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Abstract
After near extirpation by nineteenth century whaling, New Zealand’s southern right whales (Eubalaena australis) are 
recovering strongly, calving almost exclusively at the subantarctic Auckland Islands. Right whales are capital breeders; body 
condition is an important driver of their breeding success. Here we use unmanned aerial vehicles to characterise variation 
in individual size and shape, and to quantify the size structure of the subset of the population we sampled. Of 108 whales 
photographically identified we gained a comprehensive set of measurements from 63 individuals, as well as length measure-
ments for 29 calves and six non-calf whales for which the full suite of measurements were not obtainable. Lactating females 
(n = 32) ranged in length from 11.84 to 15.22 m, apparent non-breeding adults (n = 9) were between 11.96 and 14.92 m, 
while subadults (n = 28) were between 8.82 and 11.72 m long. Calves were between 5.15 and 7.53 m. Principal component 
analysis of the measurement data showed that widths (particularly at the positions of 30–80% along total body length) were 
most influential in PC1 (40.3% variance explained). Measurements of structural features (i.e. head and flukes) related more 
closely to PC2 (18.2% variance explained) and PC3 (14.8% variance explained). We, therefore, interpret PC2 and PC3 as 
representing structural size, while PC1 represents body condition. Subadults and non-breeding adults showed more variation 
in body condition than lactating females, highlighting the need for this demographic to maintain their body condition within 
a tighter range to meet the high nutritional demands of raising calves.

Keywords  Body condition · Eubalaena australis · Photogrammetry · Southern right whale · Unmanned aerial vehicles 
(UAV)

Introduction

Of fundamental importance to conservation biology is 
understanding key fitness-related traits that define the health 
of a population. As populations thrive or decline based on 
the health of individuals, assessing such traits at the indi-
vidual level can shed light on the health of the population 

as a whole. The physiological state of an animal is related 
to its evolutionary fitness; size and body condition influence 
survival and reproductive success through Darwinian selec-
tion (Darwin 1859). Obviously, body condition is impor-
tant for individual survival and reproduction as both rely on 
stored energy reserves (Gaillard et al. 2000; Clutton-Brock 
and Sheldon 2010). Body condition is likely to be particu-
larly important in defining reproductive success in capital 
breeders, since the burden of reproduction is often supported 
solely from stored energy reserves (Festa-Bianchet et al. 
1998; Bonnet et al. 2002; Miller et al. 2011). Indeed, from 
ultrasound measurements of blubber in live right whales 
(Eubalaena glacialis and E. australis), Miller et al. (2011) 
showed large reductions in blubber thickness from pre-preg-
nancy to late lactation, indicating the substantial metabolic 
burden of reproduction. They concluded that a critical level 
of body fat is necessary for successful reproduction.

Most baleen whales are capital breeders; their energy stores 
are primarily found in subcutaneous and visceral adipose and 
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muscle tissues (Lockyer 1986, 1987; Vikingsson 1995; Niæss 
et al. 1998; Christiansen et al. 2013) and can be examined to 
assess whale bioenergetics (e.g., Aguilar and Borrell 1990; 
Vikingsson 1995; Niæss et al. 1998; Miller et al. 2011). Inves-
tigations into these specific areas of endogenous energy stores 
often require direct interaction with the animals, and in some 
cases physical samples are taken from carcasses (e.g., Lockyer 
et al. 1985; Vikingsson 1990; Beck et al. 1993; Niæss et al. 
1998). A less intrusive and more holistic approach, incorpo-
rating several key areas of lipid storage, involves measuring 
two components of animal size; first a relatively stable or 
slow-growing structural component (e.g., skeletal), followed 
by measurements of width, girth, or volume, that represent the 
stored energy reserves that are likely to change in response to 
fluctuations in the environment, reproductive state and overall 
health (Lockyer 1986, 1987, 2007; Vikingsson 1990; Hayes 
and Shonkwiler 2001; Perryman and Lynn 2002; Stevenson 
and Woods 2006; Miller et al. 2011, 2012; Christiansen et al. 
2016a, 2018, 2020). These broad metrics and their relationships 
with prey abundance, reproductive success and seasonal fasting 
have been explored in several whale species, including gray 
(Eschrichtius robustus, Perryman and Lynn 2002; Bradford 
et al. 2012; Lemos et al. 2020), minke (Balaenoptera acuto-
rostrata, Ichii et al. 1998; Niæss et al. 1998; Christiansen et al. 
2014), blue (B. musculus, Durban et al. 2016), humpback (Meg-
aptera novaengliae, Christiansen et al. 2016a) and right whales 
(Eubalaena sp., Miller et al. 2012; Christiansen et al. 2018), 
illustrating the utility of such an all-encompassing approach.

