (GLMMs) were used 
to investigate cortisol concentrations both across body locations and through the blubber depth 
whilst accounting for the repeated measurements from the same individuals that are considered as 
random effects (Bolker et al., 2008). Two GLMMs (glmer function in the R package lme4) with a 
gamma distribution to better model the right skew in the cortisol concentration data, a log link 
function, and each individual treated as a random effect were used to investigate firstly, the effect 
of body location on cortisol concentration in full depth subsamples (n = 20 individuals with 3 
samples each), and secondly, the effect of body location and blubber layer (n = 6 individuals 
consisting of 3 females and 3 males, 4 acute cases and 2 chronic cases with 12 samples each Table 
3-4). An interaction between body condition (mass/length2) and location, as well as between body 
condition and layer were also included. The model with the lowest AICc value was used for further 
interpretation.  

Individual Covariate Analysis: Generalised Linear Models (GLMs) were used to assess the effects 
of other variables on the cortisol concentrations measured in the outer layer of the dorsal samples 
as those that are representative of biopsies taken from live animals (n = 20, Table 3-4). GLMs were 
used to better model the right skew in hormone concentrations using a gamma distribution and a 
log link function. The largest GLM including all the explanatory variables (age class, sex, COD 
category as either acute or chronic, and body condition) was generated.  

Balaenopterids: Again two different modelling approaches were used to assess firstly, the effect 
of sampling depth on blubber cortisol concentration and, secondly, the effects of other explanatory 
covariates (sex, COD, body condition and lipid content). A summary of each set of subsamples 
used for the various models is given in Table 3-4.  

Blubber Layer: As with the harbour porpoise data, GLMMs were used to investigate cortisol 
concentrations through blubber depth whilst accounting for the repeated measurements from the 
same individuals. Firstly, a GLMM with a gamma distribution to better model the right skew in 
the concentration data, a log link function, and each individual treated as a random effect was used 
to investigate variation in cortisol concentration by blubber depth (n = 9 individuals with 3 samples 
each, (Table 3-4). An interaction between body condition (girth/length) and layer was also 
included to consider the possibility that animals in varying condition may show differences in their 
cortisol distribution though the blubber depth.  

Individual Covariate Analysis: The cortisol concentrations in the outer blubber layer were 
modelled using a GLM including sex, body condition (girth/length), outer blubber lipid content 
(as cortisol concentrations were measured in this part of the tissue) and COD as other explanatory 
variables. For this second model, only the samples collected by the SMASS where COD and 
girth/length had been recorded were used, thus reducing the sample size down to just 7 animals 
(Table 3-4.). As previously described, the largest model was built first, and backwards model 
selection using the dredge function was used to identify the variables that best explain the variation 
in hormone concentrations, and thus to include in the final model based on the smallest AICc.  
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Table 3-4. Summary of each harbour porpoise and balaenopterid sample subset used for different 
models to assess cortisol variation by body location, blubber layer and other individual covariates. 
*GLMM: Generalised Linear Mixed Effect Model. **GLM: Generalised Linear Model. 

Species Group No. of 
Individuals 

Body Location Blubber Layer Model 

 20 Dorsal, Lateral, 
Ventral 

Full GLMM* of Body 
Location 

GLMM of Body 
Location and Layer 
together 

Harbour 
porpoises 

6 Dorsal, Lateral 
Ventral 

Full, Outer, 
Middle, Inner 

 20 Dorsal Full, Outer GLM** of Individual 
Covariates 

 

Balaenopterids 

9 Dorsal Outer, 
Middle, Inner 

GLMM of Blubber 
Layer 

 7 Dorsal Outer GLM of Individual 
Covariates 

 

3.1.2.2.5 Biopsies from Live Animals  
Progesterone: Progesterone was extracted from and measured in 130 blubber biopsy samples from 
humpback whales. These were a mixture of samples from collected by the MICS between 2004 
and 2009 (n = 72) and the samples collected for the RC-2337 project (n = 58). Of these samples, 
6 were from confirmed pregnant females as these were well-known, photo-identified females 
sampled by the MICS that were seen the following year with a calf. Another 31 of these samples 
were extracted and assayed as controls as these were confirmed non-pregnant animals that were a 
mixture of males and immature females and calves. The range in measured progesterone 
concentrations is shown in Figure 3-2. Using these two datasets of progesterone values from 
individuals of known pregnancy status, an empirical cumulative distribution function (ECDF) 
modelling approach was taken to estimate empirical probabilities (proportion of observations) that 
a certain progesterone value is above or below those of the confirmed pregnant or non-pregnant 
animals. 

An ECDF is a probability model for data. It is a non-parametric estimator of the underlying 
cumulative distribution function of a random variable, here blubber progesterone concentration. It 
assigns a probability of 1/n (where n is the sample size) to each data point, orders the data from 
smallest to largest in value, and calculates the sum of the assigned probabilities up to and including 
each data point. The ECDF can then give the fraction of sample observations less than or equal to 
a particular value of x. Here, two ECDFs were modelled for the progesterone concentrations in the 
confirmed pregnant and non-pregnant animals, and a probability of being pregnant and non-
pregnant was then assigned to all of the unknown animals using the stat_ecdf function in the 
ggplot2 package in R. If the probability of being pregnant was > 0.05, the individual was classified 
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as pregnant, and if the probability of being not-pregnant was > 0.05, the individual was classified 
as not pregnant. If any individuals were assigned an intermediate probability of either being 
pregnant or not pregnant, these animals would be classified as ‘undetermined’. For the SERDP 
RC-2337 sampled animals, all were assigned a clear pregnancy status.  

Cortisol: The cortisol concentrations measured in the humpback whale biopsies were modelled 
using a GLM with a gamma distribution to better model the right skew in the concentration data, 
and a log link function. Sex, area (Norway or Canada), reproductive status (mature male, resting 
female, pregnant, lactating, immature or unknown), Julian day (samples taken at the beginning of 
January were added on to the end of the year rather than starting again at Julian day 1), an 
interaction between Julian day and reproductive status and an interaction between Julian day and 
area were included in a global model in order to consider a potential changing relationship across 
the feeding season between the two study areas and reproductive classes. Backwards model 
selection showed that 4 models were of equal fit to the data as they all showed an AICc within two 
units of each other (Table 3-5). This subset of models was then used for model averaging using 
the model.avg function in the MuMIn package in R. Model averaging is used to average regression 
coefficients across multiple models in order to capture the overall effects of the different variables 
(Banner and Higgs, 2017). Model averaging is particularly useful when there is little to 
differentiate between a set of models, and avoids the justification of a single, final model. 
Interpretations of the averaged model coefficients were used to assess the effects of each covariate. 

 

Figure 3-2. Histogram of blubber progesterone concentrations measured in 130 humpback whale 
biopsies collected by the MICS and the RC-2337 project. The concentrations measured in the 
confirmed pregnant females are shown in blue.
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Table 3-5. Results of GLM model selection cortisol concentrations measured in humpback whale 
biopsies showing the 4 best-fitting models with the lowest AICc values that are of equivalent fit to 
the data and were subsequently used for model averaging. 

Model Covariates Retained df AICc ΔAICc weight 

1 Cortisol ~ Area + Sex 4 651.3 0.00 0.265 

2 Cortisol ~ Area + Sex + Day 5 651.6 0.31 0.226 

3 Cortisol ~ Sex 3 651.8 0.48 0.208 

4 Cortisol ~ Area + Sex + Day + Day*Area 6 653.2 1.90 0.102 
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3.1.3 Detailed methods, results and discussion 
 Lipid results and discussion  

 

3.1.3.1.1 Variation through blubber depth results 
Each species group showed a different pattern in the lipid content through blubber depth. The 
balaenopterids showed the most variation in blubber lipid content both within and between 
individuals (full dataset range from 2.40 ± 0.3% to 77.55 ± 0.2%), followed by the white beaked 
dolphins (full dataset range from 29.3 ± 8.5% to 74.2 ± 5.0%), while the ziphiids showed the least 
variation (full dataset range from 51.30 ± 0.4% to 84.06 ± 1.1%). For the white beaked dolphins, 
the outer layer and the full depth samples both had a higher lipid content than the inner and middle 
layers (p values both 0.01) that were not significantly different to each other (Figure 3-3). For the 
ziphiids, there were no differences in lipid content between layers (Figure 3-3). Finally, there were 
significant differences between all layers in the balaenopterids (Figure 3-3). The outer layer had 
the highest lipid content and the inner layer had the lowest (Figure 3-3). The lipid content was 
significantly higher in the full depth samples compared to both the middle and the inner layers (p 
values < 0.005).  

There was no overall increase or decrease in the extraction variability, quantified as the 
measurement standard error between duplicate samples extracted in tandem, with increasing lipid 
content (linear model: Adjusted R2 = 0.01, p = 0.15), confirming that this lipid extraction method 
is appropriate for the range of sample masses analyzed here. There were also no differences in the 
measurement error between the different blubber layers (ANOVA; df = 3, F = 1.786, p = 0.154). 
There was significantly higher variation in the measurement standard error as well as a higher 
overall measurement standard error in the white beaked dolphin samples compared to both the 
balaenopterids and the ziphiids (ANOVA; df = 2, F = 34.23, p < 0.0001). This could be because 
the full depth white beaked dolphin samples were thinner (mean blubber depth of 17.4 ± 1.28mm) 
than the samples taken from the other two species groups that had a much thicker dorsal blubber 

Blubber Lipids: Highlights 

o Blubber lipid content of remotely obtained, shallow biopsy samples provides little 
information about the body condition of these species sampled. The investigation of 
other blubber biomarkers should be prioritised. 

o Compared to the delphinids and the balaenopterids, the ziphiids showed very little 
variation in blubber lipid content. Beaked whale blubber may play a fundamentally 
different role compared to other cetacean species that consistently mobilise and 
deposit blubber fat stores.  

o One potential reason for this lack of variation could be that Ziphiid blubber is known 
to consist primarily of wax esters that are less easily metabolised, but are less dense 
than triacylglycerols. Deep diving species may benefit from stores of these low 
density wax esters to remain closer to neutral buoyancy at depth. These species likely 
have to prioritise maintaining consistent blubber hydrodynamic, thermal and 
buoyancy parameters which comes at the expense of having variable fat deposits for 
energy storage.  
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layer (means of 53.25 ± 7.56mm and 37.0 ± 5.57mm for the ziphiids and the balaenopterids 
respectively). As such, by subsampling a thicker blubber layer, the likelihood of subsampling a 
more homogenous part of the tissue is higher than when sampling from the thinner layer where the 
tissue properties may change within the piece that is sampled. As the species that are typically 
sampled through remote dart biopsy, including ziphiids and balaenopterids, are much larger than 
white beaked dolphins, the samples obtained will probably be more homogeneous than from 
smaller species, so differences between duplicate samples are less likely, and this extraction 
method is robust for such species. 

Figure 3-3 Barplots of mean blubber lipid 
content ( ± standard error) through blubber 
depth for each species group. Balaenopterids 
were the only group to show variation in lipid 
content across all blubber layers, and showed 
the greatest variation in lipid content of all 
three species groups 
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3.1.3.1.2 Variation with other covariates results 
The lipid content in the full blubber depth samples was not correlated with blubber thickness for 
any of the three species groups. No covariates were retained following generalized linear model 
selection for the white beaked dolphins or the ziphiids, indicating that sex, age class, cause of death 
and body condition did not contribute to the explanation of the variability in the blubber lipid 
content of these full depth, dorsal samples (Table 3-6). The best fitting GLM for the balaenopterid 
data included only COD as an important explanatory variable with a significantly lower lipid 
content in the chronic cases compared to the acute cases (p = 0.004) (GLM: df = 3, weight = 0.87, 
Δ AICc of 4.18 to the next best fitting model) (Table 3-6). In fact, individuals that died as a result 
of an acute trauma had significantly higher blubber lipid content across all blubber layers than 
those with a chronic cause of death (ANOVA; F = 44.71, df = 1, p < 0.0001, Figure 3-4). 

Table 3-6. Summary table of the generalized linear model results investigating the effects of 
various covariates on blubber lipid content for the three species groups. *VIFs: variance inflation 
factors measure collinearity between predictor variables. These predictor variables with high 
VIFs were excluded from the analysis.  

 

Species 

 

Sample Size 

Covariates 
Discarded Based on 
VIFs* 

Covariates Retained 
following GLM model 
selection 

Delphinids 10 Sex, Age Class  

Ziphiids 8 Sex, Age Class  

Balaenopterids 7 Girth / Length COD 
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Figure 3-4. Boxplots of blubber lipid content across blubber layers between COD categories for 
the three cetacean families. The balaenopterids were the only group to show significant 
differences in blubber lipid content between acute and chronic cases. Blubber lipid content was 
significantly lower across all blubber layers in the chronic compared to the acute cases 
(ANOVA; F = 44.71, df = 1, p < 0.0001). 
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The effect of body condition, either as mass/length2 for the white beaked dolphins, or as 
girth/length for the ziphiids and the balaenopterids, was not retained as an important explanatory 
variable in the full blubber depth lipid content models for any of the three species groups. The 
relationship between the lipid content of each layer and body condition was then assessed 
separately. For the balaenopterids, there was a significant positive correlation between lipid 
content and girth/length in the middle blubber layer alone (linear model; p = 0.035, Adjusted R2 = 
0.4), which was not seen in the other two groups (Figure 3-5). Variation in this layer therefore 
likely drives the differences in full blubber depth lipid content that are associated with different 
causes of death. 
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The lack of correlation between lipid content and body condition in the white beaked dolphins and 
the ziphiids could have been a result of the small sample size of individuals. It is possible that only 
a small number of animals in either good or poor condition has been sampled here. To investigate 
this possibility, the range in individual condition estimates for each species group was assessed 
using morphometric data collected by the SMASS for these species between 1991 and 2015. These 
data were from 51 balaenopterids from 4 species (minke, humpback, fin (Balaenoptera physalus) 
and sei whales (Balaenoptera borealis)), 42 ziphiids from 4 species (Northern bottlenose whales, 
Sowerby’s, Cuvier’s and Blainville’s beaked whales (Mesoplodon densirostris)) and 90 white 
beaked dolphins. The range in condition estimates varied between each group. There was a four-

Figure 3-5. Lipid content in the middle blubber layer plotted against the morphometric body 
condition estimate for each species group. There was a significant correlation between the lipid 
content in the middle layer and body condition in the balaenopterids alone (p =  0.035, Adjusted 
R2 = 0.4). 
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fold difference between the white beaked dolphins in the thinnest and the fattest condition 
(mass/length2 range between 0.0012 – 0.0049), and a huge ten-fold difference in the balaenopterids 
(girth/length range between 0.064 – 0.67). For the ziphiids however, there was less than a factor 
of two difference between the individuals in the thinnest and the fattest condition (girth/length 
range between 0.37 – 0.63), indicating a very narrow range in body condition in these species. The 
individuals sampled for lipid extraction covered a large part of these ranges for the white beaked 
dolphins and the ziphiids (Figure 3-6). Thus the absence of any correlations between blubber lipid 
content and condition is likely not a result of the sample size, or a bias in the sampled individuals. 
The balaenopterids sampled were from only a small range of the potential variation (Figure 3-6), 
yet there was still a positive correlation between girth/length and the lipid content in the middle 
layer, as well as differences in the animals with acute or chronic causes of death.  

 

Figure 3-6. Body condition histograms for the three species groups using morphometric data 
collected by the SMASS. a) Mass/length2 histogram for the white beaked dolphins (n = 90). b) 
Girth/length histogram for ziphiids (n = 42). c) Girth/length histogram for balaenopterids (n = 
51). The shaded bars indicate the range in condition indices of the individuals sampled for blubber 
lipid extraction. 

3.1.3.1.3 Lipid content as a biomarker discussion 
3.1.3.1.3.1 Lipid content stratification through blubber depth? 
Stratification of lipid content through blubber depth was seen in both the white beaked dolphins 
and the balaenopterids. In both of these groups, the middle and inner layers had a lower lipid 
content than the outer layer closest to the skin, and the inner layer of the balaenopterids had the 
lowest lipid content overall. The stratification observed here is likely the result of differential 
metabolism of fatty acids, and thus deposition and mobilisation of lipid stores through the blubber 
depth (Lockyer et al., 1984; Samuel and Worthy, 2004; Smith and Worthy, 2006). Long-chain 
polyunsaturated fatty acids of dietary origin are present in higher concentrations in the inner layer 
compared to the outer layer, and these are preferentially metabolised due to their proximity to the 
body core (Koopman et al., 1996; Krahn et al., 2004; Lockyer et al., 1984). This makes the inner 
and middle layers more metabolically active in terms of lipolysis and lipogenesis compared to the 
outermost layer which is made up primarily of short chain monosaturated fatty acids and has a 
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more structural, and possibly thermoregulatory role with a more stable composition over time as 
it is more metabolically inert (Olsen and Grahl-Nielsen, 2003; Ruchonnet et al., 2006; Samuel and 
Worthy, 2004). Koopman and colleagues (2002) found that the outermost layer of the blubber in 
starved harbour porpoises (Phocoena phocoena) was virtually indistinguishable from normal 
animals, but throughout the rest of the blubber, the adipocytes shrank and ‘disappeared’ during 
starvation.  

Here, only the lipid content of the middle layer of the balaenopterids was significantly correlated 
with condition. This is consistent with previous reports that the middle layer of fin and sei whale 
blubber consisted of loose, fatty tissue, and was the most variable in thickness compared to the 
other two layers (Lockyer et al., 1985). The lowest lipid content seen in the inner layers of both 
the delphinids and the balaenopterids is consistent with the findings in other species whereby the 
inner layer contained proportionally more fibrous tissue than the other two layers. (Ackman et al., 
1975a; Krahn et al., 2004; Lockyer et al., 1984). Thus, had shallow biopsy samples been taken 
from these animals, they would provide inflated estimates of blubber lipid content as the outermost 
layer did not reflect the lipid available for mobilisation in the middle layers. In addition, a number 
of studies have now shown that the lipid content measured in a biopsy sample is not reflective of 
that of the tissue when sampled at necropsy (Krahn et al., 2004; McKinney et al., 2014; Ryan et 
al., 2012). The discrepancies are thought to be a result of lipid loss during dart retrieval as the 
adipocytes burst upon dart impact. 

In contrast to the other two families, the ziphiids showed no variation in lipid content through 
depth. The blubber of ziphiids has been shown to display stratification of fatty acids and wax esters 
through blubber depth, but the overall lipid content appears to be uniform (Koopman, 2007; 
Litchfield et al., 1976; Singleton et al., 2017). Ziphiid blubber therefore does not show the same 
stratified characteristics as seen in other cetacean species in terms of layers of lipid deposition and 
mobilisation. This suggests that the tissue is not being used in the same way for the same energy 
storage functions as other cetacean species. Blubber lipids in ziphiids have been shown to be 
dominated by wax esters (Koopman, 2007; Litchfield et al., 1976; Singleton et al., 2017), and this 
different composition of the tissue likely affects the patterns of lipid deposition and mobilisation, 
as well as tissue function, which will be discussed in detail below.  

3.1.3.1.3.2 Lipid content variation as an indicator of condition?  
The huge variation in lipid content both within and between the balaenopterid samples compared 
to the other two species groups is likely a result of the life-history strategies of these species 
whereby they cycle their energy stores during seasonal migrations that link temporally and 
spatially separated breeding and feeding seasons (Koopman, 2007). As they are adapted to cycle 
their fat stores, the range in blubber lipid content is likely to vary much more than for species that 
do not undertake prolonged fasting periods, and thus live within much narrower limits of stored 
energy reserves. This was highlighted in the larger dataset of morphometric measures from the 
SMASS with the 10 fold difference between the girth / length index of individuals in the thinnest 
and fattest condition. Cause of death was retained following model selection, showing that 
individuals that died as a result of acute trauma had a higher lipid content across the full blubber 
depth compared to chronically debilitated animals. This is to be expected as chronically debilitated 
animals have depleted their fat reserves following a more gradual decline in health and perhaps 
reduced foraging opportunities compared to individuals that died as a result of an acute trauma 
event. These results from dorsal blubber samples are consistent with previous work on fin and sei 
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whales where the dorsal posterior area of the body has been shown to be a major site for lipid 
storage in both the blubber and the muscle, so it was suggested that this area may be useful as an 
indicator of overall body fat condition (Lockyer et al., 1985). While the full blubber depth samples 
could be used to differentiate between gross differences as a result of different cause of death 
categories, only the lipid content measured in the middle layer was an appropriate metric to detect 
more subtle differences in condition between the balaenopterid individuals. Neither sex nor age 
class were retained as important explanatory variables which was surprising given previous 
evidence of variation in fat stores across sex and reproductive classes in balaenopterids (Aguilar 
and Borrell, 1990; Lockyer et al., 1985). These data were dominated by juvenile minke whales, 
and for this reason little can be inferred about the effect of age class on blubber lipid content. 
Similarly, as the animals had likely not reached sexual maturity, the lack of differences between 
the sexes could be indicative that sex differences only appear once animals start to deposit and 
mobilise fat stores associated with the costs of reproduction. 

Model selection for the delphinid and the ziphiid data retained no covariates as important 
explanatory variables. When plotted individually, there were no significant correlations between 
the lipid content in any blubber layer and body condition. One explanation for the lack of variation 
here could be a consequence of the dorsal site of the blubber sample. Dorsal blubber samples were 
taken immediately caudal to the dorsal fin in all species in order to investigate the potential use of 
lipid content as measured in remotely obtained biopsy samples which target this area. However, 
in small odontocetes, the blubber in the thoracic-abdominal region is hypothesized to play an 
important role in insulation and energy storage, whereas the region posterior to the dorsal fin is 
thought to primarily act to maintain hydrodynamic and locomotory functions and is metabolically 
inert (Gomez-Campos et al., 2015; Koopman, 1998; Koopman et al., 2002; Tornero et al., 2004). 
Specifically, harbour porpoises and common dolphins (Delphinus delphis) showed the highest 
blubber lipid content in the anterior-ventral region (Koopman et al., 2002; Tornero et al., 2004), 
and the patterns of lipid distribution in starved harbour porpoises showed that they are mobilized 
from their ventral girth region but not from other areas of the body (Koopman, 1998). It was 
hypothesized that altering the structure of the posterior blubber by mobilizing lipids could have 
serious effects on the locomotory efficiency of the animal as this region of the blubber acts to 
reduce the costs of locomotion by acting as a biological spring (Koopman et al., 2002). This pattern 
of lipid deposition and mobilization may extend to other odontocete species as well, such as the 
white beaked dolphins and the ziphiids sampled here, which could explain why lipid content in 
this dorsal sampling site did not correlate with the condition or cause of death of the individuals. 
Thus, there are apparent differences in the function of the blubber as an energy store across the 
bodies of the larger cetaceans, the balaenopterids, and the smaller odontocetes studied to date. 
These differences are likely due to a combination of the different hydrodynamic body shapes and 
maneuverability of the species, as well as their life histories and reproductive strategies that 
determine their reliance on endogenous energy stores. Some areas of the body are therefore more 
important for energy storage than others, and this variation is not necessarily captured in the dorsal 
sampling site of biopsy samples for some species.  

Implications of the dominance of wax esters in ziphiids? 
The apparent absence of variation in lipid content both within and between the ziphiids sampled 
here could be a result of the different lipid-type composition of the tissue. Ziphiid blubber is made 
up of between 80% and 100% and wax esters (Hooker et al., 2001; Koopman, 2007; Litchfield et 
al., 1976), and their relative contribution to the tissue changes with different age and reproductive 
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classes (Singleton et al., 2017). It is possible that beaked whale blubber lipid storage properties 
differ from other species because wax esters have different chemical properties to the 
triacylglycerols that are more rapidly metabolized and more efficiently hydrolysed (Place, 1992; 
Pond, 1998). As most mammals are incapable of metabolizing wax esters and thus eliminate them 
in their feces (Hansen and Mead, 1965), the proportion of the lipid stored in the blubber that is 
available for mobilization to provide energy during times of reduced foraging may therefore be 
much smaller in beaked whales than species of a similar size that preferentially store 
triacylglycerols. The dominance of wax esters, a less easily metabolized lipid-class, in the blubber 
of these species is a further indication that the tissue is not being used as an energy store in the 
same way as other cetacean species.  

Recent studies on the composition of fresh undigested forestomach and colon contents of minke 
whale and right whale (Eubalaena glacialis) feces suggested that they may have evolved an 
unusual metabolic capability, such as specialized enzymes or a particular gut symbiont, which, 
unlike other mammals, enables them to utilize most of the wax esters in their diet (Nordøy, 1995; 
Swaim et al., 2009). Baleen whales that rely on a wax ester-rich diet from their copepod prey thus 
seem to have overcome the digestive limitations of most terrestrial mammals. Interestingly, 
however, the ingestion of wax esters does not necessarily mean that these compounds will be stored 
in their adipose tissue. Even though balaenopterids consume large quantities of wax esters, and are 
apparently able to metabolize them, their blubber is composed almost entirely of triacylglycerols. 
Given the importance of these lipids in beaked whale blubber, it is likely that these species have 
also evolved this metabolic capability. For example, as beaked whales and sperm whales (Physeter 
macrocephalus) approach adult size, the blubber is increasingly made up of wax esters (Koopman, 
2007; Singleton et al., 2017), suggesting that wax ester storage is minimal at birth, and they then 
develop the ability to synthesize and deposit it. The mechanisms by which they are able to utilise 
the wax ester components of their fat storage remain unclear however, as are the roles of wax esters 
as an energy store for cetaceans in general.  

The differences in the basic structure and common constituents of wax esters and triacylglycerols 
give them distinct physical properties. Specifically, wax esters have lower densities (specific 
gravities) than triacylglycerols, such that a unit volume of wax esters will provide more positive 
buoyancy than the same unit volume of triacylglycerols in sea water (Sargent, 1978). Wax esters 
are the dominant lipid storage class of calanoid copepods (Sargent et al., 1977), deep water and 
vertically migrating fishes (Nevenzel, 1970) as well as beaked whales, Kogia species and sperm 
whales (Koopman, 2007; Litchfield et al., 1975). It has therefore been suggested that lipids are 
preferentially stored as wax esters in many marine organisms as they provide greater buoyancy 
(Sargent, 1978). This may be especially the case for beaked whale species that are particularly 
deep divers (Tyack et al., 2006a), and may use the positive buoyancy provided by wax esters to 
maintain an overall body status close to neutral buoyancy as gas stores compress with depth (Miller 
et al., 2004a; Miller et al., 2016c). Neutral buoyancy is thought to minimize locomotion costs both 
for vertical transits (Adachi et al., 2014; Miller et al., 2012b) and for horizontal swimming (Sato 
et al., 2013). 

Wax esters in the blubber have also been suggested to play a potentially important role in 
thermoregulation (Bagge et al., 2012; Singleton et al., 2017).  The blubber of deep diving species 
with a higher wax ester content, but with the same overall lipid content as shallower divers, has 
been shown to be a superior insulating material (Bagge et al., 2012).  Deep divers can experience 
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large variations in ambient temperatures during the course of a single dive, and it has been 
suggested that this increased insulative capacity of the blubber may facilitate deeper, longer dives 
in these species (Bagge et al., 2012). It was concluded that the function of blubber as an insulator 
is highly complex and is likely affected by a number of factors including lipid class, stratified 
composition and dynamic heat storage capabilities as well as currently unmeasured characteristics 
such as vascularization, collagen content or water content (Bagge et al., 2012).  

Finally, blubber with a high wax ester content has a significantly higher nitrogen solubility than 
blubber composed of triacylglycerols (Koopman and Westgate, 2012; Lonati et al., 2015). Having 
blubber stores with higher nitrogen solubility could result in greater storage of nitrogen while 
submerged, and lead to an increased release of nitrogen upon surfacing, thus putting these species 
at a greater risk of decompression sickness. However, models of decompression sickness risk 
suggest that risks are highest during repetitive, shallow dives and when animals are in water 
shallower than the depth of alveolar collapse (Ridgway and Howard, 1979; Zimmer and Tyack, 
2007). So, in theory, it is possible that as deeper divers spend comparatively little time performing 
repetitive shallow dives, they are able to store wax esters and hence have high nitrogen solubility 
in their blubber (the physiological functions of which remain to be established) (Koopman and 
Westgate, 2012). Shallower divers cannot, as this puts them more at risk of decompression 
sickness, and this difference could have contributed to the evolution of different lipid storage 
classes between deep and shallow divers (Koopman and Westgate, 2012). However, it is thought 
that deviations from the normal diving patterns of beaked whales interrupts gas dynamics and 
cause decompression-related injuries (Tyack et al., 2006; Zimmer and Tyack, 2007). These beaked 
whale results highlighting the lack of variation in lipid content add to a body of work aiming to 
understand the potential physiological functions of, and the selective pressures leading to the 
presence of wax esters in the blubber of odontocetes. 

Currently, there is no evidence to suggest that any of the beaked whale species experience 
substantial or predictable fasting cycles, or periods of food shortage when lipid reserves might be 
drawn upon (MacLeod, 2018). Species that rely on blubber lipids during fasting may be 
constrained to storing only triacylglycerols, as this lipid source can be reliably and rapidly 
mobilized. By extension, perhaps as beaked whales do not experience prolonged fasting periods, 
they are preferentially able to store blubber lipids that provide some element of physiological or 
mechanical advantage during diving instead of energy storage. For these reasons, the role of 
beaked whale blubber in diving physiology may determine the extent to which it can change in 
lipid composition as the structural and mechanical properties of the tissue are prioritized at the 
expense of available energy stores. The very narrow range in the girth / length condition estimates 
using the larger morphometric dataset from the SMASS further supports the possibility that these 
species survive within very narrow physiological limits.  

Much more than just an energy store 

Here, there was no relationship between blubber thickness and blubber lipid content for any of the 
individuals sampled, regardless of species group. Results of this study therefore support the idea 
that blubber thickness alone is an inadequate index of fat stores as the lipid content of the tissue 
varies independently of its thickness (Ackman et al., 1975a; Aguilar et al., 2007; Dunkin et al., 
2005; Evans et al., 2003). There are two possible reasons for this lack of a relationship: either the 
small sample size of this dataset prevented the detection of any correlations between lipid content 
and blubber thickness, or, the other functional roles of the blubber not involved in energy storage 
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also affect blubber thickness. This is a small sample size of only 27 individuals, and it is possible 
that the lack of correlation between lipid content and blubber thickness here could be because there 
was not a great enough range in blubber thicknesses or lipid content within each species group. 
However, as the individuals sampled, with the exception of the balaenopterids, covered the range 
of potential morphometric body condition estimates from the larger SMASS dataset, this is likely 
not the case. 

Various other studies have also shown similar results where blubber thickness was determined to 
be a poor index of nutritive condition as it was not correlated with changes in overall body fat 
reserves (Aguilar et al., 2007; Caon et al., 2007; Evans et al., 2003; Gomez-Campos et al., 2015; 
Koopman, 2007; Read, 1990; Ruchonnet et al., 2006). This is because the extent to which blubber 
lipids can be mobilised is limited by thermoregulatory and hydrodynamic considerations, and is 
not simply a function of its energy reserves. It is well recognised that in addition to its role as a 
depot of energy, cetacean blubber also serves important functions as an insulator, it is involved in 
active thermoregulation, it streamlines the body, facilitates hydrodynamic locomotion, contributes 
to water balance, and provides buoyancy (Iverson, 2009). For this reason, attempts should be made 
to move away from using blubber thickness as an indicator of condition, and alternative methods 
should be investigated across all species, not just beaked whales. There are likely very complex 
relationships between body size, thermal habitat, lipid stratification, blubber thickness, and 
metabolism that warrant further investigation. With the results of this comparative study, together 
with previous studies we hypothesise that ziphiids cannot tolerate large variations in blubber 
thickness or blubber lipid content. Variations would affect their thermal regulation, their 
hydrodynamic shape required for capture of fast-swimming prey, and importantly, their neutral 
buoyancy which enables them to forage efficiently at depth. As such, the maintenance of structural 
and hydrodynamic properties of the blubber are prioritised over its use as an energy storage organ 
(Figure 3-7). Thus, if the ecology and hence physiology of a species requires stability to be 
maintained in one blubber function, this will therefore influence the variability possible in others. 
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Conclusions 
Cetaceans have evolved very specialized adipose tissues to meet the challenges of their aquatic 
environment. Varying habitats and life history strategies have shaped different typical blubber 
functions and composition such that the blubber may serve a fundamentally different purpose 
across different species. Here, the lipid content of the middle layer in the balaenopterids was 
correlated with body condition, in-keeping with previous work suggesting that this layer is the 
most important in terms of lipid deposition and mobilisation. However, it still remains unclear for 
most cetacean species whether changes in lipid content and blubber thickness in this part of the 
tissue occur as a result of adipocyte hyperplasia or hypertrophy, or a combination of both. The 
lipid content measured in the outer part of the tissue for these species, available through remote 
dart biopsy, thus gives little information on an individual’s condition, as it provides no information 
on the layers that are involved in lipid deposition and mobilisation.  

There was a lack of stratification of total lipid through the blubber depth of the ziphiid samples, as 
well as a lack of variability between individuals. The lack of variability here together with the 
known high wax ester content of the blubber suggests that its other roles in diving physiology for 
example, may be of greater importance than its role as an energy depot. The blubber in these 
species may therefore not be optimized as an energy store as it is in many other cetacean species. 
The relationship between blubber lipid content and overall energy stores is not straightforward in 
these animals of different body sizes, life history strategies, foraging ecologies and physiological 
capabilities. Using the proportions of different saturated / unsaturated fatty acids or the proportion 
of triaclyglycerols to wax esters, for example, might be a more reliable indicator of condition. 
Thus, because of the inherent variability in the structure and composition of blubber, among 
families, species, individuals, and even within individuals, extreme caution should be used when 
making inferences and generalizations based on the lipid content of only a small portion of this 
extremely complex tissue. Further work should prioritise measuring other components of blubber 
biopsies as potential markers of condition.  

Figure 3-6. Theoretical schematic demonstrating the relative importance of different blubber 
functions across three cetacean families with respect to the extent to which the tissue can vary in total 
lipid content. It is hypothesised that ziphiids prioritise the preservation of a constant blubber structure 
and lipid content to maintain the hydrodynamic, insulative and buoyant properties of the tissue. 
Balaenopterids however, show huge amounts of variability in blubber lipid content both within and 
between individuals, likely because they rely on blubber lipid stores during prolonged fasting periods 
of their life-cycles.  
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3.1.4 Adipocyte size as a biomarker discussion 

 Adipocyte size (area) 
This initial exploratory analysis of adipocyte size shows some promise as predictors of body 
condition (see Supplementary Material and also (Castrillon et al., 2017). Here, a significant 
relationship was observed between adipocyte area, morphometric condition (girth/length) and 
dorsal blubber thickness, accounting for age and sex differences, consistent across four cetacean 
groups. Adults were found to have larger adipocytes than juveniles and this finding is in 
accordance with previous research that found adipocyte size increased with age in bottlenose 
dolphins (Struntz et al., 2004). A good model fit with significant prediction power included just 
the two main size metrics accounting for cetacean group. Discriminating between animals in 
different nutritional states by combining adipocyte size with the other blubber biomarkers being 
developed in this study (such as cortisol and the protein biomarkers) will assist in our ability to 
assess the processes that are occurring at the cellular level, and indeed whether animals are 
undergoing lipolysis (are utilizing fat stores for energy) or lipogenesis (are storing excess fat) at 
the time of sampling. Indeed Castrillon et al., (2017) also concluded in a study investigating 
adiposity measures (including adipocyte area) from blubber biopsies in humpback whales, that a 
wider set of biomarkers is necessary to accurately determine energetic health. 

Adipocyte size:  Highlights 

o Adipocyte size (count or area) from blubber biopsy samples may be a useful 
additional independent measure of body condition in large cetaceans. However, a 
larger sample size, both from dead stranded animals and live biopsy samples with 
independent estimates of nutritional condition, is needed to further validate the initial 
findings reported here. 

o The ability of adipocyte metrics to predict condition (girth/length) was investigated. 
The best model given the data included adipocyte area and count but not sex and age 
(accounting for cetacean group). 
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3.1.5  Progesterone results and discussion 

 Progesterone Concentrations Across Reproductive States  
Progesterone concentrations measured across the different reproductive states of females are 
shown in Figure 3-8.  Interestingly, one female sampled in Norway was both lactating and also 
pregnant which was been reported in Southern Ocean humpbacks sampled on the feeding grounds 
in the Antarctic (Pallin et al., 2018). For the whales sampled in Canada, ~ 24% were pregnant 
(5/21) while a slightly larger proportion were pregnant in Norway with ~35% (9/26). Finally, there 
was no relationship between progesterone concentration and Julian Day in the pregnant females, 
suggesting that there is not an increase in blubber progesterone as gestation progresses across the 
feeding season (linear model: Adjusted R2 = 0.08, p = 0.91). Interestingly, for the northern 
bottlenose whales, only one of the females had elevated concentrations of progesterone indicating 
pregnancy. All the other samples were collected from non-pregnant females (Figure 3-9).  