Southern right whales (SRWs; Eubalaena australis) were 
once found extensively throughout New Zealand waters but 
were hunted to near extinction by unconstrained whaling 
during the 1800s. This reduced the population to a total of 
around 110 whales, representing approximately 25–30 mature 
females, < 0.4% of their original total estimated abundance 
of approximately 35,000 whales (Carroll et al. 2015; Jackson 
et al. 2016). Considered extirpated around mainland New Zea-
land (Gaskin 1964), the small remnant population found at the 
sub-Antarctic Auckland Islands was further impacted by illegal 
Soviet whaling from 1963 to 1966 (Tormosov et al. 1998). Scien-
tific interest in SRWs in New Zealand waters began in 1995 (Pat-
enaude et al. 1998) following a New Zealand Air Force surveil-
lance flight which reported substantial numbers of right whales 
at the Auckland Islands during the winter of 1992 (Jackson et al. 
2009). Since then, studies have focussed on Port Ross, a sheltered 
harbour where several hundred right whales gather to calve dur-
ing the austral winter (Childerhouse et al. 2010; Carroll et al. 
2011, 2013, 2014, 2015, 2016; Davidson et al. 2017; Rayment 
et al. 2012, 2015, 2017; Webster et al. 2016, 2019). Detailed anal-
ysis of the impact of whaling captures and subsequent recovery 
estimates the current population of New Zealand is at approxi-
mately 12% of its original size; the most recent abundance esti-
mate is for 2009 at around 2200 individuals and is recovering at 
around 5–7% per year (Carroll et al. 2013; Jackson et al. 2016).

SRWs spend most of the year in offshore foraging grounds 
before migrating to inshore calving grounds during winter 
months (Jackson et al. 2016). Their diet is primarily composed 
of copepods (Calanus sp.) and small krill (Euphausia sp.; 
Tormosov et al. 1998), typically the dominant components of 
oceanic zooplankton, and taxa that are strongly impacted by 
ocean warming (Hayes et al. 2005; Nicol et al. 2008). With 
a gestation period of around 12 months (Best 1994), SRWs 
rely almost exclusively on endogenous energy stores while 
travelling to, residing in, and then travelling from their calving 
grounds. Breeding females therefore finance the late stages of 
gestation and early lactation almost exclusively from stored fat 
reserves, a period of around 7–11 weeks (Burnell and Bryden 
1997; Best 2000). Thus, it follows that the body condition of 
breeding females arriving at their calving grounds is largely 
dictated by their success in the previous foraging season, and 
in turn is likely to be a major driver of calf growth and sur-
vival (Miller et al. 2011, 2012; Christiansen et al. 2018).

Photogrammetry, the photographic measurement of size 
and shape, is commonly used in the morphometric analyses 
of animals (e.g., Zelditch et al. 2004; Frederich et al. 2008; 
Burnett et al. 2018) and has been applied to living whales for 
over four decades (e.g., Whitehead and Payne 1981; Gordon 
1990; Ratnaswamy and Winn 1993; Dawson et al. 1995; Jaquet 
2006; Growcott et al. 2012; Christiansen et al. 2019). The most 
practical of these approaches is the recent development of 
single-camera photogrammetry from Unmanned Aerial Vehi-
cles (UAVs) in which image scale is provided via accurate 
measurement of altitude (e.g., Durban et al. 2015, Dawson 
et al. 2017). UAVs are becoming increasingly sophisticated 
and less expensive, offering new opportunities as platforms 
for data collection (e.g., Linchant et al. 2015; Fiori et al. 2017; 
Horton et al. 2019). In combination with quality optics and 
precise altitude measurement, we can now quantify body size 
and shape, and thus assess the body condition of large whales 
from UAVs (e.g., Dawson et al. 2017; Christiansen et al. 2019).