 

Figure 3-7. Blubber progesterone concentrations across different reproductive states 
of the 47 female humpback whales sampled for the SERDP RC-2337 project. The 
unknown females are those where age class was not recorded.  

Blubber Progesterone: Highlights 

o Blubber progesterone concentrations were used to distinguish between pregnant and 
non-pregnant females. 

o One female sampled in Norway was simultaneously both pregnant and lactating. 
This has been recorded in an increasing humpback population in the South Atlantic, 
likely in response to favourable environmental conditions. 
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Figure 3-9. Blubber progesterone concentrations in 15 Northern Bottlenose Whales 
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3.1.6 Cortisol results and discussion 

 

 Method Development Using Stranded Animal Samples Results and Discussion 
3.1.6.1.1 Harbour Porpoise Results 
Body Location and Blubber Layer: Blubber cortisol concentrations ranged between 3.65 - 
759.51ng/g. The final GLMMs following variable selection did not retain either body location or 
the interaction with body location and body condition as significant explanatory variables. Mean 
concentrations of 69.09 ± 31.30ng/g, 90.48 ± 52.22ng/g and 83.22 ± 59.95ng/g were measured in 
the full depth dorsal, lateral and ventral samples respectively. Thus, there are no significant 
differences in blubber cortisol concentrations across these three different sampling locations 
(Figure 3-10). When blubber layer was considered together with body location and condition, the 
final GLMM following variable selection retained only blubber layer as an important explanatory 
variable. This suggests that the pattern of cortisol distribution through blubber depth does not 

Blubber Cortisol: Highlights 

o Cortisol is the main glucocorticoid hormone involved in the regulation of lipolysis 
and overall energy balance in mammals. 

o There was significant vertical stratification of cortisol concentrations through the 
blubber depth in harbour porpoises, but not in the balaenopterids. In both species 
groups, concentrations in the dorsal, outermost layer were representative of 
concentrations though the full blubber depth. 

o Cortisol concentrations in the outer blubber layer in both species groups were 
negatively correlated with body condition.  Higher blubber cortisol concentrations 
measured in animals in poorer condition that are likely metabolising fat stores, 
rather than depositing them, therefore appear to be consistent in both non-fast 
adapted and fast-adapted species. 

o Cortisol concentrations in the dorsal, outermost blubber layer could potentially be 
used as a biomarker of condition in free-ranging cetaceans. 

o Biopsy samples were collected from free-ranging humpback whales in Norway and 
Canada (n=82). Sex-specific differences were identified, with males showing 
significantly higher concentrations than females. Overall, whales sampled in 
Canada showed higher concentrations than those sampled in Norway, and there was 
an overall increase in concentrations across the feeding season in Norway alone 
although these trends were not statistically significant. 

o The variability in the cortisol concentrations suggests different physiological states 
in terms of animals either going through lipolysis or lipolysis.  Depending on how 
long the animals have been on the feeding ground, and how successful their foraging 
has been, their state will likely change. 
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change with sampling site, or animal condition. The highest concentrations were measured in the 
inner and middle layers (means of 180.02 ± 177.06ng/g and 156.28 ± 167.02ng/g respectively) (p 
values < 0.01 Figure 3-10), and there was no significant difference between the concentrations in 
the full depth samples compared to the outer layer alone (means of 88.65 ± 68.38ng/g and 77.84 ± 
48.32ng/g respectively) (Figure 3-10).  

 

Figure 3-10. Final GLMM outputs for cortisol concentrations across the body and through the 
blubber layer for the harbour porpoises. a) GLMM output for blubber cortisol concentrations 
around the girth. There were no significant differences in cortisol concentration in full depth 
blubber samples from three different sampling locations. b) GLMM output following variable 
selection for blubber cortisol concentrations with both location and blubber depth. The inner and 
middle layers had significantly higher cortisol concentrations than the full depth and outer layers 
(p values < 0.01), while the outer layer was not significantly different to the full depth sample 
overall. 

Individual Covariates: Variable selection for the GLM of cortisol concentration in the dorsal, outer 
layer samples revealed that there were less than two points difference in the AICc between the two 
best fitting models, indicating that they were of equivalent fit to the data (Table 3-7). These models 
retained both age class and sex, and body condition and sex as important explanatory variables 
(Table 3-7). Juveniles had higher cortisol concentrations than adults (p = 0.05), and there was a 
weakly significant negative relationship between mass/length2 and cortisol concentration (p = 0.1). 
Overall, females had significantly higher cortisol concentrations than males with means of 111.37 
± 59.86ng/g compared to 66.77 ± 29.73ng/g (p = 0.02) (Figure 3-11). This could be as a result of 
the cross-reactivity of the ELISA kit with progesterone (< 9%). However, one adult female that 
died as a result of dystocia (classed here as an acute case) did not have an elevated blubber cortisol 
concentration (53.90ng/g) as would be expected if there were high levels of blubber progesterone 
associated with pregnancy (Trego et al. 2013). Nonetheless, to investigate the potential 
confounding effect of this cross-reactivity, the male and female data were modelled separately 
with the same covariates and model selection process. For the male dataset, again, the final model 
selection showed that there was less than a two point difference in the AICc between the two best 
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fitting models including both age class and mass/length2 although neither was individually 
significant. For the female dataset, variable selection excluded all covariates, and these results are 
likely a result of the small sample size used for analysis when the data are split by sex. COD was 
not retained in the final model likely because it is tightly linked to the condition of the individuals 
as the acute cases were generally in better condition, and showed a smaller range in mass/length2 
than the chronic cases with mean mass/length2 values of 0.0022 ± 0.0035 and 0.0018 ± 0.00050 
for each group respectively. The body condition of the animals therefore explained more of the 
variation in the data than the COD. 

Table 3-7. Results of GLM model selection for outer layer blubber cortisol concentrations for 
harbour porpoises (n=20) and balaenopterids (n = 7) showing the 3 best-fitting models with the 
lowest AICc values. Harbour porpoise models 1 and 2 are of equivalent fit to the data.  

Species Model Covariates Retained 

 

df AICc ΔAICc weight 

 1 Cortisol ~ Sex + Age Class 

 

4 209.4 0.0 0.29 

Harbour 
Porpoises 

2 Cortisol ~ Sex + Mass/Length2 4 210.9 1.5 0.14 

 3 Cortisol ~Age class 

 

3 211.9 2.5 0.08 

 

 

1 Cortisol ~ Girth/Length + Sex 

 

4 190.4 0.0 0.36 

Balaenopterids 2 Cortisol ~ Girth/Length + Sex + 
Lipid 

 

5 192.6 2.2 0.12 

 3 Cortisol ~ Girth/Length + Sex + 
COD 

5 193.9 3.5 0.06 
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Figure 3-11. Partial termplots for the covariates retained in the final two best fitting GLMs 
following variable selection for the harbour porpoise data: glm(Outer.Cort ~ Sex + Age.Class, 
family=Gamma(link="log")) and glm(Outer.Cort ~ Sex + Mass/Length2, 
family=Gamma(link="log")) (n=20). Termplots plot regression terms against their predictors 
with the associated standard errors, while holding other predictors at their mean values. 
Significantly higher cortisol concentrations were measured in females than males (p = 0.02), and 
in juveniles than adults (p=0.05). There was a weakly significant negative relationship between 
mass/length2 and blubber cortisol concentration (p = 0.1). 

3.1.6.1.2 Balaenopterid Results 
Blubber Layer: Cortisol concentrations showed less variation in the balaenopterids than in the 
harbour porpoises with a range of between 53.89 – 154.95 ng/g. Model selection for the GLMM 
which investigated variation in cortisol concentration through blubber depth showed that there 
were no significant differences in cortisol concentration between the inner, middle and outer layers 
(means of 93.7 ± 10.0ng/g, 98.3 ± 5.3ng/g and 89.5 ± 9.9ng/g, respectively, Figure 3-12). The 
interaction between body condition and blubber layer was not retained in the final model either.  
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Figure 3-12. Final GLMM output for cortisol concentrations through the blubber depth for the 
balaenopterids. Model selection did not retain layer as an important explanatory variable as there 
were no significant differences in cortisol concentration between the inner, middle and outer 
layers.  

Individual Covariates: Variable selection for the GLM which investigated other factors 
contributing to the variation in measured cortisol concentrations in the outermost layer of the 
balaenopterid samples retained girth/length and sex as important explanatory variables (Table 3-7). 
There was a strong negative correlation with girth/length (p < 0.001), such that individuals in poor 
condition had higher blubber cortisol concentrations than those in better condition (Figure 3-13). 
As with the harbour porpoises, females had a higher blubber cortisol concentration than males (p 
= 0.002) with mean concentrations in their outer layer of 91.4 ± 8.86ng/g and 87.9 ± 15.88ng/g 
respectively, although the highest concentration was measured in a male. There was no difference 
in cortisol concentrations between animals with acute or chronic CODs. Finally, lipid content was 
not retained following model selection either. In fact, cortisol concentrations were not correlated 
with lipid content across any of the samples collected from all 9 individuals.  
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Figure 3-13. Partial termplots for the covariates retained in the final best fitting GLM following 
variable selection for the balaenopterid data: glm(Outer.Cort ~ Girth/Length + Sex, 
family=Gamma(link="log")) (n=7). There was a significant negative relationship between 
girth/length and blubber cortisol concentration (p < 0.001), and significantly higher cortisol 
concentrations were measured in females than males (p = 0.002). 

 Blubber Cortisol as a Biomarker Discussion 
3.1.6.2.1 Blubber cortisol concentrations across sampling sites and through blubber depth 
Here, no significant variation in blubber cortisol concentrations were seen across the three different 
sampling locations on harbour porpoises. Dorsal sampling through the collection of remote 
biopsies could therefore provide information on typical blubber cortisol concentrations across this 
area of the body. These results are consistent with the notion that while harbour porpoises and 
other small odontocetes may selectively mobilise lipids unevenly across different areas (Koopman 
et al., 2002; Tornero et al., 2004), blubber composition remains relatively consistent across the 
body (Koopman et al., 2002). 

Evidence of stratification in cortisol concentration was seen through the blubber depth in harbour 
porpoises with highest concentrations measured in the middle and inner layers. Overall, the highest 
concentrations were measured in the inner layer which was also found in belugas (Trana et al., 
2015). This is perhaps because the inner layers are more highly vascularised in shallow diving 
odontocetes compared to the superficial blubber layers closer to the skin (McClelland et al., 2012). 
This stratification in cortisol concentration is unsurprising given that cetacean blubber is stratified 
into three layers that can be differentiated visually, histologically and biochemically in many 
cetacean species (Olsen and Grahl-Nielsen, 2003; Smith and Worthy, 2006). In harbour porpoises 
specifically, the inner and middle blubber layers are more dynamic, and are likely used for lipid 
deposition and mobilization at a much faster rate than the outermost layer next to the skin 
(Koopman et al., 1996). Given the differences in the rate of turnover of the tissue, the cortisol 
concentrations measured in the full depth blubber samples represent the integration of the hormone 
through the tissue over a longer time period than either the middle or inner layers alone. There 
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were no significant differences in the concentrations measured in full depth blubber samples 
compared to the outer layer. Thus, these superficial samples could be representative of the longer 
term presence of cortisol in the blubber that is not subject to strong fluctuations as a result of short 
term changes in the blood flow through the tissue to the skin during thermoregulation (Barbieri et 
al., 2010; Noren et al., 2009). Cortisol concentrations in the outer blubber layer available through 
remote dart biopsy could thus be used as a potential indicator of longer-term physiological 
changes. 

The cortisol concentrations measured in the balaenopterid samples were both lower, on average, 
and showed less variation than those measured in the harbour porpoises. Concentrations in the 
outer layer are representative of concentrations measured though the full blubber depth as there 
was no variation in cortisol concentrations through the blubber in these balaenopterid samples. 
This was surprising given previous findings of stratification of this hormone through the blubber 
depth in belugas (Trana et al., 2015), and the variation in concentrations measured in harbour 
porpoises here. It is also surprising given the documented differences in tissue structure, lipid 
content and fatty acid signatures of the different blubber layers in balaenopterids (Ackman et al., 
1975a; Lockyer et al., 1984, 1985) which demonstrate the different potential functions of the layers 
in terms of nutrient transport, lipid storage and mobilisation, and structural support. It seems 
logical therefore, that hormone concentrations would also show similar variation. 

Currently, the only published data on steroid hormone concentrations in balaenopterid blubber are 
progesterone concentrations measured in minke whales and bowhead whales (Balaena mysticetus) 
(Kellar et al., 2013; Mansour et al., 2002). There was no stratification in progesterone 
concentrations though blubber depth in minke whales (Mansour et al., 2002), and concentrations 
through the blubber depth were indicative of pregnancy status. In the second study, stratification 
through blubber depth was not investigated in the bowhead whale samples, but concentrations 
measured in the superficial blubber tissue next to the epidermis were able to distinguish between 
pregnant and non-pregnant females (Kellar et al., 2013). The lack of stratification in cortisol 
concentrations seen here could be comparable to the lack of stratification recorded for progesterone 
in these species.  

3.1.6.2.2 Cortisol concentrations as a potential marker of condition  
Covariate analyses revealed that, even with a small sample size of just 20 individuals for the 
harbour porpoises, and 7 individuals for the balaenopterids, as well as high levels of individual 
variation, cortisol concentrations in dorsal, outer layer samples were negatively correlated with 
body condition, and females showed higher concentrations than males. In terrestrial mammals 
(Castellini and Rea, 1992), humans (Bergendahl et al., 1996) and pinnipeds (Champagne et al., 
2012; Champagne et al., 2006; Guinet  et al., 2004) extended periods of food restriction are 
associated with an increase in the circulating concentrations of cortisol. During these periods of 
reduced food intake or fasting, cortisol increases lipolysis to provide energy (Bergendahl et al., 
1996), and is involved in the maintenance of circulating glucose concentrations through increased 
gluconeogenesis (Exton et al., 1972). It is likely that the same principles apply to cetaceans, 
Interestingly, the COD category was not retained as an important explanatory variable following 
model selection for either species group, demonstrating that the body condition of individuals 
explained more variation than the way in which an animal died. The small sample size here of just 
7 balaenopterid individuals with accompanying morphometric data and cause of death information 
was confounded by both species (dominated here by minke whales) and age class (all individuals 
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were juveniles), and for these reasons, it was not possible to assess age-class variation or potential 
species-specific differences in blubber cortisol concentrations. Further investigations should 
prioritize a larger sample size of individuals to confirm these results.  

3.1.6.2.3 Next Steps: Turnover Time Scales? 
The greatest challenge for proper interpretation of cortisol concentrations in this ‘new’ matrix, is 
how to quantify the time frame captured by this single hormone measurement. The time frame 
over which steroid hormones, like cortisol, and their metabolites are distributed around the body 
in the blood and are then excreted in the feces, or sequestered in the blubber for example, will vary 
greatly. As such, there is little known about how they may be stored and mobilized in the blubber, 
and at what rates. Currently, there is still conflicting evidence as to the time scales over which 
circulating steroid hormones are thought to be reflected in the blubber. For example, no significant 
relationship was seen between serum and blubber progesterone concentrations in non-pregnant 
harvested bowhead whales (Kellar et al., 2013). It was therefore suggested that progesterone 
concentrations are mirrored in these two sample types over longer periods (e.g. over weeks to 
months, the time frame of reproductive changes) but not shorter periods (e.g. over hours to days, 
the time frame of daily fluctuations). In addition, in wild caught harbour seals, blubber cortisol 
concentrations were shown not to be significantly affected by capture time, and thus were likely 
not driven be a stress response to the capture event, but were indicative of longer term 
physiological changes (Kershaw and Hall, 2016). In bottlenose dolphins however, blubber cortisol 
was found to qualitatively reflect circulating cortisol concentrations after oral administration of 
hydrocortisone (Champagne et al., 2017). As a result, there remains some disagreement of the 
interpretation of cortisol concentrations in this tissue as an indicator of a shorter term stress 
response, or a longer term indicator of overall physiological state, uncoupled from short term 
fluctuations in the circulating concentrations of the hormone.  

While the turnover of cortisol in the blubber of marine mammals remains unknown, steroids are 
known to diffuse passively from the blood into human adipose tissue (Deslypere et al., 1985), but 
the turnover of these hormones in adipose tissue is slow (Hughes et al., 2010). Here, there was no 
relationship between blubber lipid content and cortisol concentration in the balaenopterid samples, 
suggesting that the presence of cortisol in the tissue is not just a function of the lipophilic nature 
of the hormone. Blubber cortisol concentrations thus probably provide information on both the 
stress response of an individual, and a physiological response to energetic requirements, but these 
are most likely over longer term time scales than those apparent in circulation. As the blubber of 
shallow diving cetaceans has been shown to be more highly vascularised than the adipose tissue 
typical of terrestrial species (McClelland et al., 2012), a greater perfusion of the tissue could result 
in the high concentrations of cortisol measured in both species groups here, but it is still unknown 
to what extent steroid hormones are in dynamic equilibrium between the blubber and the 
circulatory system. As such, further work is urgently needed to establish the relationships between 
hormone levels in different tissues and excreta, how these concentrations relate to each other, and 
what this means in terms of the physiology of the animal, the stimulation of the HPA axis and the 
overall impact on the individual.  

3.1.6.2.4 Next Steps: Localised Cortisol Production? 
Adipose tissue in mammals is known to be a major site for the metabolism of glucocorticoids and 
other steroids as it has been shown to express a range of enzymes involved in the activation, 
interconversion and inactivation of both the steroid sex hormones, and the glucocorticoids 
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(Bélanger et al., 2002; Meseguer et al., 2002; Seckl and Walker, 2001; Stulnig and Waldhäusl, 
2004). The metabolism of glucocorticoids in adipose tissue is thought to be mediated primarily by 
one enzyme, 11β-hydroxysteroid dehydrogenase type 1 (11 β-HSD1), which catalyses the 
conversion of hormonally inactive precursors (cortisone and dehydroxycorticosterone) to their 
hormonally active metabolites (cortisol and corticosterone) (Seckl and Walker, 2001; Stimson et 
al., 2009; Stulnig and Waldhäusl, 2004). Therefore, in terrestrial mammals, as well as its release 
following the activation of the HPA axis, cortisol is also produced within the adipose tissue and 
the liver from its inert precursor, cortisone. However, while 11 β-HSD1 amplifies local 
concentrations of glucocorticoids in the adipose tissue, it does not contribute significantly to 
systemic glucocorticoid concentrations, as has been shown with transgenic mice (Masuzaki et al., 
2001). Specifically, overexpression of 11 β-HSD1 in the adipocytes of transgenic mice results in 
normal serum concentrations of glucocorticoids and normal HPA axis function, but highly elevated 
levels of glucocorticoids locally in adipose tissue (Masuzaki et al., 2001).  

In vitro studies have recently shown that bottlenose dolphin blubber microsomes exhibit the ability 
to metabolize cortisol to cortisone, and potentially the reverse reaction as well, cortisone to 
cortisol, presumably through the activity of 11βHSD (Galligan et al., 2018). As such, the blubber 
may act as an important site for both the metabolism and production of sex steroids and 
glucocorticoids, and it is possible that blubber could act as an independent endocrine organ, and is 
not merely a storage tissue reflective of the past or present circulating concentrations of 
glucocorticoid hormones. While it is unknown how much of the cortisol pool in cetacean blubber 
may be derived from local production, the cortisol concentrations measured in the blubber here 
may therefore reflect a combination of both circulating concentrations of this hormone through 
passive diffusion from the blood, and the local production of the hormone in the tissue itself. For 
these reasons, care should therefore be taken when interpreting glucocorticoid hormone levels in 
blubber biopsies and associating them with a response to chronic stress.  

Blubber cortisol concentrations should therefore be interpreted with the multi-functional roles of 
cortisol in the regulation of the distribution of fat deposits, adipogenesis and adipose metabolic 
and endocrine function in mind (Lee et al., 2014), rather than as a passive hormonal store with no 
metabolic effect on the tissue itself. Given the mass of adipose tissue as blubber in marine 
mammals, it is possible that the relative contribution of the blubber to an individual’s steroid 
hormone metabolism is quite significant, and the endocrinological functions of blubber in terms 
of glucocorticoid metabolism should thus be further investigated. Efforts to extract and quantify 
cortisol’s inactive precursor, cortisone, from the tissue, and investigate the equilibrium between 
the two should be prioritised. The enzyme activity of 11 β-HSD1 during periods of fasting and 
feeding in these species would help us to understand the how much of the cortisol within the 
blubber tissue originates from the adipocytes themselves during energetically demanding periods.  

 Conclusions  
While very little is known about how cortisol may be produced, stored and mobilized in marine 
mammal blubber, and at what rates, the evidence of involvement in the regulation of physiological 
state and its presence in adipose tissue, make it a good candidate biomarker of condition worth 
investigation in cetaceans. Determining the dynamics of blubber cortisol throughout the life cycle 
of these species would be a key step towards understanding the endocrine control of energy 
regulation in marine mammals. Of key importance now is a better understanding of species specific 
concentrations in order to establish a baseline library of endocrine information from which we can 
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compare in future studies. If these results showing a negative correlation between blubber cortisol 
concentrations and body condition persist across other cetacean species, the analysis of cortisol 
concentrations in remotely obtained blubber biopsies, the metabolic site of action of this hormone, 
has the potential to be a valuable tool for studying physiology and body condition particularly in 
free-ranging cetaceans. More generally, given the importance of cortisol in the regulation of 
lipolysis, concentrations in the adipose tissue of other mammalian species for which morphometric 
measurements cannot be obtained could also be of use as an informative condition marker. 

 Biopsies from Live Animals Results and Discussion 
3.1.6.4.1 Cortisol Concentrations and Disturbance Time 
There is evidence that blubber cortisol concentrations in bottlenose dolphins (Tursiops truncatus) 
are correlated with circulating concentrations after oral administration of hydrocortisone to 
simulate an artificial stress response (Champagne et al., 2017). As such, it was suggested that 
blubber samples from remote sampling may be useful to detect stress loads in this species at the 
time of sampling (Champagne et al., 2017). If this is the case in larger cetaceans as well, the 
interactions of whales with the research vessels that follow and approach them for tagging and 
biopsy sampling could result in a stress response that is then measured in the blubber. This 
potential stress response would be similar to that seen when animal handling cannot be avoided 
for the collection of physiological samples. Increases in circulating cortisol concentrations are 
characteristic of a stress response to such handling and physical restraint procedures in pinnipeds 
(Champagne et al., 2012; Engelhard et al., 2002; Harcourt et al., 2010) and in small cetaceans 
(Schwacke et al., 2014). It is therefore very important to appreciate the magnitude and duration of 
this potential stress response to the tagging and sampling events as it may compromise the specific 
aims of the study by masking any underlying variation in hormone concentrations.  

In order to investigate this possibility in remotely obtained biopsy samples for humpback whales, 
the total ‘disturbance time’ was recorded for whales tagged and biopsied in the 2016 and 2017 
field seasons in Canada (n = 27). The disturbance time was taken as the time from which tagging 
approaches were started on either a group of animals or an individual, to when the biopsy sample 
was taken (Figure 3-14). This time ranged from between just 16 minutes (an individual that was 
approached only for biopsy sampling as it had been tagged on a previous day), to 4 hours and 48 
minutes (an individual that was tagged, followed for drone footage and then biopsied on the same 
day). This time therefore encompasses the entire duration of the potential stressor event from initial 
approach by the research vessel to sampling, and is taken as a proxy for the magnitude of the 
potential stress response. If this stress response is captured in the blubber cortisol concentration 
measurement, we would expect a correlation between disturbance time and cortisol concentration, 
but this was not the case in these animals (Figure 3-15). We are confident that blubber cortisol in 
this species, over this time period, doesn’t appear to reflect circulating concentrations and we are 
therefore not measuring an acute stress response to our approaches on the animals by measuring 
blubber cortisol. Instead we are measuring a longer-term integration of the hormone into the tissue 
that is more representative of overall physiological state rather than an acute stress response. 
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Figure 3-8. Blubber cortisol concentrations are not correlated with 
disturbance time in humpback whales. The disturbance time was recorded 
for 27 whales tagged and sampled in Quebec, Canada, in 2016 and 2017.  

Figure 3-9. Typical time line for the total ‘disturbance time’ spent interacting with humpback 
whales  during fieldwork with the MICS. This varied by individual however depending on the 
weather conditions (suitable / unsuitable for flying the drone) or their behaviour making them 
easier / harder to approach which shortened or lengthened the total disturbance time. 
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3.1.6.4.2 Variation in Cortisol Concentrations in Humpback Whales 
There was considerable variation seen in cortisol concentrations across both field sites. 
Reproductive state (mature male, resting female, pregnant, lactating, immature and unknown 
status) was retained following initial variable selection, but it was seen that the animals of 
‘unknown’ reproductive status from Norway were largely driving this relationship. When these 13 
animals were removed from the analysis, reproductive state was no longer retained as an important 
explanatory variable. The variability in the cortisol concentrations could therefore not be explained 
by differences between the reproductive states of the animals sampled here. 

Results from the model averaging of the four best-fitting GLMs showed that unlike for the much 
smaller SMASS dataset of balaenopterids, males had significantly higher blubber cortisol 
concentrations than females (p = 0.02) (Figure 3-16). Overall, while area was retained as an 
important explanatory variable, it was not individually significant but showed higher blubber 
cortisol concentrations in the whales sampled in Canada compared to in Norway. Finally, Julian 
day, as well as an interaction between Julian day and area were retained in the final models, but 
again, were not individually significant. Model averaging results showed that there was an overall 
increase in blubber cortisol concentrations with Julian day in Norway, but no change in Canada 
(Figure 3-16). It appears that there are different patterns in the data with considerably more 
variability in the cortisol concentrations measured in the individuals in Norway.  
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The individuals were sampled over a longer feeding season between June and January compared 
to the individuals sampled in Canada between just June and September (Figure 3-16). The feeding 
season appears to be much longer in Norway as some whales continue to feed on schooling herring 

that move into the northerly most fjords between November and February. The difference in the 
apparent change in cortisol concentrations across the feeding season in both areas could be the 
result of different timings and durations of the migrations of these two populations in the North 
Atlantic as they move between the feeding grounds in the northern latitudes, to the breeding 
grounds close to the equator. It could also be the result of different durations of the feeding season 
in each area. For example, the individuals sampled between November - January in Norway could 
be ‘left behind’ late in the feeding season if these animals will not migrate if they haven’t 
accumulated enough fat reserves. The variability in the cortisol concentrations suggests different 
physiological states in terms of animals either going through lipolysis or lipolysis. Depending on 
how long the animals have been on the feeding ground, and how successful their foraging has 
been, their state will likely change.  

Figure 3-10. Predicted relationships between blubber cortisol concentration and Julian day 
across both study sites from the GLM model averaging results. Overall, slightly higher 
concentrations were measured in Canada compared to Norway, and while there was an 
increase in concentrations across the feeding season in Norway, this was not seen in the 
Canadian samples. Males had significantly higher concentrations than females at both study 
sites (p = 0.02).  
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3.1.6.4.3 Cortisol Concentrations in Northern Bottlenose Whales 
Cortisol concentrations in the blubber biopsy samples from the Northern bottlenose whales showed 
no variation with either age, sex (although males had lower concentrations than females, this 
difference was not statistically significant) or by year (Figure 3-17, a-c). This likely indicates that 
the animals were all in similar energetic states when they were sampled. 

 

Figure 3-17. Cortisol (a-c) concentrations in the blubber of Northern bottlenose whales by age, 
sex and year. 

  

(a) (b) 

(c) 
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3.1.7 Proteomics result and discussion 

 Potential for Biomarker Development 
While there were over 400 different proteins identified in the extracts from the two species, overall, 
the relative abundance of the proteins across the functional groups were very similar. Moving 
forward, the identification and quantification of different hormones and proteins involved in 
various metabolic pathways within blubber tissue could lead to the development of potential new 
protein markers of interest that can be quantified to provide information on a range of physiological 
processes and life history states. Explaining and quantifying the natural variability in these protein 
markers in the context of different life histories or causes of death, for example, is the next step in 
developing this approach.  

Such indicator proteins may be produced directly by the blubber itself, secreted either by the 
adipocytes, the stromovascular cells, or a combination of both, or may have accumulated in the 
tissue from the circulation in a manner dependent on the individual’s metabolic state. They 
therefore have the potential to capture information on a range of different metabolic processes and 
provide insight into the physiological stresses experienced by individuals. Of particular interest to 
assess energy stores and body condition would be the adipocytokines such as adiponectin, detected 
here, as well was various protein factors involved in lipid metabolism. In addition, the range of 
immune proteins identified suggests that the blubber could be a valuable tissue for assessing 
immune system function and inflammatory responses. Overall, proteomic studies have the 
potential to identify key metabolic processes and pathways and therefore assign novel functional 
roles to marine mammal blubber tissue.  

One potential reason for the lack of any relationships in the band group profiles and the qualitative 
variables of interest used here is that these data are not of fine enough resolution to detect subtle 
changes in individual protein presence and abundance. The nLC-ESI MS/MS protein identification 

Blubber Proteins: Highlights  

o A range of blubber proteins were identified across two cetacean species (n=409), and 
classed into ten functional groups, the most abundant of which were involved in cell 
function and metabolism, immune response and inflammation and lipid metabolism. 

o These proteins likely originate both from the various cell types within the blubber 
tissue itself, and from the circulation. They therefore have the potential to capture 
information on the cellular and physiological stresses experienced by individuals at 
the time of sampling.  

o Despite the range of proteins identified here, separation and visualisation of different 
protein bands using 1D SDS-PAGE was not at a fine enough resolution to be able to 
identify patterns of specific protein bands that correlated with the condition of 
individuals or different reproductive states. 

o A finer scale approach, using 2D SDS-PAGE, for example, could lead to the 
development of a suite of biomarkers to better monitor the physiological state and 
health of live individuals though remote blubber biopsy sampling. 
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results from the harbour porpoise and the minke whale samples showed that each protein band is 
a mixture of proteins of the same size, not a single protein. This is because the total protein extracts 
from the blubber are a complex mixture of proteins of different sizes from different cell types. 
Then, for analysis purposes, the band groups are made up of a number of individual protein bands. 
This means that a band group can potentially contain a huge variety of different proteins with 
different functions (Figure 3-18). Thus, these band group pattern analyses are a summation of 
many different proteins, so subtle changes in certain proteins of interest that are likely lost through 
this coarse analysis. 

Future Recommendations 
An important next step in the identification of different proteins and / or combinations of different 
proteins that can act as biomarkers of overall health and condition in cetacean blubber is to use 2 
dimensional PAGE to separate the proteins in blubber extracts. 2D-PAGE separates complex 
mixtures of proteins using two different properties of the proteins. In the first dimension, proteins 
are separated by their charge called the isoelectric point, and in the second dimension they are 
separated by their relative molecular weight (Saraswathy and Ramalingam, 2011). 2D PAGE can 
thus separate several thousand different individual proteins in one gel. In addition, significant 
improvements have been made in 2D PAGE technology with the development of two-dimensional 
fluorescence difference gel electrophoresis, which can be used to reduce gel-to-gel variations 
(Saraswathy and Ramalingam, 2011) Differentially expressed proteins can be visualised by 
investigating different protein spot patterns and can then be subsequently identified by mass 
spectrometric methods as with the 1D PAGE used here. 
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Figure 3-11. 1D SDS-PAGE gel image to show the grouping of individual bands into band 
groups numbered 1 to 20 used for NDMS analysis with protein identification results examples 
for band group 8 and 16. A total of 38 and 14 different proteins were identified in band groups 
8 and 16 respectively from harbour porpoise and minke whale blubber extracts analysed 
through nLC-ESI MS/MS.  The contribution of different proteins that make up various 
functional groups are indicated.  
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3.2 Use of body shape indicators to study body condition in free ranging cetaceans 
The goal of the scope of work reported in this Subsection (3.2) was to test and implement a method 
to measure body-shape of cetaceans, as an independent method to estimate their lipid-store body 
condition for comparison with the tissue based methods (subsection 3.1) and the tag-based tissue 
body density method (Subsection 3.3) for estimating body condition. Girth / length ratios are a 
standard way of estimating body condition in cetacean carcasses (Read, 1990; Víkingsson, 1995), 
given the primary location of lipid stores within external blubber layers of cetaceans. We predict 
that animals with greater lipid stores will be wider in girth per unit length than animals with less 
lipid store. 

In studies prior to the start of RC-2337, overhead photogrammetry had been used successfully to 
measure shape changes of cetaceans in relation to reproductive status (Perryman and Lynn, 2002; 
Miller et al., 2012). However, at that time, overhead photogrammetry was accomplished using 
fixed wing plans and helicopters, which was beyond the scope of the project. Therefore, at the start 
of project RC-2337, we evaluated use of an underwater 3D scanning sonar (Echoscope 3D 
underwater sonar; CodaOctopus Inc.) deployed from a follow-vessel to measure girth and length 
of free-ranging cetaceans. Following a test trial evaluating the method with killer whales in a 
captive setting and in near-shore coastal waters of Iceland, the sonar-based method was stopped 
for the project following a NO-GO decision. In the meantime, the capability of small UAV (drone) 
systems to make such photographic measurements of cetaceans had been demonstrated (Fearnbach 
et al., 2011; Durban et al., 2015), so our efforts to measure body shape of tagged whales changed 
to use of a UAV drone system to take overhead photogrammetry images. 

In the first part of this subsection, we report the outcome of the evaluations of the use of the 
Echoscope 3D scanning sonar. In the second part of this subsection, we detail results using the 
UAV drone to measure body dimensions of humpback whales in the study. 

3.2.1 Evaluation of a method to measure body shape using a 3D scanning sonar  
Herein, we report on two aspects of the effectiveness of using a scanning sonar evaluated in two 
different efforts: one to measure the precision of computer processing methods for the 
measurement of body dimensions of killer whales (Orcinus orca) from 3D scans acquired with a 
high-frequency underwater 3D sonar; and the second to determine the feasibility of routinely using 
the scanning sonar to make measurements of free-ranging cetaceans. 

To assess the accuracy of the scanning-sonar technique, sonar results were compared to ground-
truth whale measurements acquired at Loro Parque (Tenerife) in August 2014 from two captive 
killer whales of known body dimensions. Data for the captive whales was acquired over a 6 day 
period. The sonar equipment was slowly introduced in order to fully assess any potential reaction 
to the sonar. No adverse reactions were noted, and a number of different types of deployment were 
achieved over the testing period. The sonar results were compared to the ground truth 
measurements made on the whales. 

To assess the feasibility of making routine measurements of free-ranging cetaceans, wild killer 
whales were approached and imaged using the 3D sonar in Iceland in February 2014. Data for the 
free-ranging whales was acquired over a 5 day period with over 10 separate encounters. As with 
the captive study, a phased approach was tested in order to determine reactions of the whales.  
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 Data Collection  
An Echoscope 3D underwater sonar (CodaOctopus Inc.) was used for this evaluation. The sonar 
has an operational frequency range between 375 kHz and 610 kHz depending on the ping rate and 
volume of ensonifcation. The sonar generates 16,384 beams per acoustic transmission with a frame 
rate of over 10 scans per second. The ensonified cone or angular coverage is user defined from 
50°x50° to 25°x25° with beam spacing of 0.39° to 0.19°. In low frequency mode, the sonar has a 
maximum range of 120 meters and a range resolution of 3cm.  

The sonar operates by sending an acoustic pulse or transmission that bounces of the target and is 
received with up to 16,384 beams. Each echo signal received by the Echoscope is separately 
evaluated to generate a ‘point cloud’. The most general definition of a point cloud is: a set of data 
points within some coordinate system. Here, a point cloud is the data in three dimensional 
coordinates recorded by the Echoscope from a single scan. These coordinates are the sum of the 
global position of the sonar (measured with a GPS interfaced with the system), and the relative 
position of each point cloud with the sonar as the origin. These point clouds are used for analysis. 
Each Echoscope point cloud can be treated as a separate volume similar to each picture in a photo-
ID database, however, because the Echoscope produces up to 10 transmissions per second these 
can also be combined to give more statistical weight to the object that is being studied when that 
object does not move or change shape. For this project where scanning whales was the objective, 
this criteria is only met for very short periods of time and thus combining more than 2-3 
transmissions can lead to data degradation rather than enhancement. The project aimed to develop 
a method for reconstructing the shape of whales from the point clouds from which body 
dimensions could be estimated. Further, a methodology was developed to investigate the validity 
of combining data from multiple point cloud data sets in order to automatically process and analyse 
the sonar data for whale surveys. 

Data Collection in Captivity: In order to obtain the ‘ground truth’ data with which to assess the 
usefulness of the Echoscope as a tool to accurately measure the lengths and girths of cetaceans, 
three adult killer whales at Loro Parque (Tenerife) were used in a series of captive experiments. 
All the experiments were done in a roughly circular pool with a diameter of approximately 30m. 
The sonar head was mounted on a pole attached to a weighted cart on wheels which allowed the 
sonar head to be moved easily around the side of the pool. A rope was attached to the sonar head 
which allowed it to be lowered into, and lifted out of the water. The initial exposures of the killer 
whales to the sonar were progressive and carefully monitored, and no visible reaction to the sonar 
was observed when it was in the pool but turned off, at low power, or at full power. When the 
sonar was being used for data collection, the whales were instructed by trainers to swim slowly 
from one side of the pool to the other such that their track, perpendicular to the sonar, was recorded 
by the Echoscope. 

The ground-truth measurements of whale dimensions were made by hand using a measuring tape 
when the whales were lifted out of the water onto a platform or at the water surface. The total 
length was measured from the rostrum tip to the origin of the fluke. The girth was measured at up 
to 5 places along the body, but of interest here were the girth measurements immediately anterior 
and immediately posterior to the dorsal fin. Finally, the dimensions of the dorsal fin and the 
pectoral fins were also measured. The full set of these measurements was only taken for two of the 
three whales as the male had a bent over dorsal fin. For this reason, full comparisons between the 
ground-truth values and the 3D sonar values could only be made for the two female whales, 
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Kohana and Skyla. One set of measurements was made during the sonar survey and a second set 
made following the survey in order to determine the variability in taking measurements by hand 
(Table 3-8).  

Table 3-8. All ground truth measurements taken from the two female killer whales at Loro Parque 
on two different dates, the 17th of September and the 29th of November 2014. 

Name    

Total 
Length 

(m) 

Half 
Length 

(m) 

Dorsal 
Height 

(m) 

Dorsal 
Width 

(m) 

Pectoral 
Length 

(m) 

Pectoral 
Width  

(m) 

Anterior 
Girth 

(m) 

Posterior 
Girth 

(m) 

 

Kohana   5.34 2.70 0.51 0.49 0.63 0.46 3.00 2.89 

  
5.20 " 0.54 0.56 0.61 0.45 3.07 2.75 

 
Average 5.27 2.70 0.53 0.53 0.62 0.46 3.04 2.82 

 
SD 0.07 0.00 0.02 0.04 0.01 0.01 0.03 0.07 

 SE 0.05 0.00 0.01 0.02 0.01 0.00 0.02 0.05 

 

Skyla 
 

5.35 2.65 0.47 0.51 0.58 0.42 3.09 2.80 

  
5.37 "" 0.54 0.60 0.55 0.42 "" 2.81 

 
Average 5.36 2.65 0.51 0.56 0.57 0.42 3.09 2.81 

 
SD 0.01 0.00 0.04 0.05 0.02 0.00 0.00 0.01 

 SE 0.01 0.00 0.02 0.03 0.01 0.00 0.00 0.00 

 

Data Collection in the Wild: A survey of killer whales in Iceland was conducted in January 2014 
using the Echoscope, and recorded data on a number of individual whales over several 
deployments. A small rigid-hull inflatable boat (RHIB) was used for the deployment with the sonar 
dry side protected by a custom-made splash-proof cover (Figure 3-19). The most critical aspect of 
the deployment system was a firm mounting bracket that allowed the pole arrangement to be lifted 
clear of the water during transit to survey sites but which allowed easy but rigid deployment once 
at the site.  

Weather conditions varied during the deployments with survey effort discontinued in winds greater 
than force 4, and a sea state greater than moderate to rough. During the sonar survey, individual 
whales were photographed for photo–ID purposes and tagging efforts were also made from the 
same vessel. Photogrammetry images were also taken to estimate the lengths and widths of the 
dorsal fins using calibrated lasers. Thus, a number of individual killer whales were photographed 
and identified and could be cross-correlated with individuals on the sonar records. 
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A phased approach was used for deployment of the sonar that included the following stages, each 
with an extensive observation period to determine the reactions of the animals: 

1. Deploying with no power 
2. Deploying with “listen-only” mode  
3. Deploying with “listen and transmit”  
4. Listen, transmit at full power and follow the animals 

No reaction in terms of avoidance, changes in respiration patterns or surface behavior was 
discernible for the stages above from behavior observed when following whales using the same 
RHIB without the sonar deployed.  

 Data Analysis 
Preliminary data evaluation can be conducted using the acquisition software. This allows the user 
to observe, in real time, the quality of transmissions and the saturation of echo bounces from 
individual animals. This is important for quality control as it is the aim of surveying to maximise 

the number of points on an animal to give the 
best sonar data returns for that individual. 
Replay using the acquisition software can also 
be used subsequently to pick the best sections of 
data where this criterion is met. In subsequent 
processing, the user can then make the decision 
to use only the best quality data. Alternatively, 
the user can choose to use all of the data with an 
automated processing regime. In this project an 
automated processing regime was designed in 
order to reduce the subjectivity and necessity of 
making decisions on “what is the best data” to 
process. The automated data analysis was 
conducted using the processing outlined below 
(Figure 3-20). Following this, analysis of the 
data was made to determine goodness of fit to 
the ground truth measurements.  

Data Processing: To facilitate automated processing of the point cloud data, a series of analytical 
steps were developed and performed in various software packages (Underwater Survey Explorer 
by CodaOctopus, CloudCompare by Telecom ParisTech / EDF, Meshlab by ISTI-CNR and 
MatLab). The main purpose of the processing was to increase the signal to noise ratio of the data 
and to remove the subjectivity from analysis for body dimensions of individual whales. The series 
of analytical steps followed a progression specifically developed for this project to include cloud 
registration, noise removal, filtering, segmentation, normal estimation and surface rendition of the 
main body (Figure 3-20). At each step, several algorithms were implemented and compared to find 
the most appropriate one for this analysis to produce a 3D model of the individual using 
extrapolation with left-right symmetry (Figure 3-21). For each set of data (a set being defined as 
one swim pass of an animal past the sonar), it was possible to process the echo returns using a 
number of different parameters. The parameters were defined as the variables associated with 
individual transmissions to include in each “summed” point cloud. The sums are then calculated 

Figure 3-12. Echoscope mounted on starboard 
side of the research vessel.  
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as a running value along each set of data or data track as the animal swims past the sonar. A sum 
of between three and five transmissions was typical for the test data. 

 

Figure 3-20, left. The sequence of 
analytical steps used to extract animal 
dimensions from the scanning sonar cloud 
data. 

 

 

Figure 3-21, below. Killer whale data 
points plotted from the Icelandic field trials 
shown in dark blue, with the corresponding 
half of the 3D model generated shown in 
white. 

 

 

 

 

 

 

 

Comparison with Ground Truth Data: Data from both the captive and the wild killer whales were 
processed to reconstruct 3D models of the animals, but only data from the captive animals were 
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then used to make measurements from the sonar data to ground-truth the method against hand 
measurements of whale dimensions. To measure the total body length, the first approach took the 
peak-to-peak distance along the Xloc axis (Figure 3-22.). However, this only works if the animal 
is fully extended, which is often not the case when swimming. Consequently, its curved shape was 
approximated with segments, defining the edges of a basic skeleton. This skeleton contained 6 
nodes defined as the average of portions of the cloud centered at specific values of X (Figure 
3-23.). The dimensions of the fins were calculated using the width as the 3D distance between the 
two extremal points along Xloc axis, the length of the dorsal fin was the 3D distance between the 
two extremal points along Yloc axis, and the length of the near pectoral fin was the 3D distance 
between the two extremal points along Zloc axis. Finally, girth was calculated at two points along 
the body; at the anterior dorsal node, and at the posterior dorsal node (Figure 3-23.). The girth was 
calculated as the sum of the length of smaller segments that make up the ‘mesh’ of the 
reconstructed 3D model. These measurements from the reconstruction of the sonar data were then 
compared to the ‘ground-truth’ measurements of the captive whales. 

 

 Results and Discussion 
 

Figure 3-13. 
Example 3D 
reconstructed 
model of a 
dolphin showing 
the three axes, 
Xloc, Yloc and 
Zloc. 

Figure 3-14. An 
example of the basic 
skeleton used for total 
length measurement 
from the reconstructed 
3D models. 
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3D Scanning sonar to measure body shape – highlights 

Trials in a captive facility derived measurements of a number of critical lengths (full body length, 
half body length, girth at key sections, dorsal fin length) on two different animals were made. 
Lengths (total and half) were determined with less accuracy than girths as a result of more 
movement at the tip of the animal from vertical oscillations of the fluke while swimming resulting 
in a more mobile and smaller target.  

To investigate the potential to automate the processing of data, a large number of algorithm 
parameters were tested. It was noted that the parameters that provided the best estimates of length 
and those that provided the best estimate of girth were different, and thus at this stage, manual 
interrogation/filtering of the data is still necessary to achieve a target accuracy of <10%. Testing 
of the “best parameters” necessitates further study, which is why we recommended a NO-GO 
decision for use of this tool in the RC-2337 project. 

The ability to make measurements on free-ranging animals was achieved and demonstrated from 
these initial trials on killer whales in Iceland.  

 

3.2.1.3.1 Can we measure body length and girth in captive cetaceans? 
Two methods of analysis are possible with the type of data collected. Either, the user can decide 
to use all of the data with no pre-filtering, or, the user can either decide to analyse a sub-set of the 
best data. Using the second approach, the user decides which of the scans are most appropriate for 
analysis and chooses only these scans based on experience in use of the sonar. While this approach, 
akin to taking the best of a photographic record of an individual animal for photo-identification, is 
likely to give the best results, it was decided to test all of the data in order to avoid unintentional 
bias in the results and subjectivity in data analysis. All of the following results are therefore based 
on the analysis of all the data collected along individual “swims” of each animal past the sonar in 
the captive facility. 

Using this automated approach a range of values were considered for the five main parameter 
variables in the algorithms: number of merged scans (1, 3 or 5), smoothness factor (2, 3 or 4), 
search range multiplier (2, 3 or 4), angular threshold (10, 20 or 30) and residual threshold (1, 2 or 
3). The result of varying all these parameters was a large variation in the estimates for the body 
dimensions of the whales (Figure 3-24). Together, only 7.69 % of the estimated lengths and 1.05 % 
of estimated half lengths had a <10 % error for both whales, which was the target for our 
evaluation. 34.7 % of the estimated anterior girths and 19.8 % of the estimated posterior girths had 
a <10 % error for both whales. It is therefore concluded that a specific set of parameters is required 
for processing as the algorithms are highly sensitive to picking the most appropriate parameters 
for analysis.  
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It should be noted here however that there was also variability in the hand-measured ground truth 
data (Table 3-8). For example, the average total lengths for Kohana and Skyla based on two 
measurements were 5.27±0.05m and 5.36±0.01m respectively. The anterior and posterior girths 
for Kohana were 3.04±0.02m and 2.82±0.05m respectively, but the girth measurements for Skyla 
were identical. This variation was possibly a result of observer differences, changes in the exact 
point of measurement on the animal, and the change of shape of the animals as they were lifted to 
different extents out of the water. Thus, the variability in the sonar results has to be viewed along 
with this.  

As there was such variation in the sonar estimates of body dimensions when a range of parameters 
were tested, we evaluated which set of parameter values used in the algorithms would yield the 
most accurate results. A subset of the best sequences of scans that produced errors similar to those 
of the ground truth measurements were identified (Table 3-9). The estimates for each of the four 
measurements (total length, half length, anterior girth and posterior girth) with errors <10% were 
used for further analysis to establish which set of parameters produces these ‘best’ estimates. The 
parameters are listed in Table 3-10. 

  

Figure 3-15. Boxplots 
showing the median 
and interquartile 
ranges of the body 
dimensions estimated 
by the sonar data for 
the two captive, female 
killer whales. The same 
colored horizontal 
lines indicate the true 
measurements taken by 
hand. Overall, the 
sonar data tended to 
overestimate the body 
dimensions of the 
whales. 
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Table 3-9. Average and % error of measurements (with ~40 scans per sequence) for four of the 
‘best’ sequences. These sequences had the lowest percentage errors from the hand measurements 
of length and girth shown in blue. 

Sequence 

Total 
lengt
h (m) 

Half 
lengt
h (m) 

Dorsa
l 

height 
(m) 

Dorsa
l 

width 
(m) 

Pectora
l length 

(m) 

Pectora
l width 

(m) 

Anterio
r Girth 

(m) 

Posterio
r Girth 

(m) 

K 1  5.08 2.82 0.49 0.53 1.29 0.49 4.42 4.47 
 %

 
0.03 0.04 0.07 0.02 1.07 0.08 0.46 0.57 

S 1  5.46 3.49 0.49 0.56 1.51 0.44 4.00 3.89 
 %

 
0.02 0.32 0.03 0.01 1.63 0.04 0.29 0.39 

S 2  5.56 3.81 0.40 0.54 1.66 0.44 3.71 3.79 
 %

 
0.04 0.44 0.21 0.03 1.89 0.05 0.20 0.35 

K 3  10.40 9.50 0.85 2.62 1.11 2.82 3.05 2.49 
 %

 
0.96 2.52 0.63 4.28 0.78 5.15 0.01 0.11 

 

 

Table 3-10.Parameter values used to produce the ‘best’ estimates for each body dimension with 
errors of <10%. 

 Parameter Values 

Parameter  

Length 

 

Half 
Length 

 

Anterior 
Girth 

 

Posterior 
Girth 

 

Number of Merged Scans 

 

1 

 

1 

 

1 

 

1 

MLS: Smoothness Factor 2 2 3 3 

RG: Search Range Multiplier 2 2 4 4 

RG: Angular Threshold 10 10 30 30 

RG: Residual Threshold 1 1 3 3 

 

From the data analysed to date it can be concluded that for some parameters, the automatic filtering 
and processing regime can produce measurements that are to <10% of the true values. Where 
results are not <10% it is likely due to inappropriate parameters being used in the analysis and also 
the large amount of backscatter noise that results from trying to make measurements in a confined 
tank. 
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3.2.1.3.2 Can we collect measurements from wild animals? 
The sonar was easily deployed in the field. During transit to the site it was kept inboard the vessel 
and lowered into the water when in the presence of the whales. Reliable data was recorded when 
the whales were close to the sonar at a distance (20-80m) for other activities such as photo-ID and 
tagging. Thus, the method was found to be complementary to those field operations. With the sonar 
in the water, boat manoeuvrability was not impaired and the whales were approached with ease 
and without showing any adverse reactions to the sonar. During each approach it was possible to 
obtain a number of usable sonar passes for analysis.  

The Coda Echoscope provides real-time data at two different frequencies, namely 375 kHz and 
610kHz for low and high resolution imaging. While the high frequency mode is desirable for 
greater resolution it also has less water penetration and a smaller window of insonification. During 
the initial survey both were tested. However, due to the speed of movement of the killer whales 
moving in and out of the smaller survey window, only the low resolution mode (375 kHz) was 
successful.  

The Echoscope provides data in real-world coordinates and thus for each whale surveyed, it was 
possible to extract from the records reflection points in UTM coordinates for x,y, depth and 
amplitude of return. Typical ping rates achieved for the survey were 4-6 per second so extensive 
data for any one individual was recorded. Data processing in the field included: 

• Isolation of point cloud data on a ping-by-ping basis for individual animals;  
• Noise cleaning of information from the data scene to isolate the individual (noise includes 

water column noise, sea floor noise, surface scatter noise);  
• Measurements of dimensions from the resulting point cloud data; 
• Model building of surfaces for additional measurements of dimensions; 
• Comparison of dimensions taken manually from point cloud data with those taken from 

the simultaneous photogrammetry survey using laser dots. These measurements 
demonstrated for the dorsal fin showed an agreement to better than 10%.  

Thus, the ability to make measurements on free-ranging animals has been achieved and 
demonstrated from these initial trials on killer whales. The experience with the killer whales 
showed the challenges associated with working with such a fast moving species. The main 
challenge was to follow the animals and to manoeuvre the boat to keep track of them without a 
pan-and-tilt head. In the field trials it was originally hoped to be able to use a mechanical aided 
pan-and-tilt head to the Echoscope and thus to have the ability to track the killer whales with more 
precision as they were swimming alongside the vessel. This was not achieved because the pan-
and-tilt mechanism broke prior to deployment and there was not sufficient time to ship a new one 
to the field site. Tracking was thus achieved using a manually adjustable survey setup.  

Thus, it is anticipated that more consistent results could be achieved with both a more rugged head 
assembly, and when possible with animals whose movement is more consistent in one direction 
through the water. 

3.2.1.3.3 Conclusions and recommendations for future research efforts 
Ultimately, we recommended a No-Go decision for continued use of the scanning sonar in the 
project. Data were effectively collected from killer whales in the field, and there was no indication 
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of behavioural response by killer whales to the sonar in either captive or field tests of the scanning 
sonar system. With appropriate mounting designs, we are confident that the system could be 
deployed off platforms that could operate with the study target species, northern bottlenose 
(Hyperoodon ampullatus) and humpback whales (Megaptera novaeangliae). However, there 
remains some risk that behavioural response to the sonar, or response to tagging while sonar scans 
are underway may differ in our target species compared to those observed with free-ranging killer 
whales. Thus, there remains some risk that it will be more difficult to effectively collect data from 
the target species than we determined for killer whales.  

Though the system has potential for using in the field with free-ranging cetaceans, processing the 
sonar signals returns posed several challenges and we could not conclusively demonstrate our 
ability to measure body dimensions within 10% of their true value in the captive studies. Analysis 
of the sonar returns depends upon a set of algorithm parameters, and it is clear that the results are 
sensitive to the parameters chosen (Figure 3-24). Though we were able to identify a set of 
parameter value combinations that appear to have the potential to provide precise and accurate 
measurements of length and girth, we were not able to test whether or not those parameters would 
be effective with an independently collected test data set.  

Additional data analysis steps and data collection could further inform the utility of the system to 
make accurate measurements of whale dimensions by addressing the following questions: 

1. Does the range of analysis parameter values that yield acceptable results increase if a 
smaller, higher-quality, subset of the data were used? If pre-filtering based upon detailed 
data inspection were applied to the data and only the ‘best’ echo return data used for 
processing, would a greater number of parameters give more values with <10% error more 
consistently?  
 

2. With pre-filtering using only the best data, do the best parameters give consistent results 
on all data collected and/or would they give consistently good results on any independent 
test data collected as an independent test of application of the parameters? 

3.2.2 Aerial photogrammetry using UAV drones  
The purpose of this component of the RC-2337 study was to collect overhead photogrammetry 
images to estimate the body shape of humpback whales. Images were then processed to quantify 
length-standardized surface areas, analogous to width-length ratios, of whales as an index of their 
body condition. Width-length ratios have been previously shown to reflect body shape changes 
expected with changes in condition (Miller et al., 2012a), and do not require measurement of 
absolute dimensions of the target whales. Photogrammetry using the UAV was not attempted with 
the other study species, the northern bottlenose whale, due to the difficulty following a target group 
and their short surfacing times. In this section, we detail patterns of body shape of humpback 
whales in relation to reproductive status and time within the feeding season. In section 4.1, we 
compare the three measures of body condition (body density, tissue indicators, and body shape) 
made on the same whale.  

 Data Collection 
To obtain overhead photogrammetry images of humpback whales, we used a DJI Phantom 4 UAV 
flown above the individuals, provided the wind speed was under 15 km hr-1 and the sea state was 
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less than 3. The DJI Phantom is outfitted with bottom-side landing gear which were used as handles 
for safe launch and recovery from a boat at sea (inset in Figure 3-25). The Phantom 4 is flown 
using the DJI GO App as the interface through an android tablet. By communicating with the 
controller, this provides a live feed from the camera and details of the status and settings of the 
Phantom 4 as well as its location on a map. As photos of the whales surfacing took some time to 
be captured, we saw that this led to lost opportunities, so video footage at a 4K resolution was 
recorded instead. This ensured that the whole surfacing sequence of a whale was captured, and the 
‘best’ position of the whale at the surface when the body is fully extended and the tag is clearly 
visible can be extracted. The video recording was made continuously when the UAV was airborne. 

The UAV flew at a target elevation of 16-20m above sea level during flights while the research 
vessel followed the targeted individual at a low speed (less than 5 knots) roughly 200m away. 
Target whales were carefully observed throughout all UAV flights, and no response (i.e. startle, 
sudden avoidance, or surface display) was observed during any of the flights. Typically, UAV 
flights were only made after a suction-cup tag had been attached to a study animal (for calculation 
of tissue body density - see section 3.3), and that animal was the primary target for imaging. Once 
the UAV was airborne, any animal in the same group as the tagged, target individual was also 
followed for imaging. For the tagged whale, the research team also sought to obtain a biopsy 
sample following termination of the UAV flight (for tissue analyses of reproductive state and body 
condition - see section 3.1).  

Data were collected on North Atlantic humpback whales in two different feeding grounds (1) Gulf 
of St Lawrence, Quebec, Canada near Cap-aux-Os (48°50'N, 64°19'W) and Godbout (49o32’N, 
67°59W) from June to September 2016 and 2017; (2) Polar waters of Northern Norway: near 
Vengsøy (69°50’N, 18°30’E) and Skjervøy (69°59'N, 21°40'E) in mid-January 2017 and 2018 
(Figure 3-25 & Figure 3-26). These are two major summer feeding grounds for North Atlantic 
humpback whales.  

 

Figure 3-25.Map of the fieldwork in 
the Gulf of St Lawrence. (A) 
Overview of samples location from 
2016 to 2017. Inset shows the DJI 
Phantom UAV and vessel used to 
deploy the system. (B) Zoom on 
sample locations August-September 
2016 (purple dots) (C) Zoom on 
sample locations June-July 2016 
(blue dots) and 2017 (red dots). 
Circles = females, diamonds = 
males and squares = unknown sex. 
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Figure 3-26. Map of the fieldwork in 
Norwegian Sea. (A) Overview of 
samples location from 2017 to 2018. 
Inset shows the DJI Phantom UAV 
and vessel used to deploy the system. 
(B) Zoom on sample locations 
January 2017 (C) Zoom on sample 
locations January 2018. 

 

 

 

A total of 10h 57min 36s of footage were collected (mean flight duration = 13min 09s). Images 
were collected from a total of 55 individuals, 31 of which were tagged, and 26 of which had a 
biopsy sample collected. Based upon their hormonal status and visual observations, we determined 
the data consist of 7 lactating females, 6 pregnant females, 10 non-breeding females, 6 mature 
males, 14 mature unsexed individuals, 5 immature unsexed individuals, and 5 calves judged based 
upon their size to be <1yr of age.  

 Data Extraction and Analysis 
Video footage was edited using VLC media player 3.0.2. Only sequences of interest were kept, 
that is, footage with whales at or near the surface (see section 3.2.1). From the remaining footage, 
individual frames were extracted using Free Video to JPG Converter 5.0.101.201. From the data 
extracted, the best quality frames were selected relying on the following predetermined criteria: 
(1) the depth and the angle of the individual relative to the UAV’s position, (2) the visibility and 
the angle of the tag relative to the individual’s body axis, (3) the posture of the individual, (4) the 
elevation of the drone and (5) the brightness of the image (see Figure 3-27 for illustration).  

Frames judged to be of usable quality to measure relative body dimensions were measured in detail 
using a script in R studio 1.1.447 initially provided by Christiansen et al. (2016), and modified for 
use in this study. Initially, the analyst marks the position of the tip of the rostrum and the notch in 
the flukes, considered to be the length of the whale (in pixels). The software then automatically 
calculates the body axis and creates lines perpendicular to the body axis, dividing the length (from 
the rostrum tip to the fluke notch), into 20 equal sections (Figure 3-28, left).  
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Figure 3-27. Examples 
of images extracted 
from the video 
sequences recorded 
with the UAV drone. 
Left: undesirable 
images. From top to 
bottom: curved 
posture of the whale; 
elevation of the UAV; 
poor light conditions 
from glare. Right: 
images of sufficient 
quality to be usable in 
the analysis.  

 

 

 

The analyst next marks the external boundary of the whale along each line, to create an outline of 
the whale’s body shape enabling measurement of the width of the whale (in pixels) at that location 
(Figure 3-28, middle). The software was modified to enable detailed zoom to mark the edge of the 
whale, other anatomical features, and the tag attached to the body when applicable.  

The Length-Standardized Surface Area Index (LSSAI) of body condition 
Given the top-down view provided by aerial photogrammetry, we expect that animals with larger 
lipid stores should be wider, for a given body length, than animals with smaller lipid stores (Miller 
et al., 2012). To quantify this expected body-shape effect, we used the outline measurements of 
each whale to calculate a length-standardized surface area index (LSSAI). The length-standardized 
surface area of the 20 regions of each whale’s body was calculated using the trigonometric 
equation for area of a trapezoid (inset in Figure 3-28) as: 

𝑨𝑨 = (𝑩𝑩/𝑳𝑳 + 𝒃𝒃/𝑳𝑳) ∗ (
𝒉𝒉
𝑳𝑳

)/𝟐𝟐 

Where B and b are the widths of the top and bottom of each region of the whale’s body in pixels, 
h is the height of each region in pixels. To standardize the area by length, each dimension is divided 
by total length (L), also in pixels.  
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Figure 3-28. Analysis components used to estimate body condition from overhead images. Left: 
images of the whale selected for analysis. Black dots mark the tip of the rostrum and fluke notch 
representing total length. The software divides the whale into 20 equal length sections (horizontal 
black lines). Each section of the whale’s body can be represented as a trapezoid for calculation of 
surface area (inset). Middle: the length-standardized width of different whales in the study. Note 
the variation across different seasons. Right: Variation in width across whales. The blue bracket 
captures the central regions of the whales’ bodies with high inter-individual variability, which 
were the body sections used for calculation of the LSSAI as a metric of body condition. 

We then summed A over all of the regions most likely to reflect body condition of individual 
whales (Figure 3-28, right). These regions were specified as those with the most variability in 
width across animals, excluding areas nears the rostrum and flukes that are not likely to hold many 
lipid stores (Figure 3-28, right). Our results indicated these to be the body sections between lines 
7 and 17, representing 10 body sections near the middle of the body.  

Statistical methodology 
To test seasonal and individual variation in body condition, LSSAI was specified as a response 
variable in a generalized linear model (GLM) with age class, sex, reproductive status, and season 
as explanatory variables. As LSSAI is continuous and positive valued, it was assumed to follow a 
Gamma distribution. An identity link function was chosen in order to fit linear relationships. 

variation across whales 
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Age and sex were included in the models as three factor covariates, Age_Class (Calf, Juvenile, 
Adult, NK [not known]), Age_Class_2 (Immature, Adult, NK), and Sex (Male, Female, NK). 
Including “NK” as a level in the factor covariates allowed the inclusion of the whole dataset for 
each condition metric. 

The reproductive status of mature females (Pregnant, Lactating, Resting) was coded as two 
presence-absence covariates, with an indicator variable (presence-absence of adult female [AF]) 
that made sure the effect was not applied to other animals in the dataset that were either not mature 
females, or were of unknown sex and age class. The presence-absence coding allowed the female 
to be both pregnant and lactating at the same time (N=1 in the dataset). 

Seasonality was included in the models as an interaction between the tagging location (Norway 
vs. Canada) and Julian date (an integer number). Three-way interactions were included to allow 
the seasonal effect to vary between Age_Class2, Sex and female reproductive status. To allow for 
more flexible (non-linear responses), season was also included as a factor main effect with three 
levels (early: <= 190, mid: 191-300, late: >300 days). 

We conducted global (all combinations) model selection (R package MuMInversion version 
1.15.6, function dredge). Multi-model inference was carried out based on a “confidence set” of 
models that were within 2 AIC units of the lowest AIC model. We calculated the “importance” of 
each covariate, which reflects both its prevalence in the confidence set of models, and its influence 
on the likelihood of the model it was included in. We also report model-averaged coefficients and 
plot model-averaged predictions from the confidence set (functions model.avg and predict in 
package MuMIn). The model coefficients were calculated based on “full average”, which sets the 
coefficients of absent variables to zero, rather than excluding them from the average (“conditional 
average”). The full average ensures that the presence of variables does not bias the model-averaged 
estimate away from zero. 

 Results and Discussion  

Aerial photogrammetry using UAV drones to measure body shape – highlights 

We measured body dimensions of 55 humpback whales using images taken from an Unmanned 
Aerial Vehicle (UAV), concurrent with other field activities with the subject whales. Body 
condition was quantified using a length-standardized surface area index (LSSAI), a relative index 
of whale width to body length.  

Humpback whales varied in their body dimensions (LSSAI) as a function of their age-sex class 
and reproductive status. Adult females were found to have wider bodies per unit length (greater 
LSSAI values) than other age-sex classes likely reflecting fat deposition to prepare for lactation. 
Lactating females had narrower bodies per unit length (lower LSSAI values) than other females, 
likely reflecting the energetic demand required for lactation.  

The LSSAI of humpback whales also increased as expected across the feeding season, with higher 
values in the mid-feeding season in Canada than the early season. Whales in Norway were sampled 
latest in the feeding season, and tended to have LSSAI values similar to those measured later in 
the feeding season in Canada.  
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For convenience, LSSAI is reported with multiplier of x 1000. A wide range of LSSAI values were 
found in the data, with important variations observed based upon age-sex class, reproductive 
status, and timing in the feeding season represented as Julian date (Figure 3-29). 

 

Figure 3-29. The LSSAI of all 55 imaged humpback whales in the study, plotted as a function of 
Julian date. Note that animals studied in Norway latest in the feeding season (January) have Julian 
dates >365 for visualization. Symbol shapes indicate animal sex, while color indicates 
reproductive status and/or age.  

The confidence set of models included 10 models. Every model in the confidence set (delta AIC 
< 2) included the following covariates: AF, Season, AF:Lactating. This indicates that we can have 
a high degree of confidence that LSSAI was statistically different for adult females, lactating 
females, and that these values changed across the feeding season as animals gained lipid stores, as 
predicted.  

The simplest model in the set was: AF + Age_Class2_ + Location + Season + AF:Lactating. This 
model explained 43.7% (R2) of the LSSAI response data (Table 3-11). Most of these retained 
parameters were the same as those that were in all models in the confidence set (Table 3-12) or 
that occurred in some of the models in the confidence set: Age_Class2, Location, Age_Class, Sex, 
AF:Pregnant. 
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Table 3-11. Coefficient estimates for the simplest model in the set of models. Positive estimate 
values indicate factors that led to higher LSSAI values, while negative estimate values are factors 
that led to lower LSSAI values. ‘NK’ indicates not-known. 

 Estimate 
Std. 
Error t value Pr(>|t|) 

(Intercept) 68.48 1.67 41.1 0.000 

AF 6.22 1.91 3.3 0.002 

Age_Class2_Immature 5.17 2.16 2.4 0.020 

Age_Class2_NK 7.98 3.96 2.0 0.050 

LocationNorway 6.96 1.73 4.0 0.000 

SeasonMid 8.02 2.50 3.2 0.002 

AF:Lactating -8.72 2.14 -4.1 0.000 

 

Table 3-12. Significant model-averaged effects (i.e., the coefficient estimates that were not zero 
and therefore different from the intercept) at the 5% level. Positive estimate values indicate factors 
that led to higher LSSAI values, while negative estimate values are factors that led to lower LSSAI 
values. 

 Estimate 
Std. 
Error 

Adjusted 
SE z value Pr(>|z|) 

(Intercept) 67.33 3.29 3.33 20.3 0.000 

AF 7.16 3.43 3.47 2.1 0.039 

SeasonMid 8.29 2.53 2.60 3.2 0.001 

AF:Lactating -8.59 2.21 2.27 3.8 0.000 

 

Variations by reproductive status largely matched predictions, with lactating females have the 
lowest range of LSSAI values, both in Canada and Norway (Figure 3-30). Pregnant females tended 
to have higher LSSAI values that most other age-sex classes, but some resting females in the mid-
feeding season in Canada were also found to have notably high LSSAI values. 
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Figure 3-30. Boxplots of body condition (LSSAIx1000) by age and reproductive class, location 
and season 

Reproduction is likely to have direct and indirect physiological costs for individuals. Direct costs 
for females are in terms of physiological demands such as lactation and gestation. Indirect costs 
are due to trade-offs that individuals have to engage in to save energy which can then be allocated 
to reproduction or competing functions (e.g. foraging, migrating). Indirect costs are especially 
relevant in challenging environments where resources are limited ((Calow, 1979; Gittleman, 
1988). The factors we identified to describe patterns in body shape reflect direct costs, assessed in 
terms of changes in fat content across individuals’ reproductive status. We found evidence that 
reproductive status explained 38% of body condition variations in individuals. Lactating was the 
most costly reproductive event as females accompanied by calves were significantly thinner 
compared to non-breeding females. Lactation costs play an important role in depleting energy 
reserves in many species (e.g. marine mammals: (Bowen et al., 2001; Nowacek et al., 2016) 
monkeys: (Barrett et al., 2006)). However other factors and indirect costs likely drive the 
variability observed in our measurements of the body condition of humpback whales.  
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Overall, the approach to use UAVs to measure body shape of humpback whales was highly 
effective. The method was feasible for use in tandem with other field operations with free-ranging 
cetaceans, and the results largely matched predictions of how we expect body condition to vary in 
cetaceans. For future research, it will be helpful to extend the sample effort to breeding grounds 
for females arriving after their southern migration but before the parturition to better understand 
how females allocate their energy during late pregnancy stages. One prediction is that late pregnant 
females will have more fat stored than other females if they tried to maximise their fat store prior 
to parturition. If repeat sampling of the same individuals were possible, it would be interesting to 
monitor females throughout their pregnancy to address questions such as the duration of their 
migration between feeding and breeding area, the exact duration and physical changes of a 
pregnancy, or the variation of different body sections during pregnancy. Another set of questions 
relates to how females compare to males in terms of energetic expenditure. Here, it could be 
interesting to compare adult males with non-breeding females to understand how sex relates to 
energy expenditure during migration and mating behaviour, and how males allocate their fat stores 
to prepare their migration. 
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3.3 Body tissue density indicator 
3.3.1 Tissue body density as an indicator of body condition in free-ranging cetaceans 
A central feature of the work in RC-2337 has been to develop, refine and cross-validate a novel, 
state-of-the-art non-invasive method to measure total body lipid-stores of free-ranging cetaceans 
based upon their tissue body density.  

In this subsection, we describe outcome of our efforts to refine and apply this specific method to 
various species of cetaceans. In 3.3.1, we describe the methods to estimate tissue body density 
from high-resolution animal-attached sensor data. The results of this method as applied to three 
cetacean species in work published during the project is then summarized. In 3.3.2, we apply the 
method to data collected during the project with humpback whales in the Gulf of St Lawrence, 
Canada and northern Norway, particularly relating body density to timing in the feeding season 
and reproductive status of the tagged individuals.  

3.3.2 General methods to estimate tissue body density 
The overall approach to calculate tissue body density from animal-attached tag data relies on the 
analysis of speed performance during glide periods of ascent and descent transit phases of dives. 
Gliding during transit phases of dives is a common behavior among cetaceans, with more gliding 
occurring in the movement direction aided by net buoyancy (Williams et al., 2000; Miller et al., 
2004). As no thrust is produced by the animal while gliding, the speed and acceleration of the 
gliding body is a predictable outcome of identified external forces (drag, buoyancy) acting upon it 
at that time. Well-established hydrodynamic equations predict how drag and buoyancy forces 
influence speed performance during glides, which enabled quantification of body density of divers 
using analysis of short-duration glides (Miller et al., 2004) or longer-duration terminal velocity 
glides (Watanabe et al., 2006) prior to this study. Aoki et al. (2011, Table 2 therein) found strong 
correspondence in body density of diving elephant seals estimated using either vertical rates during 
drift dives, terminal velocity during prolonged glides, or change in speed during short glides.  