Individual body condition has been assessed previously in 
studies of other right whale populations (e.g., North Pacific 
right whales—Klumov 1962; Omura et al. 1969; North Atlan-
tic and southern right whales—Miller et al. 2012; southern 
right whales—Christiansen et al. 2018). Most recently, Chris-
tiansen et al. (2020) analysed photogrammetric data gathered 
from North Atlantic right whales (NARWs) and four popula-
tions of SRWs, revealing the poor nutritional condition typical 
of individual NARWs, sharpening the focus on their critically 
endangered conservation status (e.g., Kraus et al. 2016; Cork-
eron et al. 2018). Given the paucity of information on forag-
ing areas for almost all populations, and the small number of 
links in the food web between primary productivity and right 
whales (Tomosov et al. 1998; Leaper et al. 2006), assessing 
the size and body condition of individuals within discrete 
populations provides insight not only into the health of the 
population, but on the nutritional conditions they experience. 
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This in turn can aid researchers in the identification of feeding 
environments which, for the SRW, remain elusive.

With this in mind, the aims of this study were (1) to 
describe the size structure, in terms of total lengths, of south-
ern right whales in Port Ross, the primary calving ground in 
New Zealand, and (2) to identify key areas of the body that 
are important for endogenous energy storage in this recover-
ing population. The size and body condition structure of this 
population has not previously been described in detail. Thus, 
by doing so we aim to lay the foundation from which future 
studies can follow.

Methods

An expedition to Port Ross, Auckland Islands (Fig.  1), 
was timed to coincide with the annual peak in numbers of 
SRWs (Rayment et al. 2017). During a three-week period 
(26/07/2016–17/08/2016), images of individual right whales 
were gathered via a “prosumer” UAV (DJI Inspire 1 Pro) modi-
fied for single image photogrammetry. An onboard custom-built 
datalogger recorded lidar measurements of altitude and the tilt 
of the drone (when correcting for wind) collected via an Iner-
tial Measurement Unit (IMU) continuously during flight (Daw-
son et al. 2017). The UAV was flown from the deck of a 20 m 
research vessel, Polaris II, out towards nearby whales. Images 
were taken at altitudes of 20–30 m, at which height noise from 
the DJI Inspire 1 Pro is below that of ambient noise within the 
water (Christiansen et al. 2016b). Flights lasted 10–12 min; we 
adopted a conservative approach to battery use, landing the 
UAV at 40% battery remaining. Several images were taken of 
each whale encountered, with only those that met strict qual-
ity criteria retained for analysis. Images were first graded on 
sharpness (1 being “pin-sharp”; 4 being out of focus), tail ori-
entation was recorded (straight, at the surface or drooped), and 
whether the sides of the whale were clear and undistorted by 
surface ripples was noted. Images were retained in measure-
ment analysis if they were sharp (i.e., grades 1 or 2), with the 
sides of the whale clearly visible, and flukes either straight or 
at the surface, showing minimal tailstock flexion (which would 
otherwise cause a downward bias in length measurements). To 
ensure consistency among retained images in quality and meas-
urements, the same researcher conducted quality assessment 
and measurement procedures.

UAV-derived aerial images were used to identify individual 
whales and establish a new aerial photo-ID catalogue. For ID, 
images were retained only if they clearly showed the whales’ 
callosities and/or other distinguishing features used in identifi-
cation (e.g., dorsal blazes or “grey-morph” colouration; Payne 
et al. 1983; Schaeff et al. 1999; Carroll et al. 2014). As with 
established techniques for lateral photo-ID of right whales 
(Cooke et al. 2003; Bannister 2010; Brandão et al. 2012), a 

suite of 17 distinguishing features was used to identify individu-
als, including presence or absence of lip callosities, the number 
of rostral islands and the nature of the bonnet (Fig. 2; Pirzl 
et al. 2009). Individuals were catalogued in a custom-written 
database, Bigfish (Pirzl et al. 2009), with lactating females 
categorised as those with a closely and consistently accom-
panying calf, subadults as those individuals with total length 
(TL) measurements smaller than the smallest lactating female 
identified, and apparent non-breeding adults as those with TL 
measurements greater than the smallest lactating female, but 
without a closely and consistently accompanying calf (Chris-
tiansen et al. 2020).

Photogrammetric measurements of individuals included 
TL, widths at 10% intervals along the body’s length, as 
well as the distances from eye to eye, rostrum to eye, ros-
trum to blowhole and between fluke tips (Fig. 2). Measure-
ment of the aerial images was achieved using a custom-
written Graphical User Interface (“Whalength”), written in 
MatLab. This software corrected for measured camera and 
lens distortions, using altitude and tilt data recorded at the 
time of the photograph. Repeated measurements of a float-
ing known-size target indicated a total system accuracy 
of approximately 99% (see Dawson et al. 2017 for system 
details, hardware building guide, testing and software).

Fig. 1   The Auckland Islands, with Port Ross indicated. Inset shows 
the location of the Auckland Islands in relation to mainland New Zea-
land
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We attempted to get several measurable images from 
each encounter with an individual whale, choosing only 
the best image on any given day to avoid pseudo-repli-
cation. Thus, means of measurements for individuals are 
calculated from the best images captured on different days; 
the precision of our measurements was assessed by calcu-
lating coefficients of variation (CVs). As the number of 
survey days was less than the minimum number of days 
required between sightings to detect changes in body con-
dition in right whales (20 days; Christiansen et al. 2018), 
all photographs of each individual that met the quality 
criteria were included in averaging.

To understand the relative contribution of each meas-
urement to overall variation within the dataset, measure-
ment data were analysed via Principal Component Analy-
sis (PCA). PCA is a relatively simple multivariate method 
which reduces the dimensionality of a dataset of correlated 
variables via orthogonal transformation into a new set of 
uncorrelated principal components (PCs), while retaining as 
much of the variation as possible within the original dataset. 
The resulting PCs are then ranked based on the amount of 

variation they explain in the original dataset (Jolliffe 2002; 
Tabachnick and Fidell 2014). Preliminary assessment of 
absolute measurements indicated high correlation between 
TL and all but one width/measurement variable. To ensure 
that the PCA was not dominated by variation in absolute 
size, but allowed quantification of variation in shape, the 
data analysed were normalised for body length using ratios 
of each measurement to total length (Miller et al. 2012). 
Principal component analysis on these normalised data was 
conducted in JMP Pro (v 14.0; SAS institute 2018), retaining 
all factors accounting for > 10% of the variance in the data-
set. This was followed by Varimax rotation, chosen to sim-
plify interpretation of the resulting factors (Tabachnick and 
Fidell 2014), using the factor analysis option within JMP’s 
PCA module. We used the recommendations of Comrey 
and Lee (1992) to help interpretation of the factor loadings 
(correlations between the original measured variables and 
the extracted factors), and hence what the factors represent.

Fig. 2   Example aerial image of a female southern right whale with 
measurement planes as per Dawson et al. (2017). The turquoise line 
is total length (TL), the yellow lines are width measurements at 10% 

increments along TL, the purple line is eye to eye, the red line is 
rostrum to eye, the dashed black line is rostrum to blowhole and the 
green line is measurement from fluke tip to fluke tip
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Results

Images of sufficient quality for use in photogrammetric anal-
ysis were obtained from 136 flights. A total of 108 uniquely 
identifiable whales were entered into a new aerial photo-
ID catalogue. Of those, 48 (~ 44%) were lactating females 
(observed with an accompanying calf), 10 (~ 9%) were 
apparent non-breeding adults and 50 (~ 46%) were subadults. 
Given the lack of permanence of callosities in calves, they 
were not entered into the catalogue. Therefore, the number 
of calves equates to the number of lactating females (i.e., 
48). The discovery curve for the cumulative number of 
uniquely identifiable individuals encountered per day does 
not appear to reach an asymptote, suggesting that more 
individuals were available for identification in the study 
area during the period of study than were identified. The 
curve for lactating females is suggestive of approaching an 

asymptote at approximately day 9, with only slight increases 
up until the final sampling day (Fig. 3).

Photographs of 69 uniquely identifiable whales met the 
quality protocols for measurement of total length (Figs. 4 and 
5). Lactating females averaged 13.74 m long (min = 11.84 m, 
max = 15.22  m; SD = 0.73  m, n = 32). Non-breeding 
adults averaged 13.17 m (min = 11.96 m, max = 14.92 m; 
SD = 1.07 m, n = 9). Subadults had a mean TL of 10.52 m 
(min = 8.82 m, max = 11.72 m; SD = 0.74 m, n = 28). Calves 
had a mean TL of 6.13 m (min = 5.15 m, max = 7.53 m; 
SD = 0.58 m, n = 29). Across all demographic groups maxi-
mum body width was at the position of 30% along TL.