 Animal-borne recorders 
Two types of animal-borne recorders were used in RC-2337: acceleration and speed data-loggers 
3MPD3GT (Little Leonardo Co., Tokyo, Japan) and sound and movement recording DTAGs 
(Woods Hole Oceanographic Institution, MA, USA). The 3M PD3GT logger recorded depth, 
water temperature, and speed from a flywheel at 1-s intervals and 3-axis acceleration at 32 Hz. 
DTAGs measured pressure, water temperature, and 3-axis acceleration at 50 Hz, which was later 
downsampled to 5 Hz. 

 Tag Data analyses 
Diving data were analyzed using software IGOR Pro (Wave-Metrics Inc., Lake Oswego, OR, 
USA) and MATLAB (MathWorks Inc., Natick, MA, USA). Pressure data recorded by the archival 
loggers were converted to absolute values of pressure using calibration values. Propeller rotations 
on the 3MPD3GT were converted to speed through the water using a calibration line for each tag 
deployment (Sato et al., 2003): a linear regression of rotation rate against swim speed that was 
calculated from mean vertical depth change divided by mean sine of the pitch at 5s intervals during 
steep periods of ascent or descent. Tags were attached to whales at random orientations, so the tag-
frame 3-axis acceleration data recorded by the loggers was converted to whale frame using 
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established methods (Johnson and Tyack, 2003; Miller et al., 2004a). Animal pitch from -90º to 
+90º was calculated as the arcsine of the dorsal-ventral axis of the animal-frame accelerometer. 
The DTAG lacks a speed sensor, so speed during glides was estimated using the rate of change of 
depth divided by the sine of pitch (Miller et al., 2004). 

All dives (maximum depth: ≥5 m) were divided into three phases: (1) the descent phase (from the 
start of the dive to the time when whale’s pitch first exceeded 0° (i.e., when it was no longer 
oriented downward); (2) the ascent phase (from the last time when an animal’s pitch was 
downward (<0°) to the end of the dive); and (3) the bottom phase (the time between the end of the 
descent phase and the beginning of the ascent phase). Dive depth was defined as the maximum 
depth of the dive.  

Acceleration in the tri-axis (longitudinal, lateral, and dorso-ventral axes) directions can be divided 
into components related to the body orientation of the animal with respect to gravity (gravity-based 
components) and propulsive activities imposed by fluke thrust (specific components; Sato et al., 
2003). Lower frequency (mostly gravity-based) acceleration of the longitudinal axis was used to 
calculate the pitch of a whale (Sato et al., 2003). Higher-frequency specific acceleration of the 
dorso-ventral and/or longitudinal axis was used to identify stroking (i.e., fluking movements; Sato 
et al., 2003, for details see also Aoki et al., 2017). According to the power spectral density of each 
axis, stroking was determined when oscillation on the dorso-ventral and/or longitudinal axis of the 
accelerometer exceeded a threshold that was set manually for each deployment.  

Gliding data were extracted for 5s-duration segments.  Glides longer than 5s were broken into 5s 
segments and every other 5s segment within those longer glides was excluded from analysis to 
reduce autocorrelation. Acceleration during each glide (a) was measured by regressing speed 
versus time over the 5s segments. The variance of the measurement was quantified as the root-
mean square sum of residuals from the fit of speed versus time (acceleration). Mean speed (v), 
depth (d) and pitch angle (p) were calculated for each 5s glide segment. Water density (ρsw) for 
each glide segment was calculated from the CTD cast that was closest in time to each tag record, 
but was updated with sea water temperature measurements from temperature- only casts or 
recordings on the 3MPD3GT logger deployments on whales. To avoid the influence of animal 
manoeuvring on speed performance during a glide, only stable glides (circular variance of roll < 
0.1) were included.  

 Hydrodynamic performance model 
We modified the equation presented by Miller et al. (2004) where acceleration (ms-2) along the 
swimming path is determined by drag force (the first term) and buoyancy forces derived from body 
tissue (the second term) and gasses carried by each whale (the third term):  
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In the above equation, CD is the drag coefficient, A is the relevant surface area (m2), m is the mass 
of the whale (kg), ρsw is the density of the surrounding seawater (kg m-3), ρtissue is the density of 
the non-gas component of the whale body (kg m-3), g is 9.8ms-2, p is animal pitch (radians), Vair is 
the volume of air inspired at the surface (ml), ρair is the density of air (kg m-3), d is glide depth 
(m), and r is compressibility for animal tissue or the fractional change in volume per unit increase 
in pressure. The value 101325 converts pressure in atmospheres to pressure in pascals and 
expresses body tissue compressibility as proportion per Pascal x 10-9. The equivalent 
compressibility value for 0º water of salinity 35 ppm is 0.447 x 10-9 Pascal-1.  

Note that effects of lift and associated induced drag (if present) are ignored in this equation (see 
Aoki et al., 2011). However, the question of lift-related drag is addressed explicitly in section 
3.3.1.3 (Narazaki et al., 2018). 

Thus, the model consists of three terms which represent external forces acting on the gliding body: 
drag, density of tissue relative to surrounding seawater, and air volume. The first term quantifies 
the effect of drag on the speed of the whale during a glide, which always acts against the direction 
of movement of the body. The effect of drag is primarily a function of speed and unknown terms 
Cd A m-1 which are treated together in this paper with unit m2 kg-1.  

The second and third terms relate to the weight of the body (net-buoyancy) in water, and can either 
act with or against the direction of movement of the body. Total body density is the total mass of 
both tissue and gas components divided by their volumes. Because net buoyancy operates 
vertically, the component along the movement axis of the whale is obtaining by multiplication by 
sine of pitch (p).  

The second term quantifies the influence of unknown non-gas tissue density (ρtissue) on speed 
during a glide. This is the key term that reflects lipid store body condition. While the temperature 
of the whale body is not expected to follow ambient conditions, the whale will experience local 
pressure effects, and though the tissue compartment of the body should be relatively 
incompressible compared to gas compartments, some compression is expected at the extreme 
pressures experienced by these divers. Previous studies have assumed this compressibility factor 
to be similar to that of seawater (Miller et al., 2004). However, our model in the present study 
explicitly accounts for tissue compressibility by multiplying the tissue density by the whale tissue 
compressibility factor (r).  

The third term quantifies the influence of the unknown volume of gas per unit mass carried in the 
dive (Vair m-1) on the net buoyancy of the diver. Gas compartments of cetaceans are largely 
unprotected from ambient pressure conditions. Thus, the volume and density of gas carried by the 
animal was modelled to change with hydrostatic pressure following Boyle’s law. 

Bayesian parameter estimation procedure 
Data extracted for each 5s glide segment were used to estimate unknown parameters (Cd A m-1 , 
ρtissue,  r, Vair m-1) in the hydrodynamic performance model using Bayesian Gibbs sampling in freely 
available software JAGS within r (coda package: (Plummer, 2015) and R2jags package: (Su and 
Yajima, 2012). The Bayesian estimation assumes that parameters are random variables with a 
“prior” distribution (our a-priori expectation of what the parameter distribution should be), as 
opposed to traditional frequentist estimation that assumes parameters are unknown and fixed. The 



84 

Gibbs sampling algorithm seeks to estimate the posterior distribution, which is the best estimate 
of the true parameter distribution after the prior expectation of this distribution has been updated 
with data (Lunn et al., 2012).  

We chose the Bayesian over frequentist methods to allow for more flexibility in the statistical 
model development. A key innovation of the statistical procedure was the inclusion of nested 
(hierarchical) parameters to contrast within and across-individual variability, which was more 
straightforward to implement using the MCMC algorithm. The Bayesian estimation framework 
also allowed us to implement models with informative priors so that we could include information 
from other studies and a-priori reasoning to support the model-fitting process. We compared the 
results to fits using uninformative priors to determine the sensitivity of the process to assumptions 
about the priors. Finally, instead of using traditional regression analysis where the sum of squared 
errors is minimized, we were able to implement observation error for the measured acceleration 
values. This weighted the high-quality over low-quality acceleration data in the estimation. 

There were four unknown terms in the equation, each of which was set a Bayesian prior range 
specific to the species studied, and separately detailed in each subsection below. 

A set of models were evaluated in order to explore variability in body density, the drag term, and 
diving lung volume. For each of these quantities, we considered models in which the quantity 
remained constant across all tag records and dives within them (global estimates). With global 
parameters, the estimation routine was able to borrow strength across the tag records and different 
dives to estimate the individual and dive-by-dive parameters in a hierarchical model structure. The 
global distribution also has a meaningful interpretation as the population distribution for that 
parameter. For tissue density for example, the global distribution is the expected distribution of 
tissue densities in the population of whales from which the tagged whales were a sample.  

We evaluated models with individual-specific estimates estimated for each tag record as is 
predicted for tissue density and drag values that are expected to be constant within one tag 
deployment, but to vary across individual animals. For diving lung volume, we also considered a 
dive-specific as opposed to individual-specific model. Finally, we also fitted hierarchical models 
with a global parameter included. In these hierarchical models, each individual or dive-by-dive 
estimate was considered to be a sample from a global or ‘population’ distribution with an estimated 
global mean, and an estimated variance across the dives and individuals. Thus, this model structure 
assumed a central tendency (a shared mean and variance) to the distribution of dive-specific and 
individual specific values.  

Model selection was based upon the deviance information criterion (DIC), with lower values 
indicating better model fit relative to model complexity. All models were sampled in three 
independent chains, with 24,000 iterations each. The first 12,000 samples were discarded for burn-
in, and the remaining posterior samples were down-sampled by a factor of 36. Convergence was 
assessed for each parameter, using trace history and Brooks-Gelman-Rubin diagnostic plots (BGR: 
(Brooks, 1998). 
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3.3.3 Tissue body density of northern bottlenose whales (Hyperoodon ampullatus) 

Tissue body density of northern bottlenose whales – highlights 
 
We estimated values for all unknown terms in the hydrodynamic performance model, including 
the combined drag, tissue density, compressibility of tissues, and diving gas volume term, enabling 
the first estimates of tissue body density and diving gas volume in a beaked whale.  
 
Estimated tissue densities of individuals covered a narrow range 1028.4-1033.9 kg m−3, indicating 
slightly negative tissue buoyancy in seawater. Body density estimates were highly precise with 
±95% CI ranging from 0.1 to 0.4 kg m−3, which would equate to a precision of <0.5% of lipid 
content based upon extrapolation from the elephant seal. 
 
Six whales tagged near Jan Mayen (Norway, 71°N) had lower body density and were closer to 
neutral buoyancy than six whales tagged in the Gully (Nova Scotia, Canada, 44°N), a difference 
that was consistent with the amount of gliding observed during ascent versus descent phases in 
these animals. This indicates that net buoyancy of bottlenose whales tagged in the Gully deviated 
more from neutral buoyancy, which could indicate greater energetic swimming costs (Sato et al., 
2003) than experienced by animals tagged off Jan Mayen.  

 
This section summarizes research published in Miller et al. (Miller et al., 2016c). Additional results 
on the body density of bottlenose whales off Jan Mayen and their associated behavioural patterns 
are reported in section 5 of this report. 

Field studies were carried out in the Gully Marine Protected Area off Eastern Canada from F/V 
On A Mission in July 2011 and 2013 (N=6). Field studies were carried out off Jan Mayen, Norway 
in 2013 from the M/S HU Sverdrup II and in 2014 from the 29m T/S Prolific (N=6). Conductivity-
temperature-depth (CTD) casts were made in the Gully on September 04, 2013 at 43º 49.166N, 
58º 52.164W. CTD casts were done off Jan Mayen on June 24, 2013 at (70º 47.154’ N, 6 º 
0,473’W), and temperature-only casts were done off Jan Mayen in 2014 near each tag location. 
CTD and temperature cast data were converted to ambient water density following the standard 
international thermodynamic equation of state for seawater (Millero, 2010).  

Each of the four unknown terms in the equation was set a specific prior range. Compressibility (r) 
was set a uniform (non-informative) prior from 0.3 to 0.7 x 10-9 Pa-1. Body tissue density (ρtissue) 
was set a uniform prior from 800 to 1200 kg m-3. Diving gas volume was set a uniform prior from 
5 - 50 ml kg-1. For the combined drag coefficient term (Cd A m-1) (Biuw et al., 2003), several 
sources of data were used to set an informative prior. Drag coefficient was estimated to be roughly 
0.0030 based upon previous research on similar sized large cetaceans (killer whale (Orcinus orca): 
0.0029 - (Fish, 1998); fin whale (Balaenoptera physalus, Linneaus 1758): 0.0026 - (Bose, 1989); 
sperm whale (Physeter microcephalus, Linneaus 1758): 0.0031 - (Miller et al., 2004a). Based upon 
body length ranges from 5.8-9.8 m, surface area (mean 23.0 m2, range 12-36 m2) and mass (mean: 
6816 kg; range: 3027-12739 kg) were estimated using the equation derived for sperm whales 
(Miller et al., 2004). This led to an expected value for the northern bottlenose whale for the 
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combined (Cd A m-1) term of 10x10-6 m2 kg-1, with a range from 8x10-6 for large animals to 
12x10 6 m2 kg-1 for small animals. We captured uncertainty in this mean value by specifying the 
prior to be a normal distribution with mean of 10.0x10-6 m2 kg-1 and standard deviation of 
2.0x10 6 m2 kg-1. The distribution for Cd A m-1 was truncated at 5.0 x10-6 and 20.0 x10-6 m2 kg-1 to 
limit the range of values explored by the Bayesian sampling algorithm. 

Results and Discussion 
Gliding periods were successfully identified in all northern bottlenose whale tag records (Figure 
3-31). While all whales spent time gliding, there was substantial variation in the proportion of time 
spent gliding during descent versus ascent across the different tag records (e.g. Figure 3-31).  

Figure 3-31. Examples of data records showing depth (top) and pitch (bottom) versus time of day.  
Stroking periods are marked in blue while gliding periods are marked in green. 

The best model structure with the lowest DIC included global plus individual variation in body 
density and drag terms, as predicted, as well as global plus dive-by-dive variability in diving lung 
volume. The posterior mean of the global drag term (Cd A m-1) was 12.6x10-6 m2 kg-1, overlapping, 
but slightly greater than the specified prior mean. Most individual posterior means were near 15 
x10-6 m2 kg-1 and ranged overall from 2-27 x 10-6 m2 kg-1. The mean global diving gas volume was 
estimated at 27.4 ± 4.2 (95% CI) ml kg-1. The lowest-DIC model also included dive-by-dive 
variation in the diving lung volume, but there was no apparent relationship between estimated 
diving gas volume and dive duration or dive depth. 

The global mean tissue density was estimated at 1031.5 ± 1.0 (95% CI) kg m-3. Individual posterior 
mean values for tissue density ranged from 1028.4 to 1033.9 kg m-3, with ±95% credible intervals 
of 0.1-0.4 kg m-3. Tissue compressibility was estimated as a single global parameter, with a 
posterior 95% credible interval of 0.37-0.39 (mean of 0.38), indicating only slightly lower 
compressibility than surrounding seawater (0ºC water of salinity 35 ppm). 

Whales tagged in Jan Mayen had an overall tendency to be less dense than whales tagged in the 
Gully. Though several animals from both locations had values in the range of 1030.5-1032.6 kg 
m-3, only whales from Jan Mayen had values lower than that range while only whales from the 
Gully had values greater than that range. Mean values from the two locations differed by 1.5 kg 
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m-3. This small but consistent difference in body density was clearly reflected in gliding patterns 
at depths >100m (deep enough to reduce the influence of diving gas volumes; (Biuw et al., 2003), 
with animals in the Gully gliding substantially more during descent phases and Jan Mayen animals 
gliding more equally throughout descent and ascent phases (Figure 3-32).  

 Figure 3-32. The difference in 
percent time gliding in ascent versus 
descent phases at depths >100m 
plotted as a function of the tissue 
density of tagged northern bottlenose 
whales relative to ambient seawater 
density. Greater X-axis values are 
more dense negatively-buoyant 
whales, while values close 1.0 are 
near neutral buoyancy. A negative Y-
axis value indicates more gliding 
during the descent phase, and values 
near zero indicate equal proportions 
of gliding during descent and ascent 
phases.  
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3.3.4 Tissue body density of long-finned pilot whales (Globicephala melas) 

Tissue body density of long-finned pilot whales – highlights 
 
Via analysis of glides, this study provided the first estimate of drag coefficient (0.0035), tissue 
body density (1038.8 ± 1.6 kg·m–3).and diving gas volume (34.6 ± 0.6 ml·kg–1) in this relatively 
deep-diving delphinid.  
 
Estimated tissue densities of individuals were 1034.6-1044.4 kg m−3, indicating radically more 
negative tissue buoyancy in seawater than other species studied. This was consistent with the 
percent time gliding during descent phases (63 ± 18%), which greatly exceeded gliding during 
ascent (21 ± 10%) as expected for a highly negatively buoyant animal.  
 
High transit speeds compared to similar-sized animals, combined with strong negative buoyancy, 
indicate that this species has a higher locomotion cost than other deep divers (sperm whales and 
bottlenose whales), and likely utilizes a “spend-more, gain-more” strategy. 

 
This section summarizes research published in (Aoki, 2017). Field studies were conducted in 
collaboration with the 3S research program using the 29m research vessel M/S Strønstad in the 
Vestfjord basin off Lofoten, Norway. This study was conducted during May and June in 2008–
2010 and 2013. Tagging was conducted either from a 140 small motor boat Tango (7 m), or from 
a small boat deployed from M/S Strønstad and 141 R/V H. U. Sverdrup II (55 m, engine driven). 
We recorded fine-scale underwater movements of 18 long-finned pilot whales and obtained a total 
of 160.8 h diving data: 16 individuals were tagged with DTAG, and 2 individuals were tagged 
with the speed data-logger PD3GT.  

Each of the four unknown terms in the equation was set a specific prior range. Compressibility (r) 
was specified as 0.38 x 10-9 Pa-1, as was determined for bottlenose whales (Miller et al., 2016c). 
Body tissue density (ρtissue) was set a uniform prior from 800 to 1200 kg m-3. Diving gas volume 
was set a uniform prior from 5 - 80 ml kg-1. The prior for the combined drag coefficient term (Cd 

A m-1) was specified using measurements of speed changes during horizontal glides, a novel 
advance in this methodology. The prior was set to be a normal distribution with mean 24.0 x 10-6 
m2 kg-1 with a standard deviation of 3.0 x 10-6, truncated within the range of 5-50 x 10-6 m2 kg-1.  

Results and Discussion 
The 18 tagged whales spent 16 ± 15% of their time in deep dives that exceeded a maximum depth 
of 250 m (Figure 3-33). Dive duration and dive depth of deep dives (> 250 m) was 536 ± 90 s and 
444 ± 85 m, respectively (n = 140 dives). The maximum dive duration and depth were 821 s and 
617 m, respectively. During deep dives (maximum dive depth, >250 m), tagged pilot whales 
predominantly employed stroking during ascent (20 ± 10% of descent time was spent gliding, n = 
140 dives), and the mean swim speed during ascent phases was 2.7 ± 0.3 m・s−1 (pitch, 69 ± 8°, 
n = 135 dives). In contrast, they employed prolonged glides or stroke-and-glide throughout descent 
phases (63 ± 18% of ascent time was spent gliding, n = 140 dives), and the average speed was 2.9 
± 0.4 m・s−1 (pitch, −59 ± 8°, n = 123 dives). Drag coefficient was estimated as 0.0037 ± 0.0009, 
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using data from two whales tagged with the speed data logger PD3GT (median Cd = 0.0035, range 
= 0.0022–0.0070, n = 31 glides). We estimated Cd over a wide range of swim speeds (0.7–3.1 
m·s−1). The estimated Cd was consistent with that of other cetacean species reported to date.  

A total of 2018 vertical gliding periods were successfully identified at depths ranging from 1 m to 
553 m, with a wide range of swim speed 0.5–5.7 m・s−1. Most individual tag records had more 
than 50 glides (range, 26–374). The most parsimonious Bayesian model with the lowest DIC 
evaluated global plus individual variations in tissue body density and drag terms, as well as global 
plus dive-by-dive variability in diving lung volume. This is the same model structure identified in 
the study on northern bottlenose whales (Miller et al., 2016).  

The mean global diving gas volume was estimated at 34.6 ± 0.6 ml·kg–1, indicating somewhat 
larger gas volume than that of sperm whales (26.4 ml·kg–1; Miller et al., 2004a) and northern 
bottlenose whales (27.4 ml·kg–1; Miller et al., 2016). Individual mean of the dive-by-dive estimates 
ranged between 27.4–38.9 ml·kg–1. The posterior mean of the global drag term was 22 x 10-6 m2 

kg-1, very close to the mean of the prior, indicating that the novel approach of estimating the drag 
term from horizontal glides might be an effective approach to solve that nuisance term for 
estimating tissue density. 

The global species mean tissue density was estimated at 1038.8 ± 1.6 (± 95% credible interval) kg 
m-3. Individual posterior mean values for tissue density ranged from 1034.6 to 1044.4 kg m-3, with 
± 95% credible interval widths of 0.3-1.6 kg m-3. The credible intervals were wider than estimated 
for northern bottlenose whales, indicating a lower precision and less resolution to measure tissue 
density changes than in the deeper-diving northern bottlenose whales. Estimated tissue densities 
of all tagged animals were higher than any of the values recorded for northern bottlenose whales, 
indicating a very different allostatic strategy as related to overall buoyancy in seawater.  

 



90 

Figure 3-33. Examples of data records of deep dives. Stroking periods during dives (marked in 
green, top) had lower dorsal-ventral acceleration levels (bottom) than thrusting phases. Note 
gliding during descent vs stroking during ascent. 

 

3.3.5 Measuring Tissue Density of Humpback Whales (Megaptera novaeangliae) 
In this sub-section we summarize research published in Narazaki et al. (2018), which demonstrated 
that it is possible to estimate the tissue density of humpback whales using data from Gulf of St 
Lawrence Canada and Antarctica. In section 3.3.6, we report how humpback whale tissue density 
varied with respect to season and reproductive status using data from the Gulf of St Lawrence 
Canada and Norway.  

Measuring tissue density of humpback whales – highlights 
 
Humpback whale tissue density overall averaged 1031.6 ± 2.1 kg m-3, similar to mean values for 
northern bottlenose whales, but substantially less dense than was found for long-finned pilot 
whales. Whales tagged off Antarctica tended to have lower tissue density than whales tagged in 
the Gulf of St Lawrence, Canada. 
 
Estimated tissue densities of individuals ranged 1025.2-1043.1 kg m−3, much wider than had been 
measured for northern bottlenose whales or long-finned pilot whales. The precision (± 95% CI 
range) of estimates of tissue density values of individual whales ranged from 0.04 – 4.9 kg m-3, 
and was found to be strongly related to the number of glides recorded.  
 
This study demonstrated that it was possible to use the glide method, with data recorded both with 
the Dtag and with the 3MPD3GT loggers, to estimate the tissue density (as an indicator of body 
condition) of the relatively shallow-diving humpback whale. The wide range of body density was 
expected given variation in lipid body stores over the annual cycle of humpback whales.  
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Field studies were carried out at two geographically distinct summer feeding grounds of humpback 
whales (Megaptera novaeangliae). In the Gulf of St Lawrence, archival tags were deployed on 12 
whales in the Jacques-Cartier Passage and adjacent waters between July and September 2011. At 
the Antarctic field-site, 19 whales were tagged over the course of two field seasons that ran 
between May and June in both 2009 and 2010. Antarctic animals were tagged in Wilhelmina and 
Andvord Bays along the WAP and inshore waters of the Gerlache Strait. Animals were actively 
feeding with lunge events clearly visible in the data records. We discarded glides associated with 
lunge feeding events. 

Each of the four unknown terms in the equation was set a specific prior range. Compressibility (r) 
was specified to be 0.38 x 10-9 Pa-1 as was determined for bottlenose whales (Miller et al., 2016). 
A non-informative uniform prior from 800 to 1200 kg m-3 was set for body tissue density (ρtissue). 
An informative prior was set for the combined drag coefficient term (CdAm-1) based on several 
sources of information: drag coefficient (Cd) was estimated to be 0.0026 based on the value 
estimated for a fin whale (Balaenoptera physalus) swimming at 4 m s-1 (Bose and Lien, 1989). 
Based on body lengths (L) ranges from 6 to 15 m, body mass (m) was estimated as 20005 kg on 
average (range 3253±48556 kg) using an equation derived for humpback whales: m = 
0.016473L2.95 x 1000 (Lockyer, 1976). Surface area (A) was estimated as 47.4 m2 (range 15.3±89.0 
m2) using a prediction equation obtained from bottlenose dolphins (Tursiops truncatus): A = 
0.08m0.65 (Fish, 1993). Thus, an expected value for the combined drag term (CDAm-1) would be 
7 x 10−6 m2 kg-1, with a range from 5 x 10−6 m2 kg-1 for large whales to 12 x 10−6 m2 kg-1 for small 
whales. In order to capture uncertainty around this expected value, we specify the prior to be a 
normal distribution with a mean of 7 x 10−6 m2 kg-1 and standard deviation of 2 x 10−6 m2 kg-1 that 
was truncated at 1-20 x 10−6 m2 kg-1. For diving gas volume (Vairm-1), a uniform prior from 5 to 
80 ml kg-1 was used.  

Results and Discussion 
The humpback whales tagged for this study conducted dives to shallower depths than were 
recorded for northern bottlenose (3.3.3) or long-finned pilot (3.3.4) whales, with an average 
maximum recorded depth of 64.0 ± 67.2 m. The depth of glides extracted for analysis ranged from 
5.1 to 343.2 m with individual mean ranging 25.2 ± 10.8 to 97.3 ± 55.4 m. Mean swim speed 
throughout dives was 1.5 ± 0.4 m s-1 (± SD). Gliding was observed both during descent and ascent 
phases although the percentage of time spent gliding varied among whales ranging over 1.5 – 
45.2% and 2.8 – 60.0% during descent and ascent phases, respectively. Pitch angles during descent 
and ascent phases were -39.8 ± 20.6° and 30.6 ± 22.4° on average, respectively.  

The most parsimonious Bayesian model with the lowest DIC evaluated global plus individual 
variations in tissue body density and drag terms, as well as global plus dive-by-dive variability in 
diving lung volume. This is the same model structure identified in the study on northern bottlenose 
(Miller et al., 2016) and long-finned pilot (Aoki et al., 2017) using this hierarchical Bayesian 
method. The concordance of this model structure as the ‘best-fit’ model with the lowest DIC across 
different species and diverse data-sets indicates that it does successfully capture the expected 
variation in body density and drag terms across individuals, which diving gas volume is indicated 
to have dive-by-dive variability.  

The best-fitting model with the lowest DIC evaluated global plus dive-by-dive variation in diving 
gas volume. The posterior mean of global diving gas volume was 27.7 ± 1.1 ml kg-1 (±95% CI). 
The dive-by-dive estimates of diving gas volume ranged from 0.03 to 129.2 ml kg-1, but 90% of 
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the estimates were within 9.2 – 53.5 ml kg-1. Diving gas volume was estimated slightly higher for 
feeding dives with more than 1 lunge (median = 26.3 ml kg-1, range = 2.6 – 110.8 ml kg-1) than 
other dives (median = 21.3 ml kg-1, range = 0.8 – 97.5 ml kg-1; Wilcoxon rank sum test, p =0.021. 
This difference might indicate whales carefully manage their diving gas volumes, possibly to 
finely regulate their overall buoyancy, rather than always diving on full inspiration.  

The posterior mean of the global drag term was 11.8 x 10-6 ± 1.6 x 10-6 m2 kg-1 (± 95% CI). The 
posterior mean was higher and the distribution had little overlap with the prior distribution that 
had a mean of 7.0 x 10-6 m2 kg-1. This finding indicates that observed drag of gliding humpback 
whales was greater than was predicted based upon published drag coefficients and humpback 
whale body dimensions. It is possible that the influence of induced drag due to lift generation, 
which may be particularly important during gliding at shallow pitch angles, may explain the 
mismatch of the prior expectation of the combined drag term and its posterior estimate from the 
data. The lift coefficient of a humpback whale flipper is estimated as 0 – 0.9 through wind tunnel 
measurements (Miklosovic et al., 2004). Based upon literature values for the surface area (AFlipper, 
12.20 m2) and the aspect ratio (AR, 5.67) of a humpback whale flipper (Woodward et al., 2006), 
AFlipperCL2/(πARm) is estimated as 0 – 22 x 10-5 for a 12-m long whale (see Narazaki et al., 2018 
for details). Adding this range of values to 7 x 10-6 (i.e. mean of the CDAm-1prior), the combined 
drag term in the parenthesis is expected to range between 7 x 10-6 and 29 x 10-6 m2 kg-1 which 
overlaps with the global drag term estimates in this study (11.8 x 10-6 ± 1.6 x 10-6 m2 kg-1, ± 95% 
CI). This suggests that the mismatch between the prior and CDAm-1estimates derived from the 
addition of the induced drag and that lift-related drag forces should not be ignored for this species 
or possibly any species that uses shallow pitch angles during glides.  

The global body tissue density was estimated as 1031.6 ± 2.1 kg m-3. Individual posterior mean 
values ranged from 1025.2 to 1043.1 with ± 95% CI of 0.04 – 4.8 kg m-3. The 95% CI range for 
individual tissue density estimates decreased with increasing number of 5-s sub-glides in the 
dataset (Figure 3-34). There was no significant relationship between the 95% CI range and the 
average depth at which the sub-glides occurred (Spearman’s rank test, p = 0.22).  

 

Figure 3-34. The precision of estimates of 
tissue density (95% CI range of individual 
estimates) as a function of the number of 5s 
sub-glides used for analysis.  

Whales in the Gulf of St Lawrence had 
relatively higher tissue density estimates 
(median = 1034.0 kg m-3, range = 1026.5 – 
1043.1 kg m-3) than Antarctic whales 
(median = 1029.0 kg m-3, range = 1025.2 – 
1040.8 kg m-3) although there was high inter-
individual variation within each feeding 
population (Figure 3-35). The posterior mean 
tissue density of the male Mn11_H607 that 
was tagged twice in July and September 2011 
in the Gulf of St Lawrence decreased by 5.8 
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kg m-3 in 40 days. Tissue densities of two pregnant females were estimated as the lowest (1026.5 
± 0.5 kg m-3 for Mn11_H002) and the second lowest (1028.6 ± 0.7 kg m-3 for Mn11_H584_2) 
among the whales from the Gulf of St Lawrence.  

Figure 3-35. Tissue density 
of humpback whales tagged 
in Antarctica and the Gulf of 
St Lawrence, Canada. Note 
the tendency for whale tissue 
densities to be higher in the 
Gulf of St Lawrence. Note 
also the variation in width of 
the posterior estimates of 
body density. 

This study represented a test 
of the capability of the 
method to estimate tissue 
density of humpback whales 
that dive to relatively 
shallow depths, also at 
relatively shallow pitch 

angles. Both of those factors detract from the method, because gas volumes are more important at 
shallow depths, and the influence of buoyancy along the axis of movement decreases at shallower 
pitch angles. It is likely that such factors led to wide 95% CI ranges for some of the tissue density 
estimates, particularly when there were relatively few glides to use. However the precision of the 
results was much more fine that the variation across individuals (Figure 3-35). The observed 
variations in tissue density as a function of feeding location (Antarctica vs Gulf of St Lawrence), 
timing in the feeding season and reproductive status (especially pregnancy) of individual whales 
indicate that tissue body density as estimated using the glide method has the potential to be a 
valuable tool for tracking the lipid-store body condition of relatively shallow diving baleen whales 
for which annual cycling of lipid stores is a central feature in their physiological ecology. 

3.3.6 Variation of humpback whale tissue density with season and reproductive status 
In this section, we apply the hydrodynamic glide model to estimate body tissue density of 
humpback whales tagged as part of RC-2337 during early and late feeding seasons in two 
geographically distinct feeding populations (the Gulf of St Lawrence and Norway). A previous 
tagging study (Narazaki et al. 2018) showed the hydrodynamic glide model can be applied to 
shallower diving baleen whales by examining the precision of body density estimates obtained 
from a narrow depth-range dataset. Thus, this study used similar methods as those demonstrated 
with cetaceans throughout the project. 
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During the feeding season, it is essential for humpback whales to accumulate a sufficient amount 
of energy for survival, growth and/or reproduction. Many studies have investigated seasonal trends 
in energy storage of several species of baleen whales by means of blubber thickness and 
morphometric data, reporting that seasonal fattening varies with different sex and age classes, 
reproductive stages, as well as prey availability (Lockyer et al., 1985; Vikingsson, 1995; Williams 
et al., 2013). The objective of this study was to examine seasonal differences of body density and 
how different life history classes vary.  

 Materials and Methods - Data collection 
Field studies were carried out at two geographically distinct feeding grounds of humpback whales: 
the Gulf of St Lawrence in Canada and the coastal waters and off the Svalbard Islands of northern 
Norway. During all fieldwork, in addition to tagging, we sought to collect biopsy samples from 
tagged individuals, which were analysed to determine the sex and reproductive state of tagged 
animals. CTD casts were routinely made near the tagging location, and used to calculate ambient 
seawater density for each glide. 

Four types of animal-borne recorders were used: acceleration and speed data-loggers W-
3MPD3GT (Little Leonardo Co., Tokyo, Japan), ORI-3MPD3GT (Little Leonardo Co., Tokyo, 
Japan), ORI-PD3GTC (Little Leonardo Co., Tokyo, Japan) and sound and movement recording 
DTAGs (Woods Hole Oceanographic Institution, MA, USA). The W-3MPD3GT logger recorded 
depth, water temperature, 3-axis magnetism and speed from a flywheel at 1-s intervals and 3-axis 
acceleration at 32 Hz. The ORI-3MPD3GT logger recorded depth, water temperature, speed from 
a flywheel at 1-s intervals and 3-axis acceleration and 3-axis magnetism at 20 Hz. The ORI-
PD3GTC logger recorded depth, water temperature, and speed from a flywheel at 1-s intervals and 
3-axis acceleration at 20 Hz. The version-2 DTAGs measured pressure, water temperature, and 3-
axis acceleration at 50 Hz, which was later downsampled to 5 or 25 Hz. 

Tag Data Analysis 
Diving data were analyzed using software IGOR Pro (Wave-Metrics Inc., Lake Oswego, OR, 
USA) and MATLAB (MathWorks Inc., Natick, MA, USA). The start and end of dives were 
defined as the time when the whales descended below and ascended above a depth of 4 m, 
respectively. All dives (maximum depth: ≥5 m) were divided into three phases: (1) the descent 
phase (from the start of the dive to the time when whale’s pitch first exceeded 0° (i.e., when it was 
no longer oriented downward); (2) the ascent phase (from the last time when an animal’s pitch was 
downward (<0°) to the end of the dive); and (3) the bottom phase (the time between the end of the 
descent phase and the beginning of the ascent phase). Dive depth was defined as the maximum 
depth of the dive. Acceleration in the tri-axis (longitudinal, lateral, and dorso-ventral axes) 
directions can be divided into components related to the body orientation of the animal with respect 
to gravity (gravity-based components) and propulsive activities imposed by fluke thrust (specific 
components; Sato et al., 2003). Lower frequency (mostly gravity-based) acceleration of the 
longitudinal axis was used to calculate the pitch of a whale (Sato et al., 2003). Higher-frequency 
specific acceleration of the dorso-ventral and/or longitudinal axis was used to identify stroking 
(i.e., fluking movements; Sato et al., 2003, for details see also Aoki et al., 2012).  

According to power spectral density of each axis, stroking was determined when oscillation on the 
dorso-ventral and/or longitudinal axis of the accelerometer exceeded a threshold that was set 
manually for each deployment. Since the accelerometer was not attached exactly parallel to the 
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axes of the whale, we corrected possible off-axis placement on the body, following Johnson and 
Tyack (2003). Speed through the water was measured using an external propeller on the Little 
Leonardo loggers. The propeller rotation count was converted to actual swimming speed (m·s−1) 
by using a calibration line obtained from a linear regression of rotation rate against swim speed 
(m·s−1), which was calculated from the rate of vertical depth change divided by the sine of the 
pitch (Sato et al., 2003) when sine |pitch| ≥ 0.7. The DTAG lacks a speed sensor; therefore, the 
speed was estimated using the depth change rate divided by the sine of pitch, when |pitch| ≥ 30 °. 

Acceleration during glides was measured using a linear regression line of speed versus time. 
Observation error measured from variance of acceleration for each 5 s was incorporated in the 
model by treating acceleration as a normal variable with a precision parameter (1/variance) (Miller 
et al. 2016). A small increment (0.001) was added to the standard errors to ensure finite values for 
the precision parameter. Seawater density (ρsw) for each sub-glide was calculated from a CTD cast 
that was made close in time and location to each tagged whale. Pitch (p), sea water density (ρsw), 
and speed (U) were averaged during each glide period. Only stable glides (circular variance of roll, 
pitch, and head < 0.1) during descent and ascent phases when absolute pitch was steeper than 30º 
were included in the analysis. Furthermore, we cut last 15 sec of descent phase and first 15 sec of 
ascent phases to avoid maneuverability gliding which were possibly caused by feeding. 

Statistical Analysis 
The hydrodynamic equation (see equation 1 in section 3.3.1) and Bayesian statistical procedure 
described in section 3.3.1 which was used successfully used in Miller et al (2016), Aoki et al 
(2017), and Narazaki et al. (2018) was used for this analysis.  

For the Bayesian estimation, a specific prior distribution set set for each unknown parameter. 
Compressibility (r) was specified to be 0.38 x 10-9 Pa-1 as was determined for bottlenose whales 
(Miller et al., 2016). A non-informative uniform prior from 800 to 1200 kg m-3 was set for body 
tissue density (ρtissue). Following Narazaki et al. (2018), we specify the prior to be a normal 
distribution with a mean of 11 x 10-6 m2 kg-1 and standard deviation of 2 x 10-6 m2 kg-1 that was 
truncated at 1 x 10-6 m2 kg-1 and 29 x 10-6 m2 kg-1 based on information of drag coefficient of other 
species (0.0026 for a fin whale, Bose 1983; 0.003 for sperm whales, Miller et al. 2004) and possible 
effect of lift. Estimated body mass (m) and surface area (A) of tagged animals (m = 0.016473L2.95 
x 1000, Lockyer 1976; A = 0.08m0.65 , Fish 1993).For diving gas volume (Vairm-1), a uniform prior 
from 5 to 80 ml kg-1 was set based on the total lung capacity (65 – 72 ml kg-1) estimated for 6 to 
15 m long whales using an equation derived from various marine mammals: total lung capacity = 
0.10m0.96 x 1000 (Kooyman, 1989). 

The statistical methodology to examine how seasonal and reproductive status might influence body 
density was the same as that used for testing LSSAI and cortisol (see sections 3.1.6.4.2 and 
3.2.2.2). To test seasonal and individual variation in body condition, body density was specified 
as a response variable in a generalized linear model (GLM) with age class, sex, reproductive status, 
and season as explanatory variables. All three metrics were continuous and positive valued, and 
so were assumed to follow a Gamma distribution. Identity link function was chosen in order to fit 
linear relationships. 

Age and sex were included in the models as three factor covariates, Age_Class (Calf, Juvenile, 
Adult, NK [not known]), Age_Class_2 (Immature, Adult, NK), and Sex (Male, Female, NK). 
Including “NK” as a level in the factor covariates allowed the inclusion of the whole dataset for 
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each condition metric. A significant effect for NK might indicate that the lack of information was 
biased with respect to individual’s age class or sex. 

The reproductive status of mature females (Pregnant, Lactating, Resting) was coded as two 
presence-absence covariates, with an indicator variable (presence-absence of adult female [AF]) 
that made sure the effect was not applied to other animals in the dataset that were either not mature 
females, or were of unknown gender and age class. The presence-absence coding allowed the 
female to be both pregnant and lactating at the same time (N=1 in the dataset). 

Seasonality was included in the models as an interaction between the tagging location (Norway 
vs. Canada) and Julian date (an integer number). Three-way interactions were included to allow 
the seasonal effect to vary between Age_Class2, Sex and female reproductive status. We 
conducted global (all combinations) model selection for each response variable (R package 
MuMInversion version 1.15.6, function dredge). 

Multi-model inference was carried out based on a confidence set of models that were within 2 AIC 
units of the lowest AIC model. We calculated the “importance” of each covariate, which reflects 
both its prevalence in the confidence set of models, and its influence on the likelihood of the model 
it was included in. We also report model-averaged coefficients and plot mode-averaged predictions 
from this confidence set (functions model.avg and predict in package MuMin). The model 
coefficients were calculated based on “full average”, which sets the coefficients of absent variables 
to zero, rather than excluding them from the average (“conditional average”). The full average 
ensures that the presence of variables does not bias the model-averaged estimate away from zero. 
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 Results and discussion 
 
Variation of humpback whale tissue density with season and reproductive status – highlights 
 
The tissue densities of 59 humpback whales from feeding areas in the Gulf of St Lawrence and 
northern Norway were successfully estimated using the glide method. The global mean tissue 
density of the data sample was 1037.1 ± 2.6 (± 95% credible interval, CI) kg m-3 and individual 
posterior mean values for tissue density ranged from 1027.8 to 1050.8 kg m-3. Denser whales 
within each study region glided more during the descent phase of dives, as expected. 
 
Statistical analysis indicated that the body density of tagged humpback whales was lower in the 
late feeding season than that of early feeding season in both areas, with a predicted decrease of 
0.03 kg m-3 per day or 2.7 kg m-3 per 90 days.  
 
Interestingly, the statistical model did not identify any sex or reproductive status parameters as 
significant explanatory factors in the model.  
 

We recorded fine-scale underwater movements of 62 humpback whales and obtained a total of 700 
hour diving data: 21 individuals tagged with DTAG and 40 individuals tagged with the speed data-
logger 3MPD3GT. Maximum dive duration and depth was, 854 sec and 225 m, respectively. A 
total of 6602 gliding periods were successfully identified at depths ranging from 4 m to 181 m, 
with a wide range of swim speed 0.1 – 3.9 m s−1. Most individual tag records had more than 50 
glides (range, 8 – 605; Table 3-13.).  

The most parsimonious model with the lowest DIC evaluated global plus individual variation in 
tissue body density and drag terms, as well as global plus dive-by-dive variability in diving lung 
volume. The model had a DIC value of 6166, and it decreased from a DIC value of 329973 of the 
model contained only global values for all three terms. This outcome supports our finding that 
cetacean body density data varies across individuals, as expected.  

From data of 59 whales analyzed, The posterior mean of the global drag term (CD Am-1) was 11.9 
x 10-6 m2 kg-1, overlapped with the mean of the specified normal prior (11 x 10-6 m2 kg-1) included 
the possible effect of induced drag resulted from lift. Relatively large flippers and shallow pitch 
probably caused large induced drag for this species. Most individual posterior means for the drag 
term were 5-25 x10-6 m2 kg-1 and ranged overall from 0.3-36.7 x 10-6 m2 kg-1 (Table 2). One tagged 
whale had a very low posterior mean of the global drag term (0.3 x 10-6 m2 kg-1) (Table 3-13.). The 
mean global diving gas volume was estimated at 37.2 ± 1.7 ml kg-1, indicating somewhat larger 
gas volume than that of sperm whales (26.4 ml kg-1, Miller et al., 2004) and northern bottlenose 
whales (27.4 ml kg-1, Miller et al., 2016). 

The global mean tissue density of the data sample was estimated at 1037.1 ± 2.6 (± 95% credible 
interval, CI) kg m-3 (Figure 3-35). Individual posterior mean values for tissue density ranged from 
1027.8 to 1050.6 kg m-3, with ± 95% credible interval widths of 0.8-8.3 kg m-3 (Table 3-13.). The 
tissue body density was higher than that of the ambient sea water (1025.3 ± 2.4 kg m-3), indicating 
that non-gas body tissues are typically denser than seawater. This matches our findings with other 
cetaceans (1030.0 ± 0.8 kg m-3 for Physeter microcephalus, Miller et al. 2004; 1031.5 ± 1.0 kg m-
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3 for Hyperoodon ampullatus, Miller et al. 2004; 1038.8 ± 1.60 kg m-3 for long finned pilot whales, 
Aoki et al. 2017). The global mean value for tissue density in this sample was 1037.1 ± 2.6 (± 95% 
credible interval), which was higher than the value of 1031.6 ± 2.1 kg m-3 reported by Narazaki et 
al., (2018). This finding indicates a difference in the body densities of the humpback whales in the 
two analysis datasets. Narazaki’s data included whales from Antarctica, which were found to have 
relatively low tissue density (median = 1029.0 kgm-3). In contrast, this current dataset has 
substantially more data from early in the feeding season in Norway and the Gulf of St Lawrence, 
for which animals are expected to have a smaller lipid store and therefore higher body density.  
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Table 3-13. Details of parameter estimates from the lowest DIC Bayesian model. 
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The proportion of time gliding during ascent (41 ± 28 %, n= 4672 dives) was similar to that of 
descent (42 ± 30 %, n= 4672 dives). Changes in tissue density lead to changes in buoyancy that 
influence swimming patterns of diving animals given strong selection for them to travel efficiently 
to and from depth (e.g. (Williams et al., 2000)). It is expected that animals with higher density 
should glide more during descent aided by negative buoyancy whereas less dense positively 
buoyant animals should employ more glides during ascent. The gliding ratio (ascent minus 
descent) within both areas tended to decreased with the body density of whales (Figure 3-36), 
suggesting that the model successfully detected relative differences in individual tissue density.  

 
 
Figure 3-36. Relationship 
between gliding patterns and 
tissue body density. The y-axis 
indicates differences in the 
percentage of time spent gliding 
during ascent and descent phases 
of relatively deep dives (> 50 m) 
by each whale. Vertical and 
horizontal error bars show 
standard deviation and 95% 
credible interval range, 
respectively. 

 
 
 

 

The body density of tagged humpback whales was lower in the late feeding season than that of 
early feeding season in both areas (Figure 3-37) as we expected. During the feeding season, it is 
essential for humpback whales to accumulate a sufficient amount of energy for survival, growth 
and/or reproduction. The statistical model predicts that the body density decreased by 0.03 kg m-3 
per day in both areas. Norwegian whales started migration from the breeding area and arrived in 
feeding areas around May-June (Biuw, unpublished data). Some of these whales spend in time in 
north feeding areas until January. The model predicted body density decreased about -5.4 kg m-3 
per 180 days. Indeed, mean body density of tagged whales was 1041.6±4.2 kg m-3 (±SD, n=14 
whales, range 1035.1 - 1049.6 kg m-3) in the early feeding season and 1035.8±4.0 kg m-3 (±SD, 
n=13 whales, range 1029.1 - 1042.0 kg m-3) in the late feeding seasons, respectively. In contrast, 
Canadian whales arrive on their feeding ground around June to July and stay only until September 
to October (Ramp et al., 2015). This relative short stay gave a relative small amount of time to 
accumulate energy. The model predicted body density decreased 2.7 kg m-3 per 90 days. Mean 
body density of tagged whales was 1037.1±5.1 kg m-3 (±SD, n=17 whales, range 1030.6 - 1050.6 
kg m-3) in early feeding season and 1034.3±4.6 kg m-3 (±SD, n=15 whales, range 1027.9-1043.5 
kg m-3) in the middle feeding season, respectively.  
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Covariates in the confidence set of models included: Season, Location, Julian_date, Age_Class_, 
Age_Class2_, AF, indicating some level of support for those parameters. However, the simplest 
statistical model only included Julian date and location as a statistically-significant explanatory 
factor, and this model explained 25 % of the data (R2).  

 
Figure 3-37. Body density of humpback whales in the study as a function of Julian date. The symbol 
shape indicates the sex of each whale, while the color indicates its reproductive status.  

3.3.7 Use of humpback whale shape data to improve estimates of body density 
In this section, we tested whether the precision of body density estimates increases when an 
estimate of body dimension (total length) of the tagged whales is available. As detailed in section 
3.3.1, the predicted acceleration during each glide is a function of drag and buoyancy forces acting 
on the body. The amount of acceleration due to drag experienced by a diver depends upon its drag 
coefficient, surface area, and total mass as the combined drag term CDAm-1. Because drag force is 
a ‘nuisance parameter’ (e.g. see (Biuw et al., 2003)) in the hydrodynamic equation used to derive 
body density, information which can more finely constrain parameter space of the drag component 
of total forces operating on the gliding animal is predicted to have some benefit to estimate body 
density.  

We specifically predicted that specification of a narrower prior range for the drag term CDAM-1 
would result in a narrower posterior range, and that the 95% credible intervals (CI) for individual 
whales would decrease when animal size data were available. 

Materials and Methods 
This analysis made use of a subset of tag data records from northern Norway or the Gulf of St 
Lawrence for which a total length estimate was available from UAV photogrammetry (section 
3.2.2.). Total whale length in pixels was measured from each whale using the number of pixels 
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measured between the tip of the rostrum and the fluke notch. Length in pixels was converted to 
length in m using an empirically-measured calibration line (Figure 3-38).  

Two different prior distributions were used for the combined drag term, and their outputs 
compared. A ‘Combined-Drag-Term’ prior matched that used in Narazaki et al. (2018). This prior 
was a normal distribution with a mean of 11 x 10-6 m2 kg-1 and standard deviation of 2 x 10-6 m2 
kg-1 that was truncated at 1 x 10-6 m2 kg-1 and 20 x 10-6 m2 kg-1 based on information of drag 
coefficient of other species (0.0026 for a fin whale, Bose 1983; 0.003 for sperm whales, Miller et 
al. 2004) and possible effect of lift. 

The second prior tested was the ‘Simple Drag Term’ model which was based upon information for 
each parameter, including measurements of the lengths of each whale. An informative prior was 
set for the drag coefficient (CD) based on several sources of information: drag coefficient (CD) was 
estimated to be 0.0026 for a fin whale (Balaenoptera physalus) swimming at 4 m s-1 (Bose, 1989), 
0.0029 for killer whales (Fish 1998), 0.0026 for bottlenose whale (Fish 1998), 0.003 for sperm 
whales (Miller et al. 2004) and 0.0035 for long-finned pilot whales (Aoki et al. 2017). To consider 
uncertainty, we specify the prior to be a normal distribution with a mean of 0.003 and standard 
deviation of 0.001 that was truncated at 0.0005 and 0.02 for the drag coefficient (CD). Based on 
body lengths (L) measured by drone images from 10.1 to 15.7 m, body mass (m) was estimated 
using an equation derived for humpback whales: m = 0.016473L2.95 x 1000 (Lockyer 1976). 
Surface area (A) was estimated using a prediction equation obtained from bottlenose dolphins 
(Tursiops truncatus): A = 0.08m0.65 (Fish 1993).  

A non-informative uniform prior from 800 to 1200 kg m-3 was set for body tissue density (ρtissue). 
For diving gas volume (Vairm-1), a uniform prior from 5 to 80 ml kg-1 was set based on the total 
lung capacity (65 – 72 ml kg-1) estimated for 6 to 15 m long whales using an equation derived from 
various marine mammals: total lung capacity = 0.10m0.96 x 1000 (Kooyman 1989).  
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Figure 3-38. Empirically-measured calibration of the number of pixel per m vs UAV height. Note 
the close correspondence of height estimated by the drone and a laser range-finder. 

  



104 

 Results and discussion 

Use of humpback whale shape data to improve estimates of body density – highlights 
The tissue densities of 15 tagged humpback whales estimated from feeding areas in the Gulf of St 
Lawrence and northern Norway for which the tagged whale length was measured using UAV data 
(section 3.2). Models were run using standard priors used in previous studies, and compared to 
results when informed priors using whale measurements were used. 
 
Neither the absolute values of the tissue densities estimates, nor their 95% CI, differed when prior 
information using whale dimensions was used to create a more informative prior. Other factors 
such as the number of glides used in the analysis had a larger impact on the magnitude of the 95% 
CI. 
 
The results of this section indicate that the Bayesian estimation procedure is largely effective at 
estimating the unknown combined drag term, even without individual whale dimensions. 
Estimates for Cd as a specific parameter can be obtained when whale dimensions are available, 
which would add value to any study using these methodologies. 
 
A total of 2046 glides was obtained from 15 tagged humpback whales. We examined whether the 
precision of body density estimation increases using absolute body length of tagged animals 
measured from Drones (simple drag term models) compared with existing models (combined drag 
term models, Narazaki et al. 2018). 

Combined drag term models 
The parsimonious model with the lower DIC evaluated global plus individual variations in tissue 
body density and drag terms, as well as global plus dive-by-dive variability in diving lung volume 
(as was found for all other evaluations of this model structure with other species). The model had 
a DIC value of 4250, and it decreased from a DIC value of 4680 of the model 1 containing only 
global values (i.e., fixed values) for combined drag terms. 

The global mean tissue density was estimated at 1035.7 ± 4.7 (±95% credible interval) kg·m–3. 
Individual posterior mean values for tissue density ranged from 1028.8 to 1044.8 kg·m–3, with 
±95% credible interval widths of 0.8–4.9 kg·m–3 (Table 3-14.).  

The posterior mean of the global drag term (CD A·m–1) was 11.6 × 10–6 m2·kg–1, overlapping, but 
slightly higher than the mean of the specified normal prior (7.0 × 10–6 m2·kg–1). This might be 
because the effect of induced drag as Narazaki et al. (2018). Suggested. Individual posterior means 
for the drag term ranged overall from 4.6× 10–6 m2·kg–1 to 21.2 × 10–6 m2·kg–1 (Table 3-14). 

Simple drag term models 
The model 12 had a DIC value of 4270, and it decreased from a DIC value of 4720 of the model 
1 containing only global values (i.e., fixed values) for the drag term. The global species mean 
tissue density was estimated at 1035.7 ± 4.7 (±95% credible interval) kg·m–3. Individual posterior 
mean values for tissue density ranged from 1029.0 to 1044.8 kg·m–3, with ±95% credible interval 
widths of 0.81–4.7 kg·m–3 (Table 3-14). Thus, there was little difference in the tissue density 
estimates across the two types of models. 
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Table 3-14.  Estimates of body density and drag term for both simple drag term model and 
combined drag term model. CD was also calculated from the CDAM term in the combined drag 
term model. 

 
Although the drag coefficient shouldn’t be different very much between individuals because of 
similar morphology of tagged animals, individual posterior means for the drag term varied widely 
and ranged overall from 0.0022-0.0122 (Table 3-14). This might be caused by induced drag from 
lift generation by the flippers. According to Narazaki et al. (2018), combined drag term including 
induced drag is: 

 

− 0.5𝜌𝜌𝑠𝑠𝑠𝑠 �
𝐶𝐶𝐷𝐷 ∙ 𝐴𝐴
𝑚𝑚

 +  
𝐴𝐴𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝜋𝜋 ∙ 𝐴𝐴𝐴𝐴

∙
𝐶𝐶𝐿𝐿2

𝑚𝑚
�𝑣𝑣2 

 
where AFlipper is flipper surface area (m2), AR is flipper aspect ratio and CL is the lift coefficient. 
Based upon literature values for the surface area of flippers (AFlipper, 12.20 m2) and the aspect ratio 
(AR, 5.67), body surface area (A, 68.2 m2) of a humpback whale whose body length 13.5m 
(Woodward et al., 2006), body surface area (A m2) is approximately 5.6 times of the surface area 
of flippers (AFlipper m2). Thus, above equation can be changed to:  

 
− 0.5𝜌𝜌𝑠𝑠𝑠𝑠 � 𝐶𝐶𝐷𝐷 +  𝐴𝐴𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

5.6𝜋𝜋∙𝐴𝐴𝐴𝐴
∙ 𝐶𝐶𝐿𝐿2� ∙

𝐴𝐴
𝑚𝑚
∙ 𝑣𝑣2. 

 
The lift coefficient of a humpback whale flipper is estimated to be 0–0.9 through wind tunnel 
measurements (Miklosovic et al. 2004). Adding this value to 0.003±0.001 (i.e. mean of the CD 

prior), the simple drag term in the parenthesis is expected to range between 0.002 and 0.104 which 
overlaps with the individual drag term estimates we obtained here (CD 0.0022-0.0122). 
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Comparison of simple and combined drag term models 
The estimated body densities and their credible interval widths did not differ much between the 
models that used the simple drag term model compared to models that used the combined drag 
term model (Table 3-14). By substituting body mass and surface area estimated from body length 
for the CDAm-1 term, drag coefficient CD was back calculated from the CDAM term of combined 
drag term model. The estimated CD was consistent with that derived from the simple drag term 
(Table 3-14).  

The 95% credible interval of both models tended to decrease with no. of glides for both models 
(Figure 3-39) as was found by Narazaki et al. (2018). However, contrary to our prediction, there 
was no consistent reduction in the 95% credible interval when the simple drag model (which used 
the measured dimension of each whale) was used (Figure 3-39). This indicates combined drag 
term models can estimate both unknown drag coefficient and induced drag even if the model 
doesn’t know the body mass and surface area of animals. 

 
 
Figure 3-39. The 95% credible 
interval related with no. of 
glides. Gray squares show the 
credible interval values from 
the simple drag term model, 
while blue crosses show the 
values from the combined 
drag term model. Note there 
was no consistent difference in 
the values depending upon 
which drag term model was 
used. 
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4 CROSS-COMPARISON OF THREE BODY CONDITION 
INDICATORS  

A central goal of RC-2337 was to compare and contrast the three different body condition 
indicators which were independently developed during the study (Section 3). To the extent 
possible given logistical constraints, we aimed to collect a consistent data sample each subject 
whale (Figure 4-1). Ultimately, this data-collection effort was successful with the easier-to-study 
humpback whales. While some biopsy samples were simultaneously collected during tagging of 
northern bottlenose whales off Jan Mayen, the sample was not sufficient for statistical contrast of 
body density versus cortisol concentrations in that species. Given the general inability to follow 
and re-sight northern bottlenose whales, we did not attempt to collect UAV drone images of tagged 
northern bottlenose whales.  
 

 
Figure 4-1. Illustration of the fieldwork efforts undertaken for RC-2337 to enable a contrast of 
three independent indicators of lipid-store body condition. From each subject whale found 
randomly in the study area, we sought to obtain three data samples: 1) tag-data using suction cup 
tags attached with poles (top-right), 2) biopsy samples of skin and external blubber layers 
collected using standard sample darts (center), and 3) photogrammetry images above whales 
using the UAV (lower-left). The three data samples were used to measure tissue density, cortisol 
concentration, and length-standardized surface area index (LSSAI) indicators of body condition, 
respectively. 

For humpback whales, these samples were then used to calculate three candidate indicators of 
body condition based upon detailed evaluation of each method (section 3): tissue density, cortisol 
concentrations in blubber, and length-standardized surface area index (LSSAI).  

In this section, we specifically contrast the three different body condition indicators developed in 
the study.  
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4.1 Materials and methods 
Data were collected from individual humpback whales to the extent feasible (Figure 4-1) and 
processed as detailed in section 3. Values for tissue density, cortisol concentration, and LSSAI 
were tabulated for each individual. The reproductive status of each whale was quantified based 
upon progesterone concentrations and observation of calf presence. We were not able to collect all 
three samples types from all whales, and in some cases samples that were obtained were not of 
sufficient quality to allow for derivation of the body condition indicator (i.e. due to too short a tag 
record). Therefore, separate statistical tests were run to assess the relationship between each pair 
of body condition indicators. This was done to make full use of all data where the two relevant 
body-condition indicators were available. A total of 33 whales had both body density and cortisol 
concentration estimates, 20 had both body density and LSSAI, and 25 had both cortisol 
concentration and LSSAI. Standard data plots showing the data encoded by reproductive status of 
each individual were prepared, with trends within each class of reproductive status shown for 
illustration of data patterns.  

For statistical examination of the relationship between each of the pairs of body condition 
indicators, all data were correlated against each other using Pearson’s product-moment correlation. 
A GLM approach was also used so that pregnancy could be included in the statistical model as an 
interaction (and therefore allow different correlation between females that were confirmed 
pregnant vs. other whales). Pregnancy is a particularly important reproductive state, in which 
females are expected to deposit large lipid stores to prepare for lactation demand, so was chosen 
a-priori as the key reproductive state to examine in these contrasts. Pregnancy was also useful to 
include in the models to account for any physical effects that a fetus could have on the shape or 
total body tissue density of the animal. The response variable was chosen arbitrarily for the three 
tests: body density ~ cortisol, body density ~ LSSAI, cortisol ~ LSSAI. Gamma distribution was 
assumed with an identity link function.  
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4.2 Results and discussion 

Cross-comparison of three body condition indicators – highlights 
 
The strongest correspondence across the three pairs of indicators was between tissue density and 
LSSAI, for adult humpback whales with a statistically-significant relationship (Pearson’s 
r2=29.9%, p=0.019, N=18) in the predicted direction. Adult humpback whales that had measurably 
wider length-standardized surface areas had lower tissue density. This pattern was consistent 
across reproductive state, but measurements from two juvenile whales did not follow the trend 
observed for adult whales. 
 
In contrast, cortisol concentration in blubber did not correlate strongly with either tissue density 
or LSSAI. Among pregnant females, whales with higher cortisol concentrations in their blubber 
tended to have lower body density.  
 
These results indicate that tissue density and LSSAI correspond as effective indicators of body 
condition. Cortisol concentrations did relate to body condition in stranded specimens (section 3.1), 
but no clear relationship between cortisol concentration and the other body condition indicators 
was found here for free-ranging humpback whales.  
 

4.2.1 The relationship of tissue density with cortisol concentration 
Pearson’s production moment correlation estimate was r = 0.0, N = 33 (indicating no relationship 
body density to have higher cortisol concentrations in their blubber. Examination of the data 
indicated some variation across reproductive status classes (Figure 4-2). 

Figure 4-2. Body density 
versus blubber cortisol 
concentration in humpback 
whales. Trend lines with 
confidence intervals are 
plotted for data from whales 
within each reproductive 
status class. Note the 
variation in trends across 
reproductive status. 

 

The GLM analysis indicated 
a statistically significant 
interaction term with 
pregnancy as a co-factor 

(Table 4-1). This indicates that pregnant humpback whales had a distinct negative correlation 
between body density and cortisol concentration compared to whales in other reproductive states. 
Pregnant humpback whales with high cortisol levels in their blubber tended to have lower body 
density (which should indicate greater overall lipid stores).  
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Table 4-1. Analysis of deviance table for body density versus cortisol concentration. *Significant. 

Response: BD_mean ~ Cortisol 
 LR Chisq Df Pr(>Chisq) 
Cortisol  0.0954 1 0. 7574 
Pregnant 3.2201 1 0.07271  
Cortisol:Pregnant 5.4404   1 0.01968 * 

 
 
The relationship of tissue density with LSSAI 
Examination of the data indicated the same negative trend observed for whales in all reproductive 
states, with only minor differences in negative slope (Figure 4-3).  However, the values for 
immature humpback whales were clearly outside the distribution of values for adult humpback 
whales.   We therefore here report the correlation for adult humpback whales, excluding the two 
immature data-points.   

The Pearson’s production moment correlation estimate for adult humpback whales was r= -0.55, 
indicating a significant trend (p = 0.019, r2 = 0.299, N=18) for animals with lower body density to 
have higher length-standardized surface area.  

 

 
Figure 4-3 . Body density versus LSSAI in humpback whales. Trend lines with confidence intervals 
are plotted for data from whales within each reproductive status class. Note the consistent negative 
trend across reproductive status in the dataset, and the outlier status of immature animals. 
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The GLM analysis did not find a statistically significant interaction term with pregnancy, so the 
GLM model was evaluated without any interaction (Table 2). The statistically significant 
relationship indicates that whales with higher LSSAI values had statistically-significantly lower 
body density values. This relationship follows the predicted pattern that animals with greater lipid 
stores are predicted to have lower body density and higher surface area per unit length (LSSAI). 

Table 4-2. Analysis of deviance table for body density versus LSSAI for adult humpback whales. 
** Significant 

Response: BD_mean ~ LSSAI 
 LR Chisq Df Pr(>Chisq) 

LSSAI 6.8515 1 0.008857 ** 
 

 The relationship of cortisol concentration with LSSAI 
Pearson’s production moment correlation estimate was r = +0.17, indicating no significant 
relationship (p = 0.42, R2 = 0.03, N = 33) between LSSAI and cortisol concentrations indicators 
of body condition.  Examination of the data indicated no strong relationship within any of the 
reproductive status classes investigated (Figure 4-4). 

 
Figure 4-4. Blubber cortisol concentration versus LSSAI in humpback whales. Trend lines with 
confidence intervals are plotted for data from whales within each reproductive status class. Note 
the lack of clear trend for any reproductive status. 

The GLM analysis did not find a statistically significant interaction term with pregnancy, so the 
GLM model was evaluated without any interaction (Table 4-3). This indicates no observed 
relationship between cortisol concentrations in blubber and length-standardized surface area 
(LSSAI) in humpback whales. 
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Table 4-3. Analysis of deviance table for cortisol concentration versus LSSAI.  

Response: Cortisol ~ LSSAI 
 LR Chisq Df Pr(>Chisq) 

LSSAI 0.70511 1 0.4011 
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5 PATTERNS OF BEHAVIOUR IN RELATION TO BODY CONDITION 
IN CETACEANS  

 

5.1 Introduction 
 
Most of the focus of RC-2337 has been on refining, and validating independent indicator of lipid-
store body condition in free-ranging marine mammals as a tool to measure health of individual 
cetaceans at sea using minimally-invasive or non-invasive procedures.  We typically consider that 
individual health, such as energy store status, is a consequence of behavioral patterns that affect 
energy balances.   In this final data section, we use data from tags attached to whales using suction 
cups to evaluate if and how body condition may also be a driver of behavior patterns in cetaceans.    
 
Theory and data both suggest that body condition should influence how individuals trade-off 
foraging and anti-predator behaviors (Hilton et al., 1999; Mcnamara and Houston, 1990), with 
poor condition foragers taking greater risks in order to increase foraging rates.   This leads to the 
prediction that cetaceans should have some ability to adjust their foraging effort to recover their 
desired body condition, or to maintain “allostasis” (McEwen and Wingfield, 2003).  Thus, 
individuals whose body condition is poor are predicted to have some capacity to compensate for 
those effects (Figure 5-1), though the effort of compensation could have its own costs, such as 
increased predation risk.   
 
 

 
Figure 5-1. A conceptual framework to link responses to extrinsic stressors to vital rates of 
individuals and populations.  ‘Health’ links the physiology of individuals to their ability to survive, 
grow, and reproduce.  The focus of this chapter is how behavior patterns (focusing on foraging 
effort) might be driven by energy store body condition (blue arrow).   Image adapted from NRC, 
2016. 

 

?
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For animals like beaked whales that face predation risk from killer whales, behaviours that increase 
an animal’s foraging efficiency often increase its risk of being predated upon (Lima, 1998b). Thus 
animals must balance the risk of predation against the risk of starvation (Houston et al., 1993; 
Lima and Dill, 1990; Mcnamara, 1990; Mcnamara and Houston, 1987; Sih, 1980). Body condition 
is central to the starvation-predation trade-off (Bednekoff and Houston, 1994; Houston et al., 1993; 
Pond, 1992). Animals in poorer condition are expected to take more predation risks in exchange 
for increased energy intake (Krebs and Davies, 1981), Lima 1998). Condition-dependent risk 
taking concepts have been long established (Anholt and Werner, 1995; Mcnamara and Houston, 
1987; Sinclair and Arcese, 1995), yet the influence of body condition on the starvation-predation 
trade-off has been little explored in marine ecosystems (Heithaus et al., 2007b). Despite the 
starvation-predation trade-off influencing the Darwinian fitness of virtually all animals (Houston 
et al., 1993; Lima, 1998; Lima and Dill, 1990), little work has been done on this topic in among 
cetaceans (but see (MacLeod et al., 2007). 
 
Humpback whales, one of the largest baleen whales, are a group of marine mammals that cycle fat 
stores on an annual basis, substantially changing their appearance, behaviour, and fitness (Kasuya, 
1995). Adult humpback whale are not thought to face much predation risk from killer whales, 
though calves might be at greater risk (Jefferson et al., 1991; Pitman et al., 2015).  Humpback 
whales are predicted to reduce feeding once they have stored enough body fat to achieve long 
migration efficiently.  In this case, energy store status modifies behavior as the animal seeks to 
maintain “allostasis” (McEwen and Wingfield, 2003) and avoid the costs of becoming too fat.   
 
Though the basis for the prediction differs among our two study species, we predict that both 
northern bottlenose and humpback whales should reduce their foraging effort with improved body 
condition.  In subsection 5.2, we evaluate if and how body density might influence the starvation-
predation tradeoff in bottlenose whales.  In Subsection 5.4, we assess how humpback whale 
foraging effort changes as a function of body condition.  For both studies, we used body density 
derived from animal-attached tag data as an index of body condition.   
 
5.2 Northern bottlenose whale body condition and the starvation-predation trade-off  
Condition-dependent risk taking has long been of interest to behavioural ecologists (Brodersen et 
al., 2008; Ekman and Hake, 1990; Godin and Sproul, 1988; Heithaus et al., 2007a; Houston and 
McNamara, 1993; Hughes, 2009; McNamara and Houston, 1987; Richards, 1983), yet few studies 
have explored the role of energy-store body condition on the starvation-predation trade-off of 
upper trophic marine animals (MacLeod et al., 2007). Heithaus et al. (2007a) revealed that green 
sea turtles in poor body condition took more risks, selecting habitats with higher shark predation 
risk but more profitable prey, whereas turtles in good body condition avoided high risk habitats at 
the cost of less efficient foraging (Heithaus et al., 2007a). This follows in-line with the starvation-
predation trade-off theory (Lima, 1998a): animals of poorer condition accept more predation risks 
to forage and reduce starvation risk. 
 
Despite being one of the least known mammalian families (Hooker and Baird, 1999a; Lacsamana 
et al., 2015; New et al., 2013b), beaked whales (Ziphiidae) are ideal for exploring how upper 
trophic marine animals manage the starvation-predation trade-off. Beaked whales are amongst the 
best studied in terms of how wild animals use echolocation to hunt (Madsen et al., 2014). A range 
of highly detailed foraging behaviours have been revealed (Arranz et al., 2011; Johnson et al., 
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2008; Johnson et al., 2004; Johnson et al., 2006; Wahlberg et al., 2011). Terminal acoustic buzzes, 
i.e. fast echolocation click trains, with high pulse repetition rate and short pulse duration (Madsen 
et al., 2005), are routinely used as a proxy for beaked whale prey capture attempts (Arranz et al., 
2011; Baumann-Pickering et al., 2015; Dunn, 2014; Dunn et al., 2013; Gassmann et al., 2015; 
Johnson et al., 2006; Madsen et al., 2014; Miller et al., 2015c; Stimpert et al., 2014; Tyack, 2015; 
Wahlberg et al., 2011; Zimmer et al., 2005).  Several studies have revealed a range of possible 
beaked whale anti-predation behaviours by describing natural behavior patterns (Tyack et al., 
2006; Zimmer and Tyack, 2007) and by experimentally exposing beaked whales to sonar 
(DeRuiter et al., 2013; Miller et al., 2015c; Stimpert et al., 2014; Tyack et al., 2011). Behaviours 
linked to reducing predation risk include: acoustic crypsis, prolonged long ascents from deep 
foraging dives and bounce dives (a series of relatively shallow silent dives in-between deep 
foraging dives) (Aguilar de Soto et al., 2012; Miller et al., 2015c; Tyack et al., 2006b; Zimmer and 
Tyack, 2007). Such behaviours are thought to avoid visual and acoustic detection from relatively 
shallow diving killer whales (Jefferson et al., 1991; Zimmer and Tyack, 2007), the main predator 
of Ziphiidae species (Allen et al., 2014; Jonsgård, 1968a, b; Notarbartolo‐di‐Sciara, 1987; Wellard 
et al., 2016). 
 
This study aims to evaluate the starvation-predation trade-off in northern bottlenose whales by 
determining the relationship between body condition and the trade-off between foraging and anti-
predation behaviours. The body condition of northern bottlenose whales will be estimated as body 
density using hydrodynamic models (Miller et al., 2016a). Foraging measures will be estimated 
from bio-logging tags deployed around Jan Mayen, revealing the behaviour of the little studied 
north-eastern Atlantic population (Whitehead and Hooker, 2012). A range of measures 
representing predation avoidance will be defined, based upon previously described candidates for 
anti-predation behaviour (Dunphy-Daly et al., 2010; Wirsing et al., 2011). As has been done for 
social behavioural studies (Sapolsky et al., 1997; Silk et al., 2003), multiple behavioural measures 
will be combined as composite indices.  
 