While measured total lengths spanned from 5.14 to 
15.22 m, the main demographic groups (calves, subadults, 
adults) are identified by clear peaks in the distribution 
(Fig. 5). The low number of non-breeding (unaccompanied) 
adults, and a preponderance of mothers and calves reflects 
the importance of this habitat for parturition and lactation.

Principal component analyses were restricted to 63 of 
the 69 whales measured; these were individuals for which 
the full suite of measurements was obtained. After applying 
the quality criteria, 53 individuals had measurements from 
a single encounter; ten individuals were measured on two 
separate days (1–11 days apart). Additionally, we were able 
to obtain some measurements of 29 calves, though these 
were not included in PCA analysis for two reasons: (a) size 
(in both length and width) is highly variable at this early 
developmental stage, and (b) the active behaviour of calves 
meant that white water often prevented acquisition of the full 
suite of body measurements from UAV images.
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Mean CVs for the ten individuals measured on more than 
one day (eight lactating females and two subadults; Fig. 6) 
ranged from 0.8% (TL) to 9.1% (width at 90% TL). Similar 
to results from Miller et al. (2012), as the length of the meas-
ured feature decreased, CVs generally increased (Fig. 6).

Three principal components each accounted for > 10% of 
the total variation, accounting for 73% in total (Table 1). 
Following varimax rotation, these principal components 
represent thoracic and abdominal body width (PC1), head 
and fluke width (PC2) and head length (PC3). We therefore 
interpret PC1 as measuring whale “condition”, while PCs 2 

and 3 together represent aspects of structural size. The high-
est loadings in PC1 (> 0.90) were body width at 30–80% of 
total length. No strong negative relationships were observed.

Subadults and apparent non-breeding adults displayed far 
more variability across both PC1 and PC2; whereas lactating 
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Table 1   Rotated factor loadings from principal component analy-
sis for the measured variables collected on southern right whales 
encountered at Port Ross, Auckland Islands

Following Comrey and Lee (1992), “very good” correlations (> 0.63) 
are in bold

Variable Factor 1 Factor 2 Factor 3

Width @10% TL 0.1494 0.7833 − 0.0474
Width @ 20% TL 0.3271 0.7516 − 0.2559
Width @ 30% TL 0.8158 0.3816 − 0.0714
Width @ 40% TL 0.9227 0.0937 0.0506
Width @ 50% TL 0.9423 0.0092 0.0806
Width @ 60% TL 0.9194 − 0.0024 0.1203
Width @ 70% TL 0.9064 0.0441 0.1698
Width @ 80% TL 0.7370 − 0.0785 0.1851
Width @ 90% TL − 0.0015 0.5379 − 0.4851
Eye to eye 0.5601 0.4912 0.3452
Rostrum to eye 0.3407 − 0.2834 0.7991
Rostrum to blowhole 0.0855 0.1108 0.8692
Fluke tip to tip − 0.2491 0.6356 0.1172
% variance explained 40.4 18.2 14.8
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females showed far less variability in both of these PCs 
(Fig. 7). Subadults showed proportionately shorter heads 
than breeding and non-breeding adults, indicated by smaller 
scores in PC3, suggesting a prioritisation of body growth in 
this life stage.

Discussion

This study provides a quantitative description of the mor-
phometrics and body condition of southern right whales at 
Port Ross, Auckland Islands; the primary calving ground in 
New Zealand waters. The data were gained using modified 
“prosumer” UAVs to collect high-quality photogrammet-
ric data from whales present during the peak of a calving 
season.

Total length measurements of SRWs in Port Ross were 
similar to those of SRWs from South Africa, and from North 
Atlantic right whales (NARW, Eubalaena glacialis) off east-
ern Canada reported by Miller et al. (2012; 11.46–14.63 m 
for adults of both species; 4.99–8.11 m among SRW calves), 
as well as SRWs in Peninsula Valdés, Argentina, reported 
by Christiansen et  al. (2019; 12.83–15.05 m for lactat-
ing females, 9.26–11.88 m for subadults and 4.31–8.22 m 
for calves) and lactating female SRWs from the Head of 
Bight, Australia, reported by Christiansen et  al. (2018; 
13.00–14.90 m). Whales measured in the present study, as 
well as those reported by Miller et al. (2012) and Chris-
tiansen et al. (2019), were generally shorter in length than 
North Pacific right whales (NPRW, Eubalaena japonica) 
reported by Omura et al. (1969; females = 11.65–16.10 m, 
males  = 12.40–17.10  m)  and Klumov (1962; 
females = 16.30–17.40 m, males = 17.00–17.06 m), high-
lighting the overall larger size of this closely related species 
(Kenney 2002).