In line with the starvation-predation trade-off (Houston et al., 1993), it is hypothesized that an 
increase in the foraging behaviour index will correlate with a decrease in the anti-predation 
behaviour index. Data from controlled sonar exposures provide an opportunity to explore how 
animals balance the starvation-predation trade-off when perceived risk is increased. Animals of 
worse condition are predicted to take more risks in exchange for the benefits of increased foraging 
(Heithaus et al., 2007; McNamara and Houston, 1990, 1987). Thus the ratio of the anti-predation 
and foraging indices is expected to decrease when tissue density is higher, i.e. energy store body 
condition is lower. Using tissue density as a proxy for body condition, this study provides the first 
insights into the influence of body condition on the starvation-predation trade-off for any beaked 
whale species.  
 
5.2.1 Materials and Methods  
Fieldwork took place off Jan Mayen, Norway, from the M/S HU Sverdrup in 2013, from the T/S 
Prolific in 2014 and the T/S Donna Wood in 2015 and 2016. Research protocols were approved 
by Norwegian Animal Research Authority, the University of St Andrews Animal Welfare and 
Ethics Committee and the Woods Hole Oceanographic Institution Animal Care and Use 
Committee. Animals were detected visually or acoustically via a towed hydrophone array. Tagging 
was attempted on any individual, except calves. Tags were deployed via a 5m hand pole or an 
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aerial rocket transmitting system (Kvadsheim et al., 2011) and attached via suction cups. 
Conductivity-temperature-depth (CTD) casts occurred in 2013 (Miller et al., 2016a) and 2016 
(Miller et al., 2016b), alongside temperature-only casts in 2014 (Miller et al., 2016a). 

The dataset comprises fifteen deployments of digital sound and movement recording tags (Johnson 
and Tyack, 2003) on northern bottlenose whales (Table 1). A combination of DTAG-2 
(SOUNDTAG, 2017a), DTAG-3 (SOUNDTAG, 2017b) and Mixed-DTAGs (M-DTAG) were 
deployed (Table 1). M-DTAGs consist of a DTAG-3 core unit, a Fastloc-GPS logger and a SPOT 
transmitter. Tags sampled audio at 192-240 kHz and pressure, 3-axis acceleration (±2g) and 3-axis 
magnetism at 50Hz (DTAG-2) or 250Hz (DTAG-3 and M-DTAG). A 50Hz sampling frequency 
was used to include both DTAG-3 and DTAG-2 deployments. 

Tag data was processed with MATLAB v. 2017b (The MathWorks Inc., Natick, Massachusetts, 
United States). Sensor data was calibrated and converted to whale-frame axis using the 
SOUNDTAG (2016) DTAG toolbox and established methods (Johnson and Tyack, 2003; Miller 
et al., 2004b). Acoustic audits identified focal-animal sounds via aural cues and spectrogram 
analysis (Pérez et al., 2016). For deployments including controlled exposures of sonar and / or 
killer whale sounds (Miller, 2013; Miller et al., 2015a; Miller et al., 2016b), only baseline data 
were analysed unless otherwise stated. To eliminate any potential influences of tagging, the first 
20 minutes of deployments was excluded.  

Estimating body condition via tissue density 
Body tissue density was estimated as an indicator of lipid-store body condition via hydrodynamic 
models of drag and buoyancy under a Bayesian framework for 2015 and 2016 deployments as in 
Miller et al. (2016a). See section 3.3 for details of how tissue density is calculated. For 2013 and 
2014 deployments, published tissue density estimates were used (Miller et al., 2016a). 

Estimating foraging effort 
Three measures of foraging behaviour were calculated: 1) buzz rate (buzzes/hour); 2) the 
percentage of time producing regular clicks; and 3) the percentage of time in long-deep foraging 
dives. Buzz rate is a proxy for foraging rate (Miller et al., 2009), with the number of buzzes divided 
by time representing individual patterns in beaked whale foraging behaviour (Arranz et al., 2011; 
Tyack et al., 2011). The percentage of time regularly clicking was measured as the total time spent 
regularly clicking divided by the deployment duration. The time between the first and last 
echolocation clicks of deep diving odontocetes represents time spent actively searching for prey 
(Watwood et al., 2006).   Long-deep foraging dives were identified using k-means cluster analysis 
of dive duration, maximum depth, descent and ascent rates.  Dives from the two deepest clusters 
in which echolocation signals were produced were labelled as long-deep foraging dives for this 
study. 
5.2.2 Estimating anti-predation parameters 
Measures representing a range of possible beaked whale anti-predation behaviours were calculated 
(Table 5-1). Ascent pitch angle from long-deep dives represented the anti-predation tactic of long 
ascents. Low ascent pitch from deep dives increases both the time and horizontal displacement 
from when individuals stop vocalising to when they re-surface (Tyack et al., 2006b); thus 
increasing the uncertainty of the whale’s position when it resurfaces (Aguilar de Soto et al., 2018). 
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Hence average pitch angle was estimated from the point in time at which silent ascents start until 
the time at which the animal reached the surface; with a steeper pitch angle representing higher 
predation risk. Ascents were defined as starting at the time at which regular echolocation clicks 
last ceased (Tyack et al., 2006b). If a long-deep dive did not contain regular echolocation clicks, 
the start of the ascent phase was defined as the last point in time that an animal’s pitch was <0ᵒ 
(Miller et al., 2004b). The number of long-deep dives without regular clicking was low (n = 83) 
relative to the total number of long-deep dives across all deployments. For each deployment, the 
mean pitch angle (± the standard error of the mean) was estimated across ascents from all long-
deep dives.  
 
Table 5-1. Candidate anti-predation behaviours and the measures representing each behaviour. 
Includes examples of where such behaviours have been linked to beaked whale anti-predator 
tactics. *Measures with respect to ascents from long-deep dive types. References: 1 = Aguilar de 
Soto et al. (2018); 2 = Aguilar de Soto et al. (2012); 3 = Allen et al. (2014); 4 = Baird et al. 
(2008); 5 = DeRuiter et al. (2013); 6 = Hooker and Baird (1999); 7 = Martín López et al. (2015) 
8 = Miller et al. (2015c); 9 = Tyack et al. (2006b); 10 = Zimmer and Tyack (2007).  

Behaviour Description  Measure Species 
Long ascents Prolonged ascents from deep 

foraging dives, with low pitch 
angle and vertical speed 

 Pitch angle* Hyperoodon ampullatus6,8 

Mesoplodon 
densirostris1,2,3,7,9 

Ziphius cavirostris1,7,9 
Acoustic 
crypsis 

Acoustic inactivity at shallow 
depths and during ascents 
from deep foraging dives 

 % of surface time 
vocalising 
Depth silent ascents 
start* 

Hyperoodon ampullatus8 

Mesoplodon 
densirostris2,3,9 

Ziphius cavirostris5,9 

Horizontal 
displacement 

Consistent heading during 
deep dive ascents, maximising 
horizontal distance from end 
of bottom phase to surfacing 

 Tortuosity index* Mesoplodon densirostris9  
Ziphius cavirostris9 

Bounce dives Series of several relatively 
shallow dives (up to 
approximately 400m) in-
between deep foraging dives 

 % of inter-foraging-
dive-interval spent 
in silent dives 

Mesoplodon densirostris4,9 

Ziphius cavirostris4,9,10 

 
Acoustic crypsis was represented as the depth silent ascents start, and proportion of time at the 
surface spent vocalising (Table 5-1). Silent ascents may impede a near-surface predator from 
tracking and intercepting an individual (Tyack et al., 2006b). Terminating regular clicking at 
shallower depths after long-deep dives increases predation risk by broadcasting an individual’s 
position at depths closer to those inhabited by killer whales (Baird et al., 1998). Thus silent ascent 
start time was defined as the time at which regular clicking last ceased (Tyack et al., 2006b) during 
a long-deep dive or start of ascent for dives with no clicking. Given silence at shallow depths may 
be the best option to avoid killer whale predation (Jefferson et al., 1991), the higher the proportion 
of the time spent vocalising at the surface, the greater the risk of being detected. The overall 
percentage of time at depths <20m spent vocalising was estimated for each deployment.  
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Tortuosity was estimated to represent horizontal displacement during ascents (Table 5-1). High 
horizontal displacement after animals cease clicking on the ascent from deep dives could impede 
near-surface predators from tracking beaked whales (Tyack et al., 2006b). The tortuosity index 
(TI) is the ratio of the horizontal distance covered (assuming a constant speed) to the horizontal 
distance that could have been covered given a constant heading and the same speed (Tyack et al., 
2006b). Mean TI was estimated from the depth at which silent ascents from long-deep dives start 
until the time the animal surfaces. Ascent start time was defined as either the time at which regular 
echolocation ceased (Tyack et al., 2006b) or the start of ascent for long-deep dives that contained 
no regular clicking. A TI of 0 indicates straight-line movement, whereas a TI of 1 indicates extreme 
circular movement.  
 
The proportion of time spent in silent dives was estimated to represent non-foraging ’bounce’ dives 
(Table 5-1). Beaked whale ‘bounce’ dives are a series of silent dives that often occur between deep 
foraging dives (Cox et al., 2006; Tyack et al., 2006b). Thus the measure was defined as the 
percentage of the non-foraging dive time spent in silent dives. Non-foraging dive time was defined 
as the total inter-foraging-dive-interval (IFDI) duration (i.e. the time between long-deep dives that 
contained regular clicking). For this measure, a minimum depth threshold (70m) was used to 
ensure the silent dive measure included only dives occurring deeper than the depths at which 
predators are likely present: killer whales spend over 70% of their time in depths <20m (Baird et 
al., 1998) and 90% of their time at depths <40m (Miller et al., 2010).  
 
5.2.3 Composite indices of foraging and anti-predation behavior 
The measures of foraging and anti-predation behaviour were each combined into two composite 
indices. A composite behaviour index allows several behavioural measures to be combined into a 
single index (Silk et al., 2003). Composite behaviours indices are ideal for analysing several 
potentially correlated measures as it prevents having to analyse measures independently (Silk et 
al., 2003). Pearson’s correlation coefficient was used to indicate correlation between foraging and 
anti-predation measures. Based on sociality indices estimated by Sapolsky et al. (1997) and Silk 
et al. (2003), a composite foraging index (CIF) and composite anti-predation index (CIAP) was 
estimated per deployment as:   
 
 
 
 
 
where n is the number of behavioural measures, xi  is the tag deployment specific value for each 
behavioural measure, and mi is the median value of each respective behavioural measure across all 
tag deployment records. Composite indices measure the deviation of an individual from the 
population average across all measures combined (Sapolsky et al., 1997; Silk et al., 2003).  
 
All foraging measures positively correlated; however there was negative correlation between three 
of the anti-predation measures and the overall anti-predation behaviour index. Increased ascent 
pitch angles, TI and the percentage of surface time vocalising all indicate taking greater predation 
risk. Thus these anti-predation measures were inverted to ensure all measures positively correlated 
with their associated composite index CIAP (Mazziotta and Pareto, 2013). A linear model was used 
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to estimate whether CIAP varied as a function of CIF to explore the possible trade-off between 
foraging and anti-predation behaviours.  
 
Comparing periods before and after the start of exposure to sonar 
To further explore the starvation-predation trade-off, behavioural indices were estimated for 
periods after controlled sonar exposures (Table 1). Sonar exposures might be perceived as a threat 
similar to predation risk (Isojunno et al., 2016), thus CIAP was expected to increase and CIF to 
decrease post-exposure in line with the starvation-predation trade-off (Lima and Dill, 1990b). 
Three deployments (ha13_176a, ha15_179b and ha16_170a) contained controlled sonar exposures 
(Miller, 2013; Miller et al., 2015a; Miller et al., 2016b) and thus provided the opportunity to 
compare foraging and anti-predation behaviour during the baseline period to post-exposure periods 
(from the end of sonar exposures until the end of deployments). Deployment ha15_171a also 
included controlled exposures to sonar and killer whale sounds; however no audio data was 
recorded post-exposure (Miller et al., 2015a) so this exposure was not included in the analysis.  
 
The ratio of anti-predation to foraging index (CIAP/CIF) was modelled as function of tissue density 
estimates. Models using ρtissue and combinations of the covariates (deployment duration, group size 
and an interaction with dominant stroke frequency DSF, i.e. a proxy for body size) were compared 
using AIC.  
 
5.2.4 Results and Discussion 
 
Bottlenose whale body condition and the starvation-predation trade-off – highlights 
 
Using hydrodynamic models, the tissue density of 15 northern bottlenose whales tagged with 
DTags around Jan Mayen was estimated. Measures of foraging and predator avoidance behaviours 
were combined as composite indices of foraging and anti-predation effort. 
 
An increase in the composite foraging index corresponded to a significant reduction of the anti-
predation index.  In line with the starvation-predation trade-off, anti-predation effort increased 
when foraging effort decreased. Sonar exposures caused extreme reductions in foraging and 
increased anti-predation effort, as predicted under the risk-disturbance hypothesis. 
 
Increased tissue density (i.e. a lower proportion of lipid) was statistically-significantly correlated 
with an increased ratio of anti-predation to foraging behavior, indicating animals with worse body 
condition took fewer risks and foraged less during the tag deployment period, contrary to 
condition-dependent risk-theory. 
 
These results suggest that over the range observed, lipid store body condition was more likely a 
consequence than a driver of behavioral patterns in the animals tagged in this study. However, 
short tag durations and a small sample size of individuals weaken the strength of the conclusions. 
 
As found for all of our analyses to date (Section 3), individual variation in tissue density was 
supported by model selection using DIC.  Tissue density estimates ranged from 1028.4 to 1033.9 
kg m-3 (Table 5-2) with a mean density of 1030.8 kg m-3 (± .4). The global mean (i.e. the expected 
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mean of the population from which the tagged whales came from) was 14.0x10-6 m2 kg-1 (± 2.5) 
for the combined drag term [(CdA)/m)], 0.39 (±.004) for tissue compressibility (r) and 29.2 (± 3.0) 
for diving gas volume (Vair).  As in Miller et al. (2016), the tissue densities of northern bottlenose 
whales fell within a narrow range compared to humpback whales (Narazaki et al., 2018) - (see 
section 3.3). 
 
Composite foraging and anti-predation indices and the ratio between the two were estimated for 
each deployment (Table 5-2). Individuals deviated by a wider extent from the mean across all 
foraging measures (CIF range: .5 – 1.5) compared to anti-predation measures (CIAP range: .7 – 1.2). 
There was a significant negative relationship between CIAP and CIF (𝛽𝛽 = -.43, 𝑡𝑡(13) = -3.66, 𝜌𝜌 < 
.01), with an increase in CIF correlating with decrease in CIAP (Fig. 2). Deployment ha16_173a 
had the lowest CIF and highest CIAP (.004 above the next highest deployment) resulting in the 
highest CIAP/CIF value (Table 5-2). If deployment ha16_173a was excluded, the negative 
relationship between CIAP and CIF remained strongly supported, albeit with a slightly lower effect 
size (𝛽𝛽 = -.42 𝑡𝑡(12) = -2.99, 𝜌𝜌 < .02).   This result demonstrates that whales did tradeoff foraging 
versus anti-predator effort in their behaviour patterns. 
 
Relative to baseline of the three deployments with controlled sonar exposures there was a decrease 
(by .71 – 1.36) in CIF and an increase (by .01 - .43) in CIAP (triangles in Figure 5-2; Table 5-2).  
Bottlenose whales decreased foraging and increased anti-predator behaviors in response to an 
anthropogenic disturbance, supporting the hypothesis that they are perceived as a ‘risk’ factor with 
responses shaped by anti-predator response templates (Frid and Dill, 2002; Harris et al., 2016). 
 
Table 5-2. Deployment estimates including: number of 5s glide segments, estimated tissue density, 
ρtissue (mean ± 95% posterior credible interval in kg m-3); composite foraging index (CIF); 
composite anti-predation index (CIAP) and the ratio of composite anti-predation to foraging 
indices (CIAP  / CIF). Composite indices for post-exposure periods (from the end of the exposure 
to the end of the deployment) are parenthesised for deployments containing controlled sonar 
exposures. Group size at the time of tagging and estimated dominant stroke frequency (DSF), as 
an index of body size, are also shown. 

 
Deployment ID # glides ρtissue CIAP  CIF CIAP / CIF Group size DSF 

(Hz) 
ha13_176a 273 1030.2 ± 0.1 1.0(1.3) .9 (.0) 1.2 6 .4 
ha14_165a 74 1032.6 ± 0.3 1.1 1.3 .9 2 .4 
ha14_166a 164 1031.6 ± 0.1 1.2 .7 1.8 3 .1 
ha14_174a 87 1031.6 ± 0.2 1.1 .8 1.3 3 .1 
ha14_174b 152 1030.0 ± 0.1 1.0 1.0 1.0 3 .4 
ha14_175a 153 1028.4 ± 0.1 1.0 1.0 1.0 4 .4 
ha15_171a 115 1029.3 ± 0.1 .7 1.2 .7 2 .1 
ha15_173a 243 1031.1 ± 0.1  .8 1.5 .5 4 .1 
ha15_174a 23 1031.8 ± 0.5 1.1 .6 1.9 8 .1 
ha15_173b 389 1029.5 ± 0.0 .8 1.1 .7 5 .5 
ha15_174b 181 1031.2 ± 0.1 .9 1.3 .6 3 .1 
ha15_179b 282 1030.2 ± 0.1 1.2(1.2) 1.0 (.29) 1.2 4 .5 
ha16_169a 104 1030.6 ± 0.1 .7 1.2 .6 8 .4 
ha16_170a 154 1029.9 ± 0.0 .8 (1.2) 1.4 (.0) .6 4 .1 
ha16_173a 206 1033.9 ± 0.3  1.2 .5 2.2 3 .4 
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Figure 5-2. Composite anti-predation index (CIAP) as a function of composite foraging index (CIF), 
with values for post-exposure periods. Dashed lines relate post-exposure periods to baseline 
values of the same deployment. Colours are unique to each deployment. 

5.2.5 Tissue density variation with anti-predation and foraging behaviour 
The ratio of anti-predation to foraging index (CIAP/CIF) was modelled as function of tissue density 
estimates. There was substantial support (ΔAICc < 2) for ρtissue as the sole predictor of CIAP/CIF. 
The model with ρtissue as the only predictor had an Akaike weight (i.e. the normalised relative 
likelihood) AICcw =.50, three times that of the next best fitting model (i.e. the model with tag 
record duration as the sole predictor, AICcw = .16), suggesting a greater weight of evidence for 
tissue density as a predictor of CIAP/CIF given the models selected.  
 
There was a significant relationship between CIAP/CIF and tissue density (Figure 5-3), with a 1 kg 
m-3 increase in ρtissue resulting in an average increase of .23 in CIAP/CIF (𝑡𝑡(13) = 2.68, 𝜌𝜌 < .02). 
However, one tag record (ha16_173a) appears to have had a strong influence on the outcome of 
the statistical analysis (red data point in Figure 5-3).  This data-point had a Cook’s distance of >.5 
(Cook, 1977), and removing ha16_173a from the dataset, resulted in there being no significant 

variation in CIAP/CIF with 
ρtissue (𝑡𝑡(12) = 1.32, 𝜌𝜌 = .21). 
 
 Figure 5-3. Ratio of 
composite foraging to anti-
predation indices (CIA /CIF) 
as a function of tissue density 
with the predicted linear 
model and the 95% 
confidence interval. 
Deployment ha16_173a had 
a high Cook’s index, so is 
highlighted in red. 
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The observed relationship was the opposite of that predicted: increasing tissue density (i.e. a lower 
proportion of fat) correlated with an increase in the ratio of the anti-predation to foraging behaviour 
(Figure 5-3). This indicates that worse condition animals had higher predator avoidance and 
reduced foraging behaviours.  There are several potential reasons for the unexpected relationship 
between tissue density and the ratio of anti-predation to foraging behaviours. One simple 
explanation could simply be that lipid-store body condition (across the range of values observed 
in this study) is a consequence of behavioural patterns rather than a driver.  Across animal taxa, 
individuals differ in average behaviour across a range of contexts, with behavioural traits persisting 
over time (Biro and Stamps, 2008; Dall et al., 2004; Réale et al., 2007; Sih et al., 2004). Such 
intrinsic ‘personality’ traits also influence how individuals balance foraging and anti-predation 
behaviours (Dammhahn and Almeling, 2012; Quinn et al., 2011; Van Oers et al., 2004). Animals 
with strategies (or personalities) that include taking more risks and foraging more can be expected 
to have better lipid store body condition than animals that use safer strategies. Such feedback loops, 
wherein personality traits (e.g. foraging boldness) have fitness consequences (e.g. increased energy 
reserves) have been developed theoretically (Sih et al., 2015) and proven empirically (Sinn et al., 
2006).  
 
Our method of observing free-ranging animals enables us to observe the benefit of increased 
foraging effort as improved lipid-store body condition. However, animals that take more risks are 
expected to incur the corresponding cost of a higher predation rate, which we cannot observe –our 
dataset is limited to only surviving individuals. The starvation-predation trade-off may become a 
stronger driver when animals are at extremes of body condition than we observed here: taking 
more risks when close to starvation or decreasing foraging when fat stores become excessive. 
 
5.3 Foraging effort in relation to body in condition in humpback whales  
Using both body density and body shape indicators, in project RC-2337, we confirmed the 
expectation that humpback whales should accumulate body fat over their summertime feeding 
season and to be fatter and buoyant in late feeding seasons (sections 3.2 and 3.3). Locomotion cost 
of marine divers increases with deviation from neutral buoyancy (Sato et al., 2013), particularly 
when animals move in the direction hindered by buoyancy (Miller et al., 2012).  Such costs of 
carrying too much lipid should lead to reduced foraging effort.  Therefore humpback whales are 
predicted to reduce feeding once they store enough body fat to achieve long migration efficiently.   
 
In this subsection, we examine and report how humpback whale foraging effort varies in relation 
to body density as an indicator of lipid-store body condition.   
 
5.3.1 Materials and Methods  
The data in this study, and body density estimates of subject whales, are the same as those used to 
explore how body density of humpback whales varied with season and reproductive status (section 
3.3.2).  Foraging dives were defined as any dive that contained a lunge feeding event.  Lunges are 
characterized by a rapid acceleration in speed and (Fig. 4) energetic stroking (Ware et al., 2011, 
Simon et al. 2011 ). Using these characteristics, we identified lunge events from swimming speed 
obtained by flow noise (Simon et al. 2012, Sivle et al., 2015) for data from Dtag and swim speed 
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and/or stroking signals for data from Little Leonardo tags (Akiyama et al., in prep).    Percentage 
of time feeding was calculated from the proportion of times individual whales were undertaking 
lunge feeding dives. We defined "resting dives” to meet two conditions (Miller et al. 2008): 1) the 
count of flywheel sensor is zero for more than 1 min and 2) No fluking for more than 1 min. (Miller 
et al. 2008). The end of resting bout was defined as continuous active state for more than 5 minutes 
after resting. We have applied this analysis to only Little Leonardo data loggers due to the lack of 
a speed sensor in the Dtag recordings. We have analyzed the time budget in feeding of 45 tagged 
animals in total: 14 animals in early season and 10 animals in late feeding season from Norway, 
and 17 tagged animals in early feeding season and 4 animals in middle feeding season from 
Canada.  

We used generalized linear models (GLMs) with a binomial error distribution and a log link 
function to investigate percentage time spent in feeding in relation to the tissue body density and 
the life history traits (i.e. sex, age class and reproductive status, for details see Table 1 in section 
in section II.c.6). This statistical model included percentage time spent in feedingas a dependent 
factor and tissue body density, season and/or life history traits as fixed independent factors. The 
offset was set as tag duration. We used Akaike’s Information Criterion (AIC) to assess the most 
parsimonious model. 
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5.3.2 Results and discussion  
 
Foraging effort in relation to body condition in humpback whales – highlights 
 
Foraging dives of humpback whales were identified using speed and acceleration characteristics 
of lunge feeding.  The proportion of time spent feeding was related to the body condition (using 
tissue density) across whales.   
 
Whales tagged in Norway spent a much lower proportion of time feeding than whales tagged in 
Canada.  This result could be due to the fact that whales in Norway were tagged much later in the 
feeding season, though it is possible that differences in prey characteristics may have driven that 
difference. 
 
Statistical modelling on this preliminary dataset indicate that body density appears to influence the 
proportion of time in feeding dives, with more feeding occurring when animals had lower lipid 
stores (higher body density), as predicted.  Interestingly, other factors of age, sex, and reproductive 
status also seemed to be important predictors of foraging effort in humpback whales.    
 
The time budget of whales tended to be different between the two study areas (Figure 5 4): tagged 
animals from Norway spent a relatively large proportion of time resting and a small proportion of 
time feeding compared with the animals tagged in Canada. The time spent resting by tagged 
animals in the late feeding season in Norway was more than 10% (range, 0-42%). The time spent 
in feeding by most animals (8 of 10 animals) was less than 30% (the range, 0-62%). In contrast, 
tagged animals from Canada spent most of their time feeding and rarely resting in both early and 
mid-seasons. The time spent resting by most of the animals (16 of 17 animals in the early feeding 
season and all animals in the middle feeding season) was 0%, with the remaining animal 
resting12% of the time. The time spent feeding by most of the animals (15 of 17 animals in the 
early feeding season and 3 of 4 animals in the mid season) was more than 50% (range of early 
season, 17-92%; range of the mid season, 10-93%). 
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Figure 5-4. Examples of humpback whale tag records. Orange bars mark dives that contained 
lunge events.   Note the clear peaks in swim speed associated with lunge dives.  

 



126 

  
Figure 5-5. Time spent in feeding in relation to tissue body density in both Canada and Norway. 
 
Our analysis of body density versus time in the feeding season indicated that body density 
decreased 2.7 kg m-3 per 90 days in Canada as well as Norway (section 3.3.6.2). Decreasing tissue 
body density involved a relatively lower proportion of time spent in feeding but the time spent in 
feeding was relatively higher in Canada than that of Norway especially for animals with relatively 
low tissue body density (Fig. 5-5). Tagged whales spent a relatively large amount of time in 
foraging in both the early (68 ± 19%, range, 17-92%, n = 17 whales) and middle season (61 ± 38%, 
range, 7-93%, n = 4 whales) in Canada. Tagged whales from Canada might be motivated to feed 
throughout the entire feeding season because of their relative short stay on those feeding grounds. 
Indeed, resting duration of the whales from Canada was shorter than the whales from Norway in 
late feeding season (Fig. 5-5). 
 
Tissue body density was low (indicating high lipid stores) during the late feeding season in Norway 
(section 3.3.2). Tagged whales in Norway spent relatively little time foraging in the late season 
(18 ± 24%, range, 0-62%, n = 10 whales) compared with the early season (42 ± 31%, range, 17-
92%, n = 14 whales). Indeed, time spent feeding substantially decreased with decreasing tissue 
body density. The result suggests lipid store body condition affects feeding behavior and that 
relatively fat humpback whales might be less motivated to feed. 
 
The statistical model indicated that tissue density improved model fit (Fig. 5-5; Table 5-3).  
However, other factors in the model also had a strong influence.  Although the data set was small, 
the statistical models detected differences of life-history traits (ie. sex, reproductive status and age 
class) in relation to time spent in feeding. Time spent in feeding by male whales was higher than 
that of females in both areas.  Time spent feeding by immature animals was less than that of adults. 
Of course, we observed only snap shots of both tissue body density and behaviors, but our results 
indicates monitoring body condition is an important first step to understand the feeding strategy 
between life traits and/or geographic locations.  
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Table 5-3. Fit of general linear models to data of the proportion of time spent in feeding of tagged 
humpback whales by AIC. The lowest AIC model is highlighted.   

 

 

 
 

6 CONCLUSIONS AND IMPLICATIONS FOR FUTURE RESEARCH / 
IMPLEMENTATION 

The results presented in this report represent a successful outcome of study RC-2337, with all of 
the objectives effectively addressed.   The overall goal of this study was to develop, validate and 
apply a novel, non-invasive tag-based technique to measure the body condition of free-ranging 
cetaceans.  The inter-locking objectives of the project centered around development and 
application of a novel technique to measure body tissue density of cetaceans as a means to estimate 
their lipid-store body condition (Figure 6-1).    
 

Figure 6-1. Interlocking objectives of RC-2337. Develop the body density index (top); validate it 
using two independent approaches (left); quantify how it varies with female reproductive status 
(middle) and relate foraging effort with body density (right). 
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In this section, we describe the study conclusions and recommend future research directions. We 
provide suggestions for DoD and other resource managers for how these new approaches might 
be used to assess the biological significance of disturbance from anthropogenic disturbance.   
 
Objective 1:  Measure the body density of individual northern bottlenose and humpback whales 
through modelling the hydrodynamic performance of animals during glide patterns, obtained 
using temporarily deployed high resolution data-logging tags. 
 
Body tissue density was successfully measured in the two primary subject species:  northern 
bottlenose whale (family Ziphidae: Hyperoodon ampullatus) and humpback (family: 
Balaenopteridae: Megaptera novaeangliae) whales, and also in a third species via external 
collaboration, the long-finned pilot whale (family Delphinidae: Globicephala melas) an oceanic 
delphinid.  Previous to this study, body density had only been measured in sperm whales (family 
Physeteridae: Physeter microcephalus; Miller et al., 2004).  The approach of identifying gliding 
periods during ascent and descent phases of dives functioned for all species in the study, as gliding 
does appear to be a ubiquitous behavior among cetacea.  The method was successful using data 
from either Dtags (Johnson and Tyack, 2003) or Little Leonardo 3MPD3GT loggers (Aoki et al., 
2011) attached to whales using suction cups.   
 
We particularly highlight the important advance that body density was measured for relatively 
shallow diving humpback whale, which dove to an average maximum recorded depth of just 64.0 
± 67.2m (section 3.3.1.3).  This is a much shallower diving depth than the other species for which 
body density had previously been estimated, and indicates that the approach can be widely 
applicable among cetacea - as well as with shallower-diving pinnipeds (Aoki et al., 2011).   
 
One of the key advantages of the body tissue density approach is that it provides a quantitative, 
numerical estimate of lipid-store body condition, along with estimates of other important 
physiological variables (Miller et al., 2016).  The Bayesian statistical modelling procedure was 
effective at estimating a specific value for the tissue density parameter using the model of 
hydrodynamic performance (Equation 1, introduction) during glides.  As predicted, statistical 
analyses for all three species indicated measurable individual-level variation in tissue density 
within the samples we obtained.   Individual-level variation was also found for the combined drag-
term CdAm-1, which was expected given across-whale differences in body size, while dive-by-dive 
variation was found for diving gas volumes likely reflecting that cetaceans do not always dive on 
full inspiration.  We found that including specific measures of body length (using UAV 
photogrammetry) to more accurately define surface area A and mass m of tagged whales prior to 
calculating body density neither improved the 95% CI precision of the tissue density estimate nor 
altered the tissue density estimate itself compared to when CdAm-1 was estimated from the data 
(section 3.3.3).  This indicates that the glide method developed in this project can be effectively 
applied to animal-attached tag data even when no animal size measurements are available.  
However, we would still recommend collecting animal size data when feasible, as that information 
makes it possible to estimate the drag coefficient Cd itself, which is a physiological parameter of 
considerable importance to understand the energetic costs of swimming.    
 
The numerical indicator of tissue density reflects the quantity of lipid stores because the density 
of lipids is much lower than the density of other animal tissues.  Thus, body density correlates 
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strongly with total body lipid-store content in mammals (Fields et al., 2005)(Fields et al., 2005).  
However, conversion of a specific body tissue density to an accurate value for lipid-store content 
value is only possible if the precise density of lipids and non-lipid tissues is known (Biuw et al., 
2003).  Density measurements of body components of cetaceans would be useful to more 
effectively convert total body density to lipid store values, and we strongly recommend more 
research in that area.   
 
The results of our study indicate that issue body density within a given species should provide a 
relative index of lipid-store body condition across individuals (and changes over longer time 
periods within the few individuals that were repeat sampled).  Longitudinal tracking of changes in 
lipid stores using tags has been very effective in the study of resource acquisition and diving 
energetics of elephant seals (Biuw et al., 2003). Onboard implementation of the algorithm 
described in this work in a longer-duration telemetry tag could enable longitudinal tracking of 
body condition of individual whales over time.  Use of a long-duration tag that reports body 
condition would be strongly recommended.   Such studies could identify effective foraging areas 
for cetaceans, and quantify energy-store impacts of anthropogenic disturbance on the body 
condition status of individual cetaceans, which could be a critical tool for DoD to evaluate 
biological significance of impacts of sonar on cetaceans. 
 
Objective 2:  Validate the body density metrics obtained using two independent approaches.  
These were based on measurement of body shape and the analysis of blubber from remote biopsy 
samples. 
 
A fundamental challenge of the project is that it is not possible to measure lipid-store body 
condition of free-ranging cetaceans using a ‘gold-standard’ method like isotope dilution.  While 
not technically a ‘validation’, we instead separately tested and developed two independent 
approach to estimate body condition of cetaceans, using measurement of body shape and analysis 
of condition indicators or biomarkers in blubber.   We then applied those methods to samples 
obtained during a single encounter with a whale – which required successful accomplishment of 
three advanced field procedures:  tagging with a suction cup, imaging the whale using an AUV, 
and collection of remote blubber biopsy sample.  Unfortunately, despite maximal efforts in the 
field, we were not able to collect all of these types of samples from northern bottlenose whales, so 
the cross-validation was only possible with the humpback whale. 
 
For body-shape estimation (Section 3.2), we first evaluated use of a 3D scanning sonar to obtain 
length and girth estimates of individual whales.  It was possible to use the scanning sonar at sea 
with free-ranging killer whales to obtain point-cloud data of reflections from the external body of 
the whales (Section 3.2.1).  However, evaluation of the accuracy of the system to extract length 
and girth of killer whales measured in captivity was complicated by the need to define a set of 
parameters to obtain measurements using an automatic unbiased measurement method.  For some 
parameter combinations, we were able to find an excellent match (<10% error) with the tape-
measured length and girth of the captive killer whales, but for other combinations the errors were 
much larger.  Further work is needed to specify what parameters to use, or to explore a less 
automated approach to measure whale dimensions.    
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After the start of our project, developments in unmanned-aerial vehicle (UAV) technology made 
it possible to take overhead photogrammetry images of whales, and one study measured body 
condition changes in humpback whales over the breeding season when they fast (Christiansen et 
al., 2016).  We therefore made use of UAVs to take overhead photogrammetry images of 
humpback whales, focusing on whales already tagged with suction cups in our study.  After 
extracting high-quality images taken from overhead target whales, we calculated the length-
standardized surface area index (LSSAI) of body condition.   LSSAI effectively quantifies width-
length ratios over defined sections of each whale’s body, which had previously been shown in 
right whales to vary with reproductive status (Miller et al., 2012).   A key advantage of LSSAI is 
that it only requires the ratio of width to length, and does not require absolute measurements of the 
animal which are more complicated to obtain.  Ultimately (see below), we found LSSAI to vary 
as expected across reproductive status and with time in the feeding season (Section 3.2.2).  
Supported by other work using width-length measurements from overhead photogrammetry to 
estimate body condition, we have high confidence that this method has promise as a tool to 
measure body condition of free-ranging cetaceans.   
 

For the analysis of blubber tissue obtained in biopsy samples we first need to validate and optimise 
the laboratory methods for evaluating biomarkers.  For this approach we used samples from freshly  
dead animals and found that blubber lipid content from remotely obtained, shallow biopsy samples 
provided little information about the body condition of the species sampled.  Whilst animals that 
died of chronic diseases had less lipid in their blubber, there was no relationship between 
morphometric body condition measurements and blubber lipid content.   

Other measurements that could be obtained from blubber samples included the metrics relating to 
the size and area of the fat cells (adipocytes), particularly focussing on adipocyte size.  A pilot 
study found that there was a positive linear relationship between morphometric measures of 
condition and adipocyte area in a number of different cetacean species, suggesting that this 
approach may also have some promise in future.  However, it was not possible to progress with 
this method due to the limited amount of tissue available from the free-living cetaceans sampled 
during the study.  

Thus our investigation of additional blubber markers to estimate condition, concentrated on 
investigating the concentration of the glucocorticoid hormone cortisol, which is involved in fat 
metabolism and release.  In addition we made a great deal of progress in determining the 
upregulation of other potentially useful protein markers in the blubber, identified using a shotgun 
proteomic approach (particularly investigating changes in the adipocytokines that are known to be 
related in energy store in terrestrial species).   

Validation and optimisation studies from stranded species found that cortisol concentrations in the 
dorsal, outer blubber layer could be useful as a biomarker for condition as they significantly 
correlated with morphometric condition measures in both small and large cetaceans. Higher 
blubber cortisol are found when animals are metabolising and releasing fat (lipolysis) and this 
appears to be consistent in both fast adapted and non-fast adapted species.  In addition, cortisol in 
blubber is not related to short term stress as we found no relationship with handling time.  This has 
also recently been reported in bottlenose dolphins (Tursiops truncatus) (Galligan et al., 2018).  
Galligan et al. also reported the interconversion between cortisone and cortisol in this species, 
confirming our hypothesis that local production of cortisol is likely occurring in cetaceans during 
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times of high energy demand.  Cortisol concentrations could therefore be used to determine the 
general physiological state of the animal (i.e. if it is undergoing lipolysis or lipogenesis) at the time 
of sampling. 

The proteomic shotgun approach identified a wide range of proteins in the blubber of cetaceans 
and results indicate that further refinement of this method could lead to additional important 
condition markers or qualitative metabolic state indicators, particularly when combined with the 
hormone markers.  However, this study has been limited by relatively small sample sizes and 
inability to account for all potential confounding factors. 

We fully developed and tested the separate metrics of body condition (body density, LSSAI, 
cortisol concentration) before inspecting any correlation of their values from the same whale.   It 
was challenging to collect multiple sample types during single encounters with whales, and not all 
data samples could be used to derive the associated metric (ie  if tag duration was too short, we 
could not calculate body tissue density).  Nonetheless, we obtained both body tissue density and 
cortisol concentrations from 25 whales, LSSAI and body tissue density from 16 whales, and 
LSSAI and blubber cortisol concentrations from 25 whales.  We were able to obtain all three 
indices for 13 whales.   

The result of the cross-correlation of the methods was clear.  We found a strong statistical 
correlation between body density and LSSAI for adult humpback whales (p = 0.019, r2 = 0.299, 
N=18) in the expected direction.  Whales with high tissue density values were visibly thinner per 
unit length in the photogrammetry images that whales with low tissue density values were notably 
wider per unit length.  In contrast, cortisol concentrations in blubber did not correlate with either 
tissue density or LSSAI across the whale sample.  A strong correlation was found between tissue 
density and cortisol concentrations in blubber for pregnant female humpback whales (N=9), with 
higher cortisol concentrations being related to lower tissue density (indicating high lipid values of 
lipid stores).  

In conclusion, the strong correlation of the tissue density from tag data with the LSSAI from 
overhead photogrammetry indicates that either or both of these methods can be used to monitor 
changes in lipid-store body condition of free-ranging cetaceans.  However, more work is needed 
to understand the role of cortisol concentrations in blubber in relation to body condition and 
metabolic status at the time of sampling, as confirmed by Galligan et al. (2018).  Overhead 
photogrammetry using UAVs is less invasive than tagging, and large numbers of whales can 
photographed efficiently (Christiansen et al., 2016), which indicate it could be considered a state-
of-the-art technique for cross-sectional sampling of body condition of cetaceans.  The tag-based 
tissue density method can also be used in cross-sectional designs like those employed here, but 
sample sizes are likely to be more limited than what should be possible using UAV 
photogrammetry.  As described above, the tag-based body density method may be most effective 
for longer-term longitudinal tracking of individual tagged whales.  When possible, we recommend 
that research employ a combination of methods to measure body condition.   

Objective 3.   Identify patterns of lipid store body condition for individuals based on their sex, 
reproductive status, location and time of year. 

In the initial stated goals of RC-2337, we proposed to evaluate patterns of only tissue density based 
upon sex, reproductive status, location, and time of year (timing in the feeding season for 
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humpback whales).  However, we were also able to carry out this analysis for the other body 
condition metrics, as described in section 3.   

For tissue density, we found a strong statistical pattern of seasonal change with humpback whales 
reducing their tissue density throughout the feeding season, as expected (3.3.2.2).  A similar 
seasonal change was found for LSSAI with humpback whales growing visibly wider through the 
feeding season (3.2.2.3).   For LSSAI, but not for body density, we also found important indications 
of variation across age-sex classes and with reproductive status.  Adult females overall tended to 
have wider bodies per unit length, through lactating females were thinner per unit length than other 
females. These are the expected variations given that females need to store large lipid stores 
preparing for and during pregnancy, but the demands of lactation will cause depletion of those 
stores, leading to worse lipid-store body condition. 

The patterns of variation of cortisol concentrations were less clear.  Whilst there was no overall 
correlation between blubber cortisol and LSSAI or body density, there was a significant 
relationship between cortisol and body density among the pregnant females.  This could be due to 
variations in density related to the size of the fetus at the time of sampling, the stage of gestation 
or the metabolic status of the tissue when the blubber sample was collected.  Further work in this 
area is essential for further interpretation of the blubber hormones during complex physiological 
changes at key life-history stages. 

Future research in this area should focus on obtaining body condition samples of known females 
within long-term studies of free-ranging populations.  Body condition metrics should then be 
linked to growth, survival, and reproductive success of the individuals.  Lipid-store body condition 
could thereby become a key indicator of ‘health’ which could be explicitly related to vital rates in 
the population, as has been demonstrated using visual indicators of health in right whales (Schick 
et al., 2013).    

Objective 4.   Describe how individuals vary foraging effort in relation to body condition 

The same tag data used to calculate body density as an index of body condition records a rich data 
stream that enables evaluation of the function of underwater behavior, including specific indicators 
of foraging and anti-predator behaviors.  We used these data to explore how body condition might 
influence foraging effort of our two study species.  With humpback whales, we found the expected 
pattern that animals late in the feeding season, which tended to have low tissue density (indicating 
high lipid-stores) spend dramatically less time feeding than humpback whales earlier in the feeding 
season.  In contrast, northern bottlenose whales showed the opposite tendency – whales with lower 
body density (and hence more stores) tended to forage more and undertake less anti-predator 
behaviour.   
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C. Other Supporting Materials

BIOMARKER DEVELOPMENT SUPPLEMENTARY MATERIALS 

Steroid Extraction: Quantification Quality Assurance-Quality Control 

Quality assurance and quality control tests were performed to validate the use of these two 
commercially available ELISAs with northern bottlenose whale and humpback whale blubber 
extracts. Limitations and sources of error in the cortisol extraction method were also assessed so 
as to better interpret the results and adapt this method for remotely obtained biopsy samples.  

8.1 Inter-Assay CVs 
The intra assay variation describes the variation of results within a data set obtained from one 
assay. It is expressed by intra assay coefficient of variation (intra assay CV) to monitor the 
deviation within the same assay. Each sample is measured several times, and then %CV is 
calculated for each sample. Finally, the average of the individual CVs is denoted as intra assay 
CV, and this should be < 10% (Andreasson et al., 2015).  The inter assay variation describes the 
variation of results obtained from repeated assays. It is expressed by inter assay coefficient of 
variation (inter assay CV) to monitor the precision of results between different assays and to ensure 
replicability of results across the different assays. Inter-assay CV should be less than 20% 
(Andreasson et al., 2015).  These criteria were met for the biopsy sample analysis for both study 
species. 

Table 1-1. Inter- and intra- assay CV values for the cortisol and progesterone ELISAs using both 
northern bottlenose whale and humpback whale samples. 

Northern Bottlenose 
Whales 

Humpback Whales 

Cortisol 
Inter-Assay CV 

4.30% 
(2.53 – 6.45%) 

(n  =  3) 

10.45% 
(2.27 – 16.29%) 

(n = 3) 

Intra-Assay CV 
2.26% 

(0.61 - 4.29%) 
(n = 3) 

6.54% 
(4.20 - 10.49%) 

(n = 3) 

Progesterone 
Inter-Assay CV 

11.47% 
(n = 1 : pregnant female 

assayed twice) 

2.81% 
(0.83 – 6.30%) 

(n = 3) 

Intra-Assay CV 
0.19% 

(0.13 - 0.31%) 
(n = 3) 

0.02% 
(0.01% - 0.05%) 

(n = 3) 

Parallelism Assays: 

For the northern bottlenose whale and the humpback whale samples separately, three biopsy 
extracts were pooled and serially diluted either three or four times using the 0 ng/ml standards 
provided by the ELISA kits. The resulting curve of the detection metric (optical density of the 
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sample read at 450nm) as a function of the dilution state (1, ½, ¼, 1/8, 1/16) was then compared to 
the standard curve for each species. In order to statistically assess parallelism, two linear regression 
models for dilution state against optical density, one with and one without an interaction with 
sample type (ELISA standard or blubber extract), were compared (ANCOVA function in statistical 
package R, version 3.1.3, R Core Development Team, 2015). If the regression lines for each model 
do not have significantly different slopes, then these data indicate that the standard curve and the 
extract dilution curve are parallel. Parallelism of these regression lines supports the assumption 
that the antigen binding characteristics allow the reliable determination of hormone levels in the 
diluted blubber extracts(Andreasson et al., 2015), and the ELISA kits are therefore reliably 
measuring both cortisol and progesterone in the tissue samples.  

The comparison between the two linear regression models using the cortisol ELISA, one with and 
one without an interaction with sample type showed that removing the interaction did not 
significantly affect the fit of the model for the northern bottlenose or the humpback blubber extract 
dilutions (ANCOVA; F = 9.89,  p = 0.3, and F = 0.079, p = 0.7 for each species model comparison 
respectively). Similarly, there were no significant differences between either model for the 
progesterone ELISA either (ANCOVA; F=2.95, p =0.1, and F=0.81, p = 0.4 for northern 
bottlenose whales and humpback whales respectively). Therefore, we can conclude that the effect 
on optical density with increasing sample dilutions is the same for the standard curve samples and 
the blubber extracts, and that the regression lines are parallel (Figure 1-1). These ELISA are 
therefore suitable for the quantification of northern bottlenose whale and humpback whale cortisol 
and progesterone.  
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Matrix Effect Tests: 

Successful immunologic assays require an optimal pH and ionic strength that promotes specific 
antibody–antigen complexes while reducing the nonspecific binding of other proteins in the 
samples that increase assay interference. As the ELISA kits used here were designed for use with 
serum or plasma samples, the compatibility of the kits with extracts resuspended in PBS was 
assessed. Equal volumes of each standard were spiked with PBS and assayed in tandem with the 
unspiked standard curve for each kit. The known and the apparent concentrations in the spiked 
samples should show a positive linear relationship with a slope of approximately 1.0 (Hunt et al., 
2014). The matrix effect tests were successful with slope of 1.08 for the cortisol spiked samples, 
and 0.98 for the progesterone spiked samples (a slope of between 0.8-1.2 was considered 
acceptable Figure 1-2) . It was concluded that matrix effects are minimal and this sample diluent 
is therefore compatible with these immunoassays. 

Figure 1-1. Linearity Assessment for the cortisol and progesterone ELISAs with northern 
bottlenose whale and humpback whale blubber tissue extracts. Serial dilutions of three pooled 
extracts for each species show parallelism with the ELISA standard curve. 
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Extraction Efficiency: 

In order to assess the extraction efficiency of this method, cortisol recovery from spiked samples 
was measured. As blubber biopsies from live animals vary in size, it was necessary to determine 
the extraction efficiency of this method across tissue samples of different masses. Samples ranging 
between 0.1 and 0.3g, the typical range of sizes of biopsy samples obtained from free-ranging 
cetaceans, were used for analysis. One full depth blubber sample from a stranded harbour porpoise 
collected by the Scottish Marine Animal Stranding Scheme was divided into masses of 0.05g, 0.1g, 
0.15g, 0.2g, 0.25g, and 0.3g (all ±0.025g), each one in triplicate, such that one sample of each 
mass was unspiked while the other two were spiked with 100ng of cortisol. Cortisol was then 
extracted and measured as discussed above, and the average percent recovery calculated for each 
sample.  

The extraction efficiencies ranged from an average of 88.4% for the 0.05g samples, down to an 
average of 75.7% for the 0.3g samples. However, the relationship between the extraction efficiency 
and sample mass was not linear (Figure 1-3a). For this reason, a 4 parameter log-logistic model 
was fit to these data to model the effect of tissue mass on extraction efficiency (Figure 1-3a). This 
model was used to calculate the expected extraction efficiencies for all the blubber biopsy 
subsamples based on their mass. These extraction efficiencies were then used to adjust the 
measured cortisol concentrations in each sample. As cortisol and progesterone are very similar, 

Figure 1-2. Matrix Effect Test Validation. The linear regression lines for the expected against the 
observed concentrations are shown for the expected 1:1 relationship and the measured 
relationship from the assay results. The assay results show a positive linear relationship with a 
slope of 1.08 and 0.98 for the cortisol and the progesterone results respectively, thus confirming 
that PBS is an acceptable sample diluent compatible with these ELISA kits 
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small, lipophilic steroid hormones, the same extraction efficiency ~ sample mass model was used 
to adjust the progesterone concentration data as well. 

Minimum Sample Mass and Correction Factors: 

Remotely obtained blubber biopsy samples are often used for multiple analyses in order to 
maximize the potential information gained from the tissue. Subsampling remotely obtained 
biopsies for multiple analyses can therefore result in small amounts of tissue available for 
processing, and the minimum amount of tissue needed to obtain robust, replicable measurements 
of cortisol concentrations in the blubber samples needs to be established. Here, multiple extractions 
from the same piece of tissue of differing masses were assayed. Again, full depth, duplicate 
subsamples of different masses between 0.05-0.3g at 0.05g intervals were taken from the same 
blubber sample from the stranded harbour porpoise. Cortisol was extracted and measured in these 
samples in tandem, and the mean cortisol concentration calculated for each one. 

As the sample mass increased, both the cortisol concentration measured and the variation between 
the duplicate subsamples decreased (Figure 1-3b). Only the 0.15g, 0.2g and 0.25g subsamples 
overlapped in their measured cortisol concentrations (Figure 1-3b). Thus, based on the decrease in 
extraction efficiency (Figure 1-3a) and increase in measurement variability (Figure 1-3b), it is 
recommended for maximum extraction efficiency and measurement replicability, that blubber 
samples for extraction should be between 0.15 and 0.2g. For this method to be applicable to 
remotely obtained biopsy samples that are sometimes smaller than this recommended 0.15-0.2g 
mass range, a ‘correction factor’ model was built using these data. The ‘true’ concentration was 
taken as the average concentration measured in the 0.15g sample and the 0.2g sample. The 
concentrations measured in the samples of other masses were divided by this ‘true’ concentration 
to give a correction factor. A 4 parameter log-logistic model was fit to these data to model the 
effect of tissue mass on correct factor (Figure 1-3c). As sample mass decreases from the 
recommended 0.15-0.2g, the correction factor increases, indicating that smaller sample masses 
give inflated cortisol concentration estimates (Figure 1-3c). This approach was used to correct 
cortisol and progesterone measurements in the biopsy samples based on the tissue mass. So the 
final hormone concentrations were therefore first measured using the ELISAs, then, adjusted for 
extraction efficiency using the 4-parameter log-logistic model based on sample mass, then a 
correction factor was applied based on the second 4-parameter log-logistic model based on sample 
mass to avoid overestimating hormone concentrations as an artefact of the small biopsy sample 
mass of some of the samples analysed. 
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9 Total Protein Extraction Method Development 

9.1 Sample Collection and Preparation 
Full-depth skin, blubber, and underlying muscle samples were collected from dead harbour 
porpoises by the Scottish Marine Animal Strandings Scheme (SMASS) between 2013 and 2015. 
Only freshly dead animals, specifically those that either stranded alive or had recently died, and 

 

Figure 1-3. Steroid hormone extraction efficiency and quantification errors based on sample 
mass. a) Extraction efficiency decreases with increasing blubber sample mass in a non-linear 
fashion. b) Mean cortisol concentration in duplicate sub-samples increases with decreasing 
sample mass. Measured concentrations overlap in sample masses between 0.15g and 0.25g. c) A 
correction factor is applied to correct cortisol concentrations in samples smaller than the ideal 
sample mass between 0.15-0.2g 
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thus showed no evidence of bloating and decomposition, were used in order to investigate blubber 
proteins that had not been subject to extensive degradation and metabolism after death. Samples 
showed no evidence of trauma or bruising as blood in the tissue would disproportionally represent 
proteins in circulation rather than proteins present in the blubber matrix itself. Samples were 
collected from the dorsal area immediately caudal to the dorsal fin. This site was chosen as this 
area is typically sampled through remote biopsy of free-ranging individuals and therefore has the 
most relevance for investigating the potential use of these total protein extraction methods on 
samples collected from live animals. A total of 24 samples were used from 21 individuals that 
were a mixture of both males (n = 10) and females (n = 11), and adults (n = 12) and juveniles (n = 
9). The cause of death was determined following post-mortem examination, and individuals died 
as a result of acute trauma (entanglement in fishing gear, live standing, storm damage, dystocia 
and bottlenose dolphin or grey seal attacks) or chronic debilitation (starvation and infectious 
disease). Samples were collected and frozen in individual plastic vials at -200C prior to analysis. 
For the total protein extraction, sub-samples were taken on ice while the tissue was still frozen, 
and care was taken to remove all skin and muscle from the blubber. Full depth subsamples of each 
original sample were used for total protein extraction in order to investigate the proteins through 
all layers of the tissue. 

9.1.1 Total Protein Extraction Methods 
Protein extraction from a tissue typically involves three stages: 1) tissue and cell disruption through 
homogenisation 2) precipitation of the protein fraction of the homogenate into a pellet form 3) re-
suspension of the protein pellet into solution for quantification and downstream applications.  

In a comparative study of different detergent-free protein extraction protocols using these three 
stages, the most suitable method for the extraction of white adipose tissue proteins from a wide 
range of cellular and structural compartments was a de-lipidation protocol based on the Bligh and 
Dyer method (Bligh and Dyer, 1959; Sajic et al., 2011). The optimal tissue and cell disruption part 
of the protocol described by Sajic and colleagues was replicated here using blubber samples 
collected from harbour porpoises. Then, two different protein precipitation methods were trialled. 
A protein precipitation method using a methanol-chloroform solution adapted by Friedman and 
colleagues (Friedman et al., 2009) for the recovery of proteins in dilute solution in the presence of 
detergents and lipids (Wessel and Flügge, 1984), was trialled first (method 1). A second protein 
precipitation method using a trichloroacetic acid (TCA)-acetone solution was also trialled which 
aggressively removes non-protein compounds (Wu et al., 2014) (method 2). TCA is often used for 
precipitation as it is effective at low concentrations (Wu et al., 2014). The sample volume therefore 
does not increase dramatically, and the protein concentration remains high which increases the 
efficiency of the precipitation (Wu et al., 2014). 

Finally, a simpler extraction method using radio immunoprecipitation assay (RIPA) cell lysis and 
extraction buffer was trialled to assess if fewer sample processing stages, without the precipitation 
of protein into a pellet and resuspension into solution, results in a higher protein yield and less 
extraction variability (method 3). RIPA cell lysis buffer is highly effective for protein extraction 
from a variety of cell types because it contains three non-ionic and ionic detergents. One 
disadvantage, however, is that this detergent formulation is incompatible with certain downstream 
applications compared to other lysis reagents, and there is no possibility to suspend the extracted 
protein in a different buffer for further analysis. For a summary of the three sample processing 
methods (methods 1, 2 and 3) with their different stages see Figure 2-1.  
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Method 1: Methanol-Chloroform Precipitation with Methanol Pellet Wash 

Sixteen full depth blubber subsamples were accurately weighed (0.4 - 0.6g) and homogenised with 
0.5mL of isolation medium (50mM Tris, 150mM NaCl, 0.2mM EDTA and 10ug/ml protease 
inhibitors), and 1.875mL of 1:2 chloroform/methanol. Samples were then placed on ice for 15 
minutes with thorough mixing every three minutes. 625ul of chloroform and 625ul of deionised 
water were added to the sample. The sample was vortexed and centrifuged at 800g for 5 minutes 
at 40C. This creates three layers, a lower lipid layer, an upper protein layer and a protein disc 
between the two. The upper protein phase and the protein disc were collected and transferred to a 
new tube.  

Three volumes of water, four volumes of methanol and one volume of chloroform were added to 
the solution and vortexed vigorously for 5 min so that only one phase was visible in the tube. The 
mixture was centrifuged at 4700g at 40C for 30 min. This forms two immiscible layers with the 
protein precipitate at the interface between the two. The water /methanol top layer was removed, 
and care was taken not to disturb the interface as often precipitated proteins do not form a visibly 
white surface. Another four times the volume of methanol was added to wash the precipitate, and 
the mixture was again vortexed vigorously for 5 min. The mixture was centrifuged at 4700g at 40C 
for 45 min. This forms a protein pellet in the bottom of the tube. The supernatant was removed 
and the pellet was dried under N2 at room temperature. Care was taken not to over dry the pellet 
causing it to become flaky and stick to the centrifuge tube which reduces the resuspension 
efficiency. Finally, the pellet was resuspended in 500ul of SDS/Tris (0.1% SDS in 40mM Tris). 

Method 2: TCA-Acetone Precipitation with Acetone Pellet Wash 

Using another 16, different, full-depth blubber subsamples, the same protocol as previously 
described was followed up to the collection of the upper protein phase and the protein disc, and its 
transfer to a new tube. 10% TCA in acetone solution was added to the sample with a ratio of 1:3 
of sample to TCA-acetone solution. The sample was frozen overnight at -200C. The sample was 
allowed to warm to room temperature and then centrifuged at 4700g at 40C for 45 minutes the 
following day. Proteins form a pellet in the bottom of the tube. The pellet was washed twice by 
adding 1ml of ice cold acetone which was then discarded. Any remaining acetone following the 
final wash was evaporated under nitrogen at room temperature. Care was taken not to over-dry the 
protein pellet, and the pellet was resuspended in 500µl of SDS/Tris. Of the two protein 
precipitation methods, using a TCA-acetone solution showed least total protein inter-assay 
variability. For this reason, alterations were made to improve this protocol in an attempt to firstly, 
further clean the extract, and secondly, to improve protein pellet resuspension by altering the pellet 
washing procedure.  

Alteration 1: TCA-Acetone Precipitation with Butanol De-Lipidation and Acetone Pellet 
Wash 

As cetacean blubber tissue has such a high lipid content, an extra butanol de-lipidation step was 
added before the precipitation of the protein pellet in an attempt to further ‘clean’ the extract (Zhao 
and Xu, 2010). Another 16 blubber subsamples were taken, as previously described, from the same 
individuals used for the TCA-acetone precipitation protocol. Following the collection of the upper 
protein phase and protein disc (after homogenisation and centrifugation), butanol was added in a 
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ratio of 1:3 sample to butanol. This was then centrifuged at 1750g at 100C for 10 min and the upper 
phase containing any remaining lipids was removed and discarded. 10% TCA in acetone was 
added to the lower phase, and the precipitation and pellet wash continued as described above. The 
final protein pellet was resuspended in 500ul of SDS/Tris. 

Alteration 2: TCA-Acetone Precipitation with Water Wash 

Poor resuspension of the protein pellet in the SDS-Tris Buffer could result in under-estimates of 
total protein content if some pellets resuspend less efficiently than others. The effect of a different 
pellet wash was tested by using de-ionised water instead of acetone for the final wash stage. This 
was an attempt not to dehydrate the pellet, and therefore make its resuspension back into solution 
more efficient. As before, 16 blubber subsamples were taken from the same eight individuals used 
for the TCA-acetone precipitation protocol. Specifically, following the precipitation of the proteins 
in TCA-acetone, care was taken to discard all TCA-acetone solution, and the pellet was washed 
by adding 1ml of deionised water. It was vortexed briefly, and then centrifuged again for 5 min at 
4700g at 40C. The supernatant was again discarded, and the pellet washed a second time with 
deionized water. Care was taken not to disturb the washed pellet that was then re-suspended in 
500µl of SDS/Tris. 

Method 3 - RIPA Lysis and Extraction Buffer 

Another 16, full depth blubber samples were used for analysis from 8 individuals. The subsamples 
were accurately weighed (0.1 ± 0.01g). The frozen tissue was placed on ice in a 1.5ml low protein 
binding micro-centrifuge tube and 200µl RIPA lysis and extraction buffer (Thermo Fisher 
Scientific) with 2X concentration of protease inhibitors (Pierce Protease Inhibitor Mini Tablets) 
was added to the tissue. The samples were homogenised with a pestle designed for a 1.5ml tube 
for two minutes to give a cloudy white solution and small piece of connective tissue that could not 
be further homogenised. The samples were replaced on ice and then centrifuged at 4700g at 40C 
for 15 minutes before being replaced on ice. The supernatant, the hardened lipid containing 
fraction, was pushed to one side, and the protein containing infranatant was removed and placed 
into a clean, low protein binding microcentrifuge tube. Care was taken not to disturb the 
insoluble/unhomogenised connective tissue pellet. The protein fraction was centrifuged, as before, 
as a second de-lipidation step, and replaced on ice. Again, the infranatant was removed and placed 
in a clean, low protein binding microcentrifuge tube taking care not to disturb any remaining lipid 
supernatant and insoluble pellet. This solution was used for further analysis. 
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9.1.2 Quality Assurance / Quality Control  
Total protein extraction method comparison studies use various approaches to assess the protein 
extraction efficiencies for particular tissues including total protein yield, distribution of molecular 
weights of extracted proteins separated using 1D SDS-PAGE, reproducibility of protein bands 
with minimal streaking and background using 1D SDS-PAGE,  presence of specific protein 

Figure 2-1 Workflow showing the sample processing methods for protein extraction, quantification, 
separation and identification. Sample processing methods 1 and 2 involve various extract cleaning, 
protein precipitation and protein pellet wash stages. Sample processing method 3 involves fewer 
processing stages. The extracts using all three methods were used for downstream analyses; protein 
quantification, separation and identification 
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markers from different cellular compartments using Western Blot techniques, presence / absence 
of individual protein spots using 2D SDS-PAGE, and reproducibility of protein spot patterns using 
2D SDS-PAGE in both animal (Cilia et al., 2009; Jiang et al., 2007; Panchout et al., 2013; Sajic et 
al., 2011) and plant  (Natarajan et al., 2005; Sheoran et al., 2009) studies.  In keeping with such 
studies, here, the performance of the different extraction protocols in terms of their ability to 
efficiently and consistently extract protein from blubber tissue was assessed in four ways by (i) 
measuring  total protein yield (ii) measuring extraction variability between duplicate extracts of 
the same sample extracted and assayed in tandem (iii) measuring assay variability in terms of the 
protein measured in the same sample over multiple assays (iv) visually inspecting the molecular 
weight distribution, the number and reproducibility of protein bands separated by 1D SDS-PAGE. 

All statistical analyses were performed using the statistical package, R, version 3.1.3 (R Core 
Development Team, 2015).  A one-way analysis of variance (ANOVA) was used to compare 
between the mean protein yields of all extracts processed using the five different method variations 
(method 1, three alterations of method 2, and method 3) (Figure 2-2).  The extraction variability 
for each sample extracted in duplicate was calculated as a % coefficient of variation, and again, a 
one-way ANOVA was used to compare between the mean % extraction variability across the 5 
method variations (Table 2-1). The inter-assay coefficients of variation for samples assayed 
multiple times across different plates were also assessed using a one-way ANOVA to determine 
differences in the repeatability of the measurements of the same extracts (Table 2-1). Finally, the 
1D SDS-PAGE gels were assessed for the range of molecular weights of the bands that were 
separated, the number of protein bands separated and the consistency with which these bands 
appeared in multiple extracts and across multiple gels. For comparative example 1D gel images of 
extracts processed using the different methods, see Figure 2-3. 

Identification on the most robust extraction method 

There was considerable variation seen in both the total protein yields, and the extraction variability 
between duplicate subsamples (Figure 2-2a and b). Of the two precipitation methods, the TCA-
acetone precipitation method was chosen for further development. An extra butanol de-lipidation 
step and pellet wash with water were trialled in an attempt to further optimise the method in order 
to improve consistency. However, even with these changes, the total protein yield was still poor, 
and there were no statistically significant differences between the overall protein yield between 
the 4 precipitation methods (method 1 and the 3 variations of method 2) (ANOVA; df = 3, F = 
2.33, p = 0.08) (Figure 2-2a). The highest total protein yield, by at least an order of magnitude, 
was obtained using the third extraction method with RIPA cell lysis buffer which was significantly 
higher than all other extracts (ANOVA; df=4, F = 280.1, p < 0.0001) (Figure 2-2b). The extraction 
variability was high and was not statistically different between methods (ANOVA; df = 4, F = 
1.13, p = 0.36), but extracts processed using method 3 had a lower mean extraction variability and 
a smaller range across duplicate samples (Table 2-1). 
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There was a wide range of inter-assay variability across all samples, particularly for methods 1 
and 2, which were largely over the acceptable inter-assay % coefficient of variation threshold of 
20%, based on general protocols for immunoassay validations (Grotjan and Keel, 1996) (Table 
2-1). The extracts processed using method 1 had significantly higher inter-assay CVs than the other 
methods (ANOVA; df = 4, F = 11.94, p < 0.001), while the others were not significantly different 
to each other. There were also consistent trends of higher or lower protein concentrations between 
assays for method 1 (data not shown), suggesting that   there is some change in protein 
resuspension or protein loss between repeated freeze-thaw cycles of the extracts. Three of the five 
extraction protocols generally gave low average intra-assay % CVs below the 10% threshold that 
was considered acceptable for three extracts assayed twice on each plate (Grotjan and Keel, 1996) 
(Table 2-1). As the total protein standard curves were all almost identical between different plates 
(data not shown), the high between and within assay variation measured here for the Pierce BCA 
assay is likely indicative that measurement error or artefacts due to the assay reagents and the assay 
process were not the cause of the variability. Instead, resuspension of the protein in solution was 
likely a problem for reliable and consistent measurement of the precipitated proteins. 
 
  

Figure 2-2. Total protein yield in blubber extracts using different sample processing methods 1, 2 and 
3. a) Total protein concentrations measured in extracts processed using methods 1 and the three 
variations of method 2. b) Total protein concentrations measured in extracts processed using method 3.  
Overall, the total protein yield was an order of magnitude higher using this method although there was 
still high extraction variability. The horizontal dashed lines indicate the range of mean total protein 
concentrations measured using the other processing methods. 
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Table 2-1– Summary of the total protein assay results for the three different extraction methods 
and alterations. (CV: coefficient of variation. SD: standard deviation) 

Extraction Methods 1 and 2 Extraction 
Method 3 

Methanol-
Chloroform 

Protein 
Precipitation 

TCA-Acetone Protein Precipitation RIPA Cell 
Lysis Buffer 
Extraction 

Original: 
Acetone Wash 

Alteration 1: 
Butanol De-

lipidation 

Alteration 2: 
Water Wash 

Total Protein 
Assay 

Pierce BCA Pierce BCA Pierce BCA Pierce BCA Pierce 660nm 

Minimum 
Protein Yield 

14.4 ug/g 3.8ug/g 7.3 ug/g 7.7ug/g 3101.8 ug/g 

Maximum 
Protein Yield 

361.6ug/g 918.0ug/g 158.8 ug/g 89.3ug/g 5512.7 ug/g 

Extraction CVs 
(SD/mean) x 100 

duplicate protein 
extracts 

28.4% 
(2.3 - 78.7%) 

42.0% 
(6.7 - 90.0%) 

50.6% 
(12.5 - 151.0%) 

31.8% 
(2.1 - 68.8%) 

21.9% 
(2.8 - 39.8%) 

Inter-Assay 
CVs 

(SD/mean) x 100 
different total 
protein plates 

86.5% 
(47.8 - 133.1%) 

42.5% 
(0.5 - 141.4%) 

31.6% 
(4.1 - 103.9%) 

23.4% 
(3.31 - 69.5%) 

15.8% 
(1.5 - 64.9%) 

Intra-Assay 
CVs  

(SD/mean) x 100 
same total 

protein plate 

0.7% 
(0.1 - 1.3%) 

2.0% 
(1.2 - 3.3%) 

28.7% 
(4.7 - 100.0%) 

19.3% 
(2.5 - 105.6%) 

4.5% 
(3.6 - 5.5%) 

Finally, visual inspection of the 1D SDS-PAGE gels showed that there was a wide range in 
molecular weights of the separated protein bands, with both more numerous and more consistent 
bands seen in the samples processed in RIPA cell lysis buffer (Figure 2-3) This further supports 
the conclusion that method 3 is the most appropriate for replicable protein extraction from blubber 
tissue. 
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Figure 2-3. 1D SDS-PAGE analysis of harbour porpoise blubber tissue extracts on 4-12% Bis-Tris gels 
stained with Bio-Safe Coomassie brilliant blue. (a) Protein extracts labelled 1 - 4 were extracted using 
TCA-Acetone precipitation with an acetone wash, TCA-Acetone precipitation with butanol de-lipidation, 
and TCA-Acetone precipitation with a water wash.  (b) Protein extracts labelled 1-5, extracted in RIPA 
cell lysis buffer, and each diluted ½ and 1/3. 
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10 Adipocyte Metrics 

10.1 Method Development using Stranded Animal Samples 
The Scottish Marine Animal Stranding Scheme (SMASS) collected blubber tissue samples from 
freshly dead stranded harbour porpoises (n=16) minke whales (n=3), Risso’s dolphins (n=3), long-
finned pilot whales (n=2), white-beaked dolphins (n=5), short-beaked common dolphins (n=3) and 
striped dolphins (n=2, total sample size n=34) around the coast of Scotland (UK) between 2013 
and 2015. Individuals were both male (n=19) and female (n=15), and grouped into adults (n=13) 
and juveniles (n=21) based on total body length (Olafsdottir et al., 2003). As mass was not 
available for all animals, girth/length ratio was used as an independent estimate of body condition 
(Bowen and Northridge, 2010). 

10.2 Histological processing and measurements 
Blubber samples were prepared following previously described methods (Berry et al., 2014). 
Having removed the epidermis, samples were cut to approximately 1cm x 1cm in size and soaked 
in sterile phosphate buffered saline (PBS) solution prior to processing. Samples were then 
dehydrated using an ascending series of ethanol (75%, 95%, and 100%), cleared using Histoclear 
(Fisher Scientific, Loughborough, UK) and embedded in a paraffin wax (Histoplast, Fisher 
Scientific) mold. Embedded samples were then sectioned using a rotating microtome, and stained 
with hematoxylin and eosin (H&E).  

Two histological measurements, referred to as ‘adipocyte metrics’, were calculated for each image: 
adipocyte count, and adipocyte area. Images were analyzed using ImageJ Software (Version 1.5.8, 
(Schneider et al., 2012). To estimate the number and size of adipocytes in each image, previous 
manual methods were followed (Montie et al., 2008a). A 1mm x 1mm box was positioned 
approximately in the center of each image, Figure 2-4. The number of adipocytes per image was 
calculated by counting the number of cells that intersected each diagonal line of the 1mm2 grid, 
and the average of these two counts gave a mean adipocyte count per image. The size of the 
adipocytes (measured as the cross-sectional area of adipocyte cells) was measuring using the area 
tool in Image J. Images were calibrated using scale bars of known length being included in each 
image. For each image, the first 15 cells that intersected the upper left diagonal line were measured. 
In images where there were less than 15 cells intersecting the left diagonal, the remaining 
measurements were taken from the upper right diagonal line. 
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Figure 3-1. Digital image of blubber adipocytes stained with H&E, enhanced using IrfanView. 
1mm x 1mm box and diagonals used for histological analysis.  

10.3 Image and Statistical Analysis 
Slides were viewed using a Ziess Axiostar Plus microscope at 10x magnification. A Canon 
PowerShot G6 with an LA-DSC8DC 58mm conversion lens adapter was used to take color digital 
images of the adipocytes located in the middle blubber layer, identified as the region equidistant 
from the skin to the muscle layer, both structures being readily identifiable under magnification 
and included in each of the sections examined (Gomez-Campos et al., 2015). To increase the 
contrast between adipocyte cell walls and content, images were enhanced using the open source 
image analysis package, IrfanView (Version 4.44, 2017).  

In order to investigate the relationship between adipocyte size and other measurements related to 
condition (blubber thickness and girth to length morphometric measurements), taking account of 
differences due to sex, age class and cetacean group (large delphinid, small delphinid, porpoise or 
mysticete), a generalized linear mixed modeling approach was used. The dependent variables, 
adipocyte area and count were continuous and normally distributed and were included as fixed 
effects. All statistical analyses were performed using the statistical package, R, version 3.1.2 (R 
Development Core Team, 2014). In the final models, the ability of the combination of adipocyte 
size metrics to predict condition (girth/length), again with the cetacean group as a random effect, 
was explored. Due to the skewed distribution of the girth/length as a dependent variable, a Gamma 
family was used in the models.  Variable selection and model evaluation was carried out as outlined 
in the lipids section. 