While other studies have developed approaches to esti-
mate body area indices (Burnett et al. 2018) or whole-body 
volumes from UAV photogrammetry (Christiansen et al. 
2018, 2019), we believe that PCA retains important advan-
tages. Its purpose is to extract a smaller number of factors 
which combine several correlated variables. Hence it is 
ideal for the task of finding which measurements combine 
to measure nutritional condition, and which represent struc-
tural aspects of body proportions. Our PCA results were 
strikingly similar to those of Miller et al. (2012), who used a 
twin-engine aircraft to gain photogrammetric measurements 
of lengths and widths of 22 female NARWs at various stages 
of their reproductive cycle. Factor loadings in the present 
study show that PC1 largely represents width of the body 
at 30–80% along TL, with width at 50% of TL displaying 
the highest loading. Miller et al. (2012) found a very simi-
lar result in their PCA, finding a slightly narrower range 

of body widths (40–70% of TL) that explained the great-
est variability. In their study, width at 60% of TL was the 
single measurement (other than TL) of greatest variability. 
Additionally, width measurements of SRWs measured by 
Christiansen et al. (2019), NARWs measured by Miller et al. 
(2012), and the present study, found width measurements at 
30% along TL to be the greatest for all demographics. Com-
bined, these results highlight the importance of mid-length 
areas as key sites for energy stores in right whales.

Sites where low storage of lipid is expected (e.g., the 
structural elements: dimensions of the head, etc.) are not 
highly influential in PC1 in our study, though are loaded 
highly in PC2 and PC3. We note that measurements of eye 
to eye are essentially width measurements at 25–30% along 
TL and are loaded relatively highly in PC1. Given the domi-
nance of the mid-region in PC1, and that of head measure-
ments in PC2 and PC3, we interpret PC1 as characterising 
individual body condition, while PC2 and PC3 characterise 
structural size, especially head size.

The large variability we observed for subadults in PC2, 
compared to lactating and non-breeding adults, likely 
reflects the increased resource allocation towards struc-
tural areas in this demographic. Subadults seem to allo-
cate energy to structural growth first, then gain condition 
as they approach adulthood (Charnov 1993; Kozlowski and 
Weiner 1997). That apparent non-breeding adults and sub-
adults show greater variability in PC1 (i.e. body condition) 
compared to lactating females may also reflect the lower 
energetic demands on these demographics that are not ener-
getically tied to calves.

We recognise that, while a quantitative approach was 
adopted in the present study to define demographics, there 
remains a degree of uncertainty. Due to the timing of our 
expedition, we do not know at what stage females arrive at 
Port Ross, though most have clearly gone past full term and 
are therefore easy to identify. For apparent non-breeding 
adults and subadults, the apparent difference in the propor-
tionate length of the head to total lengths, identified by PC3, 
provides confidence that these demographic designations are 
accurate. This approach has been used to define age classes 
in other whale species (e.g., Whitehead and Payne 1981), 
though not for right whales. This provides a potential avenue 
for future research into the use of this metric to define right 
whale age class and deserves further investigation, though 
is beyond the scope of this study.

In Port Ross, females with calves also show a strong pref-
erence for calm waters in the lee of the shore (Rayment et al. 
2015). While the UAV can fly safely in winds of up to 20 
knots, quality photogrammetry requires the water surface 
to be calm, as surface roughness obscures or distorts the 
sides of the animal in the image (Christiansen et al. 2018). 
Also, because we flew the UAVs from our anchored research 
vessel, our effort was concentrated in the sheltered waters 
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near our anchorages. Hence our sampling is probably not 
representative of all whales present and likely to be biased 
towards females and their calves. Certainly, our sample can-
not represent the size structure of the greater population. 
Adult non-breeders (especially males) are underrepresented, 
as are subadults. The subadults present were highly social, 
suggesting that this could be the principal reason for their 
presence, as hypothesized by Torres et al. (2017) for the 
Campbell Islands. Indeed