10.4 Relationship Between Different Adipocyte Metrics 
There was a strong negative linear relationship between adipocyte count and area across all species 
(p<0.0001, adjusted R2=0.68, Figure 2-5). 
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Figure 3-2. Relationship 
between adipocyte count and 
area across all species (Ba = 
minke whale, Dd = short-beaked 
common dolphin, Gg = Risso’s 
dolphin, Gm = long-finned pilot 
whale, Lal = white beaked 
dolphin, Pp = harbor porpoise, 
Sc = striped dolphin). 

Images therefore either contained fewer, larger adipocytes, or more, smaller adipocytes. 

10.5 Relationship between Condition Index and Adipocyte size 
Adipocyte Area 

The seven species used in this analysis were grouped by cetacean class as large delphinids (Rissos’ 
dolphin and long-finned pilot whale); small delphinids (white beaked dolphin, short beaked 
common dolphin and striped dolphin); porpoise (harbor porpoise) and mysticetes (minke whale), 
based on size and ecological niche. These were included in the generalised linear mixed models as 
random effects as the objective of the analysis was to determine general patterns of association 
between adipocyte area and condition measurements. 

Following the method for determining which variables should be included in the model to avoid 
multicollinearity, girth/length was used as the independent morphometric condition measure as it 
was available for all the cetaceans, whereas mass was not. Figure 2-6 shows the basic relationship 
between girth/length against adipocyte area by cetacean group.  
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Figure 3-3. The 
relationship between 
girth/length and
adipocyte area by 
cetacean group (not 
accounting for the other 
variables found to be 
important in the model). 

The best model given the data, using AICc and the dredge function in R to determine the most 
parsimonious model, included girth/length, sex, age class and dorsal blubber thickness as fixed 
effects and cetacean group as a random effect (AICc weight 0.980, with the next best model that 
did not include blubber thickness having a weight of 0.017 and a delta AICc value of 8.12). The 
R2 values were 0.224 for the fixed effects and 0.564 for the fixed effects plus the random effects. 
The model coefficients suggest that dorsal blubber thickness increases with increased adipocyte 
area (thicker blubber is associated with larger fat cells), juveniles and females have smaller 
adipocytes than adults or males and that girth/length ratio is required as adipocyte area increased 
with increasing condition. The weighting given to this model was high, compared to the next best 
model (which dropped dorsal blubber thickness), suggesting that both were related to the size of 
the adipocytes.  

10.6 Adipocyte Count 
The relationship between girth/length and adipocyte count is shown in Figure 2-7. Using the same 
approach as for adipocyte area, adipocyte count was best model included three fixed effect; sex, 
age and girth/length (AICc weight 0.446). The R2 values were 0.322 for the fixed effects and 0.596 
for the fixed effects plus the random effects. In this model blubber thickness was not a significant 
variable with most of the variability in count being explained by condition (higher girth/length is 
related to a smaller number of fat cells), taking account of sex and age (lower counts in adults and 
males). 
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Figure 3-4. The 
relationship between 
girth/length and adipocyte 
count by cetacean group 
(not accounting for the 
other variables found to be 
important in the model). 

10.7 Predicting Condition from Adipocyte Metrics 
The final investigation of this biomarker included condition (girth/length) as the dependent 
variable in an effort to determine whether this was predictable using adipocyte metrics across 
cetacean groups. The best model included only adipocyte area and count as predictors (which both 
had variance inflation factors <2) but not sex or age (Figure 2-8). Both adipocyte variables were 
highly significant (Type II Wald Chi square tests; area p=0.0026, count p<0.00001) with 79 % of 
the stochastic variation in the model being explained.  
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Figure 3-5. Relationship 
between adipocyte area and 
count and girth/length 
condition index by cetacean 
group. 

Animals with a higher girth/length ratio had larger but fewer adipocytes. Again this would suggest 
that adipocyte size metrics would be useful in determining body condition. However, the small 
sample size for some species and age-class combinations, particularly the mysticetes, in this 
dataset would urge caution in generalising these results at this stage. 
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11 PROTEOMICS 

11.1 Method Development using Stranded Animal Samples 
Harbour porpoises: Full-depth skin, blubber, and underlying muscle samples were collected from 
32 dead harbour porpoises by the SMASS between 2013 and 2015. Only freshly dead animals, 
specifically those that either stranded alive or had recently died. Samples showed no evidence of 
trauma or bruising as blood in the tissue would disproportionally represent proteins in circulation 
rather than proteins present in the blubber matrix itself. Samples were collected from the dorsal 
area immediately caudal to the dorsal fin from both males and females, and adults and juveniles. 
The cause of death was determined following post-mortem examination, and individuals died as a 
result of acute trauma (entanglement in fishing gear, live standing, storm damage, dystocia and 
bottlenose dolphin or grey seal attacks) or chronic debilitation (starvation and infectious disease). 

Balaenopterids: Ten full depth blubber samples were also collected from stranded balaenopterid 
individuals. These were a mixture of minke whales (sampled by the SMASS and MICS), 
humpback whales and a fin whale (Balaenoptera physalus). Again, these were a mixture of males 
and females, and adults and juveniles with varying causes of death. 

Application to Biopsies from Live Animals 

Minke whales: Ten remotely obtained, shallow, biopsy samples collected from minke whales by 
the MICS in 2013, were used for comparative analyses. These animals were all females. Sub-
samples of these biopsies were taken, and total protein was extracted using the most efficient 
method established using the SMASS samples. 

Humpback whales: For the humpback whale biopsies that were large enough for multiple 
analyses following the steroid extraction, subsamples were used for total protein extraction 
following the determination of the most efficient method. Thus 59/73 biopsies were available for 
analysis (Table 4-1). 
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Table 4-1. Summary of the 59 blubber biopsy samples from humpback whales for total protein 
extraction and separation using 1D SDS-PAGE. 31/43 (72%) of the samples from Coastal Norway 
were large enough for multiple analyses, and 28/30 (93%) of the samples collected after 2011 
from Quebec were large enough (NB. Samples collected in 2011 in Quebec were processed in 
2012, before the total protein / 1D SDS-PAGE work was started.) 

Area Samples Analysed 
Year Total Protein SDS-PAGE 

Norway 

2011 3 3 
2012 10 10 
2013 3 3 
2014 6 6 
2016 4 4 
2017 5 5 

Canada 
2011 0 0 
2012 1 1 
2013 1 1 
2016 7 7 
2017 19 19 

11.2 Sample Analysis 
11.2.1 Total Protein Extraction and quantification 
Three different methods for total protein extraction were trialled to assess the most efficient 
method of total protein extraction with the highest total protein yield. A Pierce™ 660nm Protein 
Assay (22662, Thermo Scientific, Rockford, USA) is used to quantify the total protein in the 
blubber extracts. A series of dilutions of known concentrations of bovine serum albumin are used 
to generate a standard curve. A negative control of RIPA with 2X protease inhibitors is used as the 
zero standard on each plate, and the absorbance measured is used to correct the absorbance of the 
standard curve measurements which are then used to produce a 4 parameter log-logistic model and 
calculate the protein concentrations in the samples. The assay is performed following the 
microplate protocol and each extract is assayed in duplicate and total protein concentrations are 
reported as µg per wet weight of the sample. 

Total Protein Separation – SDS PAGE 

1D SDS-PAGE (Sodium Dodecyl Sulfate - Polyacrylamide Gel Electrophoresis) is used to 
separate denatured proteins based on their molecular weight. The XCell SureLock® Mini-Cell 
(Life Technologies, UK) gel electrophoresis unit is used to run 4-12% NuPAGE Bis-Tris mini gels 
(8.0cm x 8.0cm x 1.0mm) (NP0321BOX, Thermo Fisher Scientific, Paisley, UK) with a wide 
protein separation range of 3.5 kDa to 160 kDa. A wide protein range ladder, InvitrogenTM 
NovexTM Mark 12TM Unstained Standard (LC5677, Fisher Scientific, USA) is run on each gel. In 
addition, 4 bovine serum albumin (BSA) standards of known concentration (125 µg/g, 25 µg/g, 
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12.5 µg/g and 6.25 µg/g in RIPA buffer) are included. The gels are stained in Bio-Safe Coomassie 
Stain (1610786, Bio-Rad, UK). Following destaining, gels are photographed on a white 
background using a BioDoc-It™ Imaging System (Ultra-Violet Products Ltd, Cambridge, UK).  

1D SDS-PAGE Band Detection, Characterisation and Analysis 

Band Detection and Characterisation: Gel images are analysed using ‘GelAnalyzer 2010’, a 1D 
gel electrophoresis image analysis software (Figure 2-9). The process of gel image analysis using 
the software is straightforward and covers automatic lane and band detection, background 
subtraction techniques, Rf calibration to correct for gel run distortions, and accurate quantity and 
molecular weight calculations with 4 different calibration curve types to choose from. Here, a 
combination of both automatic and manual band detection is used to assign band limits for the 
molecular weight markers, the BSA standards and the protein bands separated in each of the 
sample extracts. Log-linear models are fitted by the software to the molecular weight markers and 
the standards of known concentration in order to estimate, in an automated process, both the 
concentrations and the molecular weights of the bands identified in the sample extracts. Each band 
identified across all individuals and all gels is therefore assigned a molecular weight and a volume 
(concentration).  

Figure 4-1. ‘GelAnalyzer’ software interface for the quantitative assessment of the protein band 
patterns of blubber extracts. Top left panel: Gel image with identified bands marked with points 
and bordered by red horizontal lines. Top right panel: Intensity of the bands of an individual lane 
representing one extract. Intensity is used to calculate the volume (concentration of proteins) of a 
band. Bottom left panel: Calculated values for the bands in the lane highlighted in the trop right 
including Rf (distance from the sample loading well), calculated volume (concentration) and 
molecular weight (size of the proteins in that band). Bottom right panel: Model calibration curves 
fitted to the molecular weight markers and the BSA standards.  
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Post-Image Analysis Band Processing: As all gels ran slightly differently, the same band may 
appear as 17 kDa, 16 kDa or 15 kDa, on different gels for example, but this is the equivalent band 
separated across individuals. To overcome this problem, the bands were therefore separated into 
more manageable and meaningful units based on the maximum number of bands seen in any an 
individual, and the distribution of separated bands down the gels, whilst taking into account the 
fact that there was greater separation of smaller proteins than larger ones. This resulted in the 
separation of the bands data into 20 band groups shown in Figure 2-10 named Band Groups 1 – 
20 with the smallest proteins in Band Group 1 and the largest proteins in Band Group 20. While 
Band Groups 18, 19 and 20 were all of proteins larger than the largest molecular weight marker at 
200kDa, and the molecular weight of these bands has therefore been extrapolated and cannot be 
established with any certainty, the presence of these larger protein bands were retained for analysis 
as the presence and intensity of the bands was important for further interpretation rather than the 
accurate molecular weight.  

In order to compare between individuals run on different gels, the relative band frequencies and 
band volumes (concentrations) were calculated for each individual: 

Relative Frequency: The number of bands within a band group divided by the total number of 
bands detected for that individual  

Relative Volume: The sum of the calculated volumes of the individual bands within a Band Group 
divided by the total sum of the volumes calculated for all the bands detected for an individual. 
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11.2.2 Protein Identification using nLC-ESI MS/MS 
A total of 36 protein bands were excised from 5 harbour porpoise individuals run on 4 different 
1D SDS-PAGE gels. A total of 11 protein bands were excised from 4 minke whale individuals run 
on the same 1D SDS-PAGE gel. The bands covered the full size range of separated proteins from 
the largest ones of more than 200kDa, down to the smallest bands visible at ~10kDa. In order to 
capture the full range of proteins that could be present in the tissue, bands from harbour porpoises 
were all of different molecular weights and were chosen from a mixture of males and females, and 
from adults and juveniles with varying causes of death. For the minke whale samples, in order to 
capture the full range in proteins present, bands from individuals sampled early in the feeding 
season (June) and late in the feeding season (September) were used for analysis. These were 
analysed using nanoflow Liquid Chromatography Electrospray Ionisation in tandem with Mass 
Spectrometry (nLC-ESI MS/MS) of in-gel trypsin digests.  

The 

excised gel band was cut into 1mm cubes. These were then subjected to in-gel digestion, using a 
ProGest Investigator in-gel digestion robot (Genomic Solutions, Ann Arbor, MI) using standard 

Figure 4-2. Annotated image of a 1D SDS-PAGE gel showing the molecular weight markers 
in the lane on the left of the image, and the band groups of different molecular weights 
grouped together for analysis, named Band Groups 1-20, shown on the far left of the Figure. 
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protocols (Shevchenko et al., 1996). A protein was accepted as identified if it had 2 or more 
peptides with Mascot Ion Scores above the Identity Threshold (p<0.05), and, for those proteins 
identified by only 2 peptides, the MSMS spectral assignments fulfil criteria previously described 
(Jonscher, 2005). The sequences matched to homologous vertebrate proteins. Identified proteins 
were grouped into functional classes and the frequency with which each protein was identified 
across different gel bands and individuals was also recorded in order to identify the kinds of 
proteins that appeared to be most abundant. 

11.2.3 Statistical Analysis of SDS-PAGE Protein Bands Data 
Non-metric Multidimensional Scaling (NMDS): The objective of Non-Metric Multidimensional 
Scaling (NMDS) is to group data points into clusters of similar points based on a few explanatory 
variables so that they can be visualized and interpreted. Here, we aimed to investigate whether 
there were clusters of individuals that grouped together based on the frequency and volumes of 
different protein bands measured in their SDS-PAGE profiles. Then, where clusters were observed, 
which of the qualitative variables listed in Table 2-3. Qualitative data used to investigate variation 
between individuals for both band relative frequency and relative band group volume data.could 
explain the observed groupings, and which band frequencies or volumes specifically contributed 
to this clustering.  

Here, the Bray-Curtis dissimilarity calculation was used in an NMDS framework to identify 
clusters of individuals based on both the frequency with which different bands were identified, and 
also the relative volumes of the identified bands. The Bray-Curtis calculation was used as it has a 
number of properties which make it suitable for this kind of data in that it is invariant to changes 
in units, it can recognize differences in total abundances when relative abundances are the same, 
and it is unaffected by zero-inflated data. The function ‘metaMDS’ from the ‘vegan’ package in R 
(version 3.1.3) was used to investigate the band frequency data, and then to investigate the band 
volume data for the four sample groups separately; stranded harbour porpoises, stranded 
balaenopterids, minke whale biopsies and humpback whale biopsies. 

Any clustering observed in the data by the qualitative variables listed in Table 4-1 was then 
assessed visually to determine if any of the variation in the band frequency and band volume data 
can be explained using these variables of interest. 

Table 4-1. Qualitative data used to investigate variation between individuals for both band relative 
frequency and relative band group volume data. 

Porpoises   
(n = 32) 

Balaenopterids 
(n = 10) 

Minke whales 
(n = 10) 

Humpback 
whales 
(n = 42) 

Band 
Freq. 

Band 
Vol. 

Band 
Freq. 

Band 
Vol. 

Band 
Freq. 

Band 
Vol. 

Band 
Freq. 

Band 
Vol. 

Qualitative 
Variables 

Gel 
Number 

  

Sex    
Age 
Class 

   

Rep. 
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Status 
Species  
COD   
Area  
Season   

11.3 Blubber Protein Identification Initial Investigations Results and Discussion 
11.3.1 Blubber Proteins Identification Results 
Harbour porpoises: A total of 295 proteins were identified across the 36 gel bands separated 
through 1D SDS-PAGE from 5 individuals. Many of the proteins, and protein fragments were 
identified across multiple bands from the same gel, and therefore did not show clear clustering 
around their expected molecular weight range. This was possibly due to protein degradation and / 
or some proteins being more abundant than others. The identified proteins were grouped into 
general subclasses firstly, based on their type, and secondly based broadly on their function using 
data from UniProt (http://www.uniprot.org) and a literature search. This resulted in the 
identification of proteins belonging to 5 main types: enzymes (proteins involved in the catalysis 
of various processes), immune proteins (proteins involved in the regulation of immune system 
function and activation as well as inflammation), carrier proteins (proteins that bind other factors 
for extracellular or intracellular transport), structural proteins (proteins responsible for the 
maintenance of cell shape and integrity as well as the extracellular matrix), and regulatory proteins 
(any other proteins involved in the regulation of other cellular processes) were grouped together. 

Proteins were then grouped into functional classes which resulted in the identification of 8 main 
groups: amino acid metabolism, lipid metabolism, tissue structure, cell structure, glucose 
homeostasis, biomolecule transport, immune response and inflammation and overall cell function 
and metabolism. As an indicator of relative abundance, the frequency with which each protein was 
identified across different gel bands and individuals was also recorded in order to identify the kinds 
of proteins that appeared to be most abundant. Over half of all proteins identified were only seen 
once across all 36 gel samples analysed, while less than 5% of the proteins were seen more than 
10 times. The top six proteins were haemoglobin, immunoglobins, serum albumin, fatty acid 
binding protein, myoglobin and annexins.  

Proteins involved in amino acid metabolism, tissue structure, glucose homeostasis, biomolecule 
transport and cell structure were the least abundant of the protein functional groups, each making 
up less than 10% of all the identified proteins (Figure 4-3). Proteins involved in lipid metabolism 
made up approximately 10% of the identified proteins and these included one of the adipokines, 
adiponectin, regulatory proteins including fatty acid binding proteins and perilipin-1, as well as 
enzymes including 3-hydroxyacyl-CoA dehydrogenase and acetyl CoA synthetase for example 
(Figure 4-3).  

The second largest functional group were immune proteins. These were of varying sizes and 
functions, and made up approximately 15% of all identified proteins (Figure 4-3). The immune 
proteins were dominated by two classes of immunoglobulin, IgA and IgG. Annexins and 
cyclophilins were also present, and are involved in the regulation of the inflammatory response 
(Bukrinsky, 2015; Sugimoto et al., 2016). Other proteins included transferrin, fibrinogen and 
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fibronectin that are involved in the acute phase response (Kilicarslan et al., 2013). Dermicidin has 
antimicrobial properties (Schittek et al., 2001), and 4 complement proteins (C1, C3, C4 and C9) 
were identified that act as parts of the complement system which forms part of innate immunity 
(Nesargikar et al., 2012). B-cell antibody and galectins expressed by immune cells were also 
identified (Figure 4-3).  

Finally, the largest functional group were proteins involved in general cell function and 
metabolism, and made up approximately 45% of the proteins identified. These were proteins 
involved in a range of different processes including protein degradation and modification, 
biosynthesis, metabolic pathways (e.g. glycolysis), redox proteins, heat shock proteins, signal 
transduction, vesicle trafficking, cell cycle regulation and protein chaperones, to name just a few 
(Figure 4-3).  

Minke whales: Between the two species, a total to 409 different proteins were identified, and 258 
proteins were identified across the 11 gel bands separated through 1D SDS-PAGE from the 4 
minke whales. These were classified into the same 5 protein types as the harbour porpoises, and 
the same 8 functional classes, with the addition of two extra classes. These were the peripheral 
nervous system (peripherin), and vasodilation and circulation (eg. heparin and angiotensinogen). 
Across the two species groups, 55.8% of the proteins identified in the minke whale samples were 
also seen in harbour porpoise samples, so over 40% of the proteins were newly identified in the 
biopsy samples. Almost half (48.8%) of the proteins identified were only seen once, and just less 
than 20% were seen more than 5 times across the extracts. Similarly to the harbour porpoise data, 
the top six proteins were haemoglobin, fatty acid binding protein, apolipoprotein, 
immunoglobulins, serum albumin and perilipins. 

Proteins involved in the peripheral nervous system, amino acid metabolism, glucose metabolism 
and vasodilation and circulation were the least abundant of the protein functional groups, each 
making up less than 5% of all the identified proteins (Figure 4-4). Proteins involved in tissue 
structure, biomolecule transport and lipid metabolism each made between 7 - 10% of the data. Cell 
structure proteins made up a larger proportion of the minke whale data than the harbour porpoise 
data, but immune response and inflammation proteins were again the second largest class for these 
data, making up approximately 14% of the identified proteins (Figure 4-4). Only one class of 
immunoglobulin was identified in these samples compared to the harbour porpoises, but 3 extra 
complement proteins we identified (Figure 4-4). Finally, the cell function and metabolism proteins 
were the largest protein functional group, making up over 40% of the data, and involved in a huge 
range of different cellular and metabolic processes (Figure 4-4). Thus, while we saw a huge 
number of new proteins, the overall patterns in terms of what proportion of the proteins were 
attributed to the different functional groups were generally the same between the two species.     
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Figure 4-3. Protein components identified from the harbour porpoise blubber extracts. The proportion of each functional group is indicated 
as well as examples of some of the most abundant and the most well-studied proteins that were identified. The most abundant functional group 
was proteins involved in cell function and metabolism followed by the immune response and inflammation 
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Figure 4-4. Protein components identified from minke whale blubber extracts. The proportion of each functional group is indicated as well as examples 
of some of the most abundant and the most well-studied proteins that were identified. The most abundant functional groups were the same as for the 
harbour porpoise data while two new groups were identified; the peripheral nervous system and vasodilation and circulation 
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11.4 Blubber Proteins as Potential Biomarkers Discussion 
11.4.1 Proteins Identified 
As the gel protein bands extracted from the harbour porpoise samples were all of different 
molecular weights, from all sex and age classes that had suffered various causes of death, we 
captured a wide variety of proteins present in the tissue. Similarly, while all biopsy samples from 
the minke whales were from adult female individuals, they were taken over a 4 month period of 
the summer feeding season, again with the aim to capture a wide variety of proteins in tissue. The 
largest functional group for both species were proteins involved in general cell function and 
metabolism. Within this group, the proteins were further classed into more specific functional roles 
including proteins involved in biosynthesis, antioxidant proteins, regulators of the cell cycle and 
signal transduction pathway proteins, to name just a few. The variety of the proteins in this group 
with a range of different metabolic functions is in keeping with a recent transcriptomic study of 
Northern elephant seal (Mirounga angustirostris) blubber tissue which showed that the most 
significantly enriched pathway in the blubber transcriptome, compared to the human proteome, 
was metabolism (Khudyakov et al., 2017). The identification of important metabolic factors could 
therefore provide insight into localised tissue function. For example, heat shock proteins were 
identified here in the blubber extracts, and changes in gene expression for the heat shock response 
were detected in the transcriptome of the elephant seals (Khudyakov et al., 2017). Heat shock 
proteins are key cellular defences against stress and play crucial roles in the folding and unfolding 
of proteins, the transport and sorting of proteins, as well as cell-cycle control and signalling (Li 
and Srivastava, 2001). In phocid seals, greater requirements for heat shock proteins and other 
antioxidants have been hypothesised at certain times during the life cycle as a result of rapid protein 
synthesis and high metabolic fuel availability (Bennett et al., 2014). Six different heat shock 
proteins were identified between the two species groups, and the expression of these proteins could 
provide insight into cellular and physiological stresses of individuals.  

The second largest functional group for both species were proteins involved in the immune 
response and inflammation. Some of the immune, and acute-phase response proteins that were 
identified included haptoglobulin, transferrin and eight members of the complement pathway. This 
is in-keeping with the recognition of the extensive and direct involvement of white adipocytes in 
inflammation and the acute-phase response in other mammals (Frühbeck et al., 2001). It has been 
shown that adipocytes synthesise all of the proteins involved in the alternative complement 
pathway, specifically, factor C3. However, further research is required to determine the primary 
functions and regulation of this pathway in adipose tissue (Frühbeck et al., 2001). Other proteins 
involved in immune system function were also identified including immunoglobulins (IgA and 
IgG) which, together, were the second most abundant proteins in the extracts from both species. 
These were likely either in the circulation or were secreted directly from B-cell infiltrates within 
the blubber itself. Annexins, cyclophilins and dermicidin were among the other proteins identified 
that are involved in the regulation of inflammation and the immune response. Annexin A1, for 
example, is an endogenous glucocorticoid-regulated protein involved in the regulation of the 
inflammatory response by reducing leukocyte infiltration and activating neutrophil apoptosis to 
avoid tissue damage caused by excess neutrophils at a site of inflammation (Sugimoto et al., 2016). 
Both innate and the adaptive components of the immune system were therefore present in the 
tissue. Given the current understanding of the involvement of adipose tissue in immune system 
function, it is possible that cetacean blubber could show a similar role, and the presence of such 
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proteins could provide information regarding immune system function and response in these 
animals. 

As expected, there were also a range of factors identified that play key roles in lipid metabolism, 
and these made up the third largest functional group of identified proteins in the harbour porpoises 
and the fourth largest group in the minke whales. Fatty acid binding proteins are low molecular-
weight cytoplasmic proteins, and were particularly abundant here in both species. The adipose-
specific fatty acid-binding protein has been shown to be involved in intracellular trafficking and 
targeting of fatty acids (Frühbeck et al., 2001), and may modulate lipolytic rate. Apolipoproteins 
were particularly abundant in the minke whale samples, and are known to play important roles in 
both the synthesis and catabolism of plasma lipoproteins, in lipid transport, and in the activation 
of various enzymes involved in lipid and lipoprotein metabolism (Donma and Donma, 1989).  

Enzymes involved in lipolysis, as well as regulatory proteins were identified, including the 
hormone adiponectin which was particularity abundant in the minke whale samples. Adiponectin 
is an adipokine produced by white adipose tissue and released into the circulation, and is important 
for whole body metabolic regulation by increasing adipogenesis and lipid storage in fat tissue, as 
well as increasing insulin sensitivity (Fu et al., 2005). Circulating adiponectin concentrations have 
been negatively correlated with total body fat stores in a number of terrestrial mammals (for a 
review see (Fain et al., 2004)), and, in marine mammals specifically, adiponectin is thought to be 
important in the development of blubber reserves in grey seal (Halichoerus grypus) pups (Bennett 
et al., 2015). Concentrations of this hormone in the blubber could therefore provide information 
on the physiological state of an individual in terms of current energy stores. Adiponectin signalling 
pathways were also identified in the transcriptomic study of Northern elephant seals when 
investigating the acute metabolic response to glucocorticoids (Khudyakov et al., 2017). Other 
differential gene expression was measured that promoted lipid catabolism and oxidation at the 
expense of lipid synthesis and storage (Khudyakov et al., 2017). The presence of factors involved 
in various stages of lipid metabolism could be used to assess whether the individual is undergoing 
a period of lipolysis or lipogenesis at the time of sampling. This is a good example of how the 
integration of proteomic and transcriptomic methods could result in a powerful assessment tool. 
Moving forward, the quantification of individual proteins could be coupled to the transcriptome 
so that transcription and translation can be linked. 

Finally, for the harbour porpoises, although every attempt was made to obtain very fresh tissue 
samples, they were nevertheless collected from dead-stranded animals, so minor autolysis could 
have affected our findings. This would also complicate the functional interpretation of any proteins 
involved in ante- or post-mortem metabolic processes. Similarly, the remotely obtained biopsy 
samples from the minke whales were stored on ice immediately after collection, but a small amount 
of tissue degradation is possible as a result of the delay between sample collection and when the 
sample was frozen. Ideally, samples should be collected and snap frozen immediately using dry 
ice or liquid nitrogen. However, the wide range of proteins and peptides identified here across a 
variety of metabolic pathways and processes suggests that proteomics is a robust tool to investigate 
tissue function using this biopsy sampling approach. 

11.4.2 Tissue Specific and Circulatory Proteins 
While a range of different molecular weight proteins were identified, there may be some size 
selective loss of protein species as well as some loss of the least abundant proteins through the 
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extraction procedure. There may also be some loss of more hydrophobic proteins that are more 
difficult to solubilise. Thus, if a protein was not identified following nLC-ESI MS/MS, this does 
not confirm its absence from the tissue, but this work does suggest that there are some proteins, 
and protein classes that are more abundant than others. Serum albumin and haemoglobin, from the 
circulation, were two of the most abundant proteins identified in both species, and likely affected 
the detection of other proteins by swamping the samples. Further efforts to remove the albumin 
from the extracts would likely be required to detect less abundant proteins of potential interest. 
This could be achieved by fractionation of the extract for example or, the use of ‘Cibacron Blue’, 
a commercially available resin to remove albumins from solution. Alternatively, antibody columns 
could be used to target specific proteins. Similarly, targeted mass spectrometry could be used to 
detect particular peptides from a particular protein of interest to therefore detect the presence of 
proteins at lower concentrations within the samples.  

Proteins identified here probably do not originate solely from the blubber tissue itself, but are a 
mixture of blubber proteins together with plasma proteins. Attempts were made to limit any 
external blood on the samples by using visibly ‘cleaner’ parts of the harbour porpoise tissue 
samples. The presence of plasma proteins in the extracts were therefore likely largely a result of 
their presence within the tissue vasculature rather than on each piece of tissue from contaminating 
sources during the necropsy sampling. The vascularisation of marine mammal blubber tissue is 
still not well understood, but one study comparing the microvasculature of deep diving and shallow 
diving odontocetes saw that blubber tissue is more highly vascularised than adipose tissue in 
terrestrial mammals (McClelland et al., 2012). As such, blubber tissue sampling can provide 
information on both the proteins produced and metabolised in situ as well as those in circulation. 
Double sampling of freshly dead stranded animals before blood coagulation occurs would be 
useful here for further comparisons of proteins present in both the blood and blubber of the same 
individuals. This would be an important next step to identify those proteins present in both 
matrices, and those that are found more exclusively in the blubber itself. For example, the absence 
of some proteins identified in the minke whale samples compared to the harbour porpoise samples 
could reflect differences in the vascularisation of the outermost part of the tissue compared to the 
full blubber depth.  

The range of proteins identified here across both species, and the presence of a huge number of 
proteins identified exclusively in the full depth harbour porpoise samples or exclusively in the 
superficial minke whale samples, clearly demonstrate the heterogeneity of blubber tissue. A 
comparison of the proteins present through the different blubber layers from the same individuals 
would help to establish if this heterogeneity results from longitudinal differences in metabolic 
activity of the tissue and / or different cell types through the blubber depth. While it has been well 
established that adipocytes express and secrete several endocrine hormones, many secreted 
proteins within the tissue are derived from the non-adipocyte fraction (Fain et al., 2004). For 
example, the innermost blubber layer has been shown to consist of a heterogeneous mix of white 
adipocytes, brown adipocytes and connective tissue as well as muscle and nerve fibres (Hashimoto 
et al., 2015). Therefore, as the full depth blubber layer was sampled in the harbour porpoises, 
proteins detected in these samples were most likely the result of differential gene expression in 
these different cell and tissue types which explains the presence of myoglobin, a muscle protein, 
across all samples. Thus, as well as the origin of certain proteins in terms of either the blubber or 
the circulatory system, an important next step would also be to establish the secreting cell types 
within the tissue. It would be possible to determine whether gene expression and protein secretion 
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occurs within the mature adipocytes, or in the other cells that make up the tissue, either 
histologically (through in situ hybridisation) or by separation of the adipocytes from the stromal 
vascular fraction by collagenase digestion (Trayhurn and Wood, 2004).  

11.5 1D SDS-PAGE Exploratory Band Group Analysis Results and Discussion 
11.5.1 Stranded Animal Samples Results and Discussion  
Correlations between the band group frequencies and volumes with the morphometric condition 
of the animals was first investigated by plotting them against the body condition index for the 
harbour porpoises and the balaenopterids (Figure 4-5). While there was no obvious trend in the 
frequency or volume of certain band groups with increasing or decreasing condition, there appear 
to be differences in the two datasets in terms of the band groups that appeared more frequently and 
made up a larger proportion of the volume data than others (Figure 4-5). For example, the 24-
50kDa band group made up a large proportion of the data in the harbour porpoises, but not in the 
balaenopterids (Figure 4-5).  

Figure 4-5. Band frequencies and volumes plotted against the body condition index for the 
harbour porpoises (top panel) and balaenopterids (bottom panel). Points are coloured by 
individual with the size of the points representing the relative frequency and volume for that 
individual 
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Results of the Non-Metric Multidimensional Scaling (NMDS) analysis for the harbour porpoise 
and the balaenopterid band group datasets showed that using 3 dimensions produced better fitting 
(lower stress values) models compared to using just 2 dimensional scaling. 

Harbour porpoises: The harbour porpoise NMDS results data showed no clustering of individuals 
by sex, age class or cause of death, but did show some clustering of individuals based on the gel 
number (Figure 4-6a). Overall, there were differences between gels 1 and 4 that showed similar 
band group patterns across individuals, and gels 2, 3, 5 and 6 that shared similar band group 
characteristics (Figure 4-6a).  

Balaenopterids: There was no clustering by sex, age class or COD for the balaenopterid data. 
There was limited clustering by species for the band group frequency data, whereby the minke 
whales were more similar (more tightly clustered) than the fin whale and humpback whale 
samples, although this was a small sample size (Figure 4-6a). As all samples were run on the same 
gel, there were no differences between different gel trials to be investigated.  

(a) 

(b) 

Figure 4-6. (a) 3D NMDS results for the harbour porpoise band group frequency (left) and 
volume data (right), showing clustering by gel number. Band groups did not cluster by any 
other variable investigated. (b) 3D NMDS results for the balaenopterid band group frequency 
(left) and volume data (right), showing limited clustering by species. Band groups did not 
cluster by any other variable investigated. 
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11.5.2 Biopsies from Live Animals Results and Discussion 
Minke whales: Season was the only qualitative covariate to include in the analysis of minke whale 
biopsies from Canada, so 2D NMDS results are shown in Figure 4-7. There was some clustering 
of different band groups for the both the frequency and the volume data, but no apparent clustering 
of these 10 individuals that consisted of ‘early’ (June and July) or ‘late’ (August and September) 
feeding season samples (Figure 4-7).  

Figure 4-7. 2D NMDS results for the minke whale biopsy band group frequency (left) and volume 
data (right). In red are the band groups, showing limited clustering, and in green are the individual 
numbers (from 1 to 10) showing no clustering patterns. 

Humpback whales: Of the 59 biopsy samples that were large enough for total protein extraction 
and protein separation, the results from 42 of them were used for protein band group frequency 
and volume analysis. The 17 samples that were excluded from the analysis were from 2011 (n = 
3), 2012 (n = 8), 2013 (n = 2) and 2014 (n = 4). These were excluded as they showed low total 
protein content (Figure 4-8), and poor protein separation and visualization. Thus, band group 
profiles in these samples likely represented the products of tissue degradation through storage 
rather than differences in the protein content of the tissue between individuals. NMDS results 
showed that, similarly to the harbour porpoise data, the clustering of band group frequencies and 
volumes in the humpback whale biopsy profiles was explained most strongly by the gel number 
on which the sample was separated (Figure 4-10), and not by any of the other variables 
investigated. This clustering was most apparent for the band group volumes data (Figure 4-10).  
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Figure 4-7.  Boxplot of total protein content measured in the blubber biopsies collected between 2011 
and 2017.  The overall increase in total protein content from the oldest to the most recent samples 
indicates some protein degradation and loss from the samples with increased time in storage.  

Figure 4-8. 1D-SDS PAGE image showing the difference between a total protein blubber extract from a 
biopsy collected in 2011, compared to extracts form biopsies collected in 2016 and 2017. The 2011 
extract shows both lower protein content and poor separation and visualisation of extracted proteins 
indicative of sample degradation, likely as a result of long-term sample storage. *BSA – Bovine Serum 
Albumin standards used for protein band volume quantification.  *MW – Molecular Weight Markers 
used to determine the molecular size of protein bands separated in the blubber extracts 
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Here, we have identified some method processing issues that affect the protein band group 
profiles. Firstly, time in storage impacts both the total amount of protein extracted from the 
samples and likely affects the protein band profiles separated using 1D SDS-PAGE. It is 
therefore recommended that for protein content investigations and analysis of blubber samples, 
biopsies should be processed as soon as possible because prolonged storage at -200C for more 
than two years results in measurement artefacts associated with tissue degradation. Secondly, 
there appears to be some measurement error associated with running 1D SDS-PAGE gels. The 
harbour porpoise and the humpback whale samples were run on multiple gels, and there was 
some clustering by gel number for both of these datasets. This suggests that while the processing 
of the samples and the running of the gels was as standardised as possible, there are potentially 
sources of variation in the process that account for patterns in the band groups seen across 
individuals. It therefore appears that there are sources of measurement variability inherent in this 
method which determine, to some extent, the band group profiles seen across individuals. With 
the larger sample size of humpback whale samples compared to the harbour porpoise samples 
however, these differences between the profiles on different gels were less pronounced. For 
further development of this method would be to assay the same samples multiple times on 
different gels in order to quantify the error associated with different trials. 

Figure 4-9. 3D NMDS results for the humpback whale band frequency (left) and volume data 
(right), showing clustering by gel number. Band groups did not cluster by any other variable 
investigated.  
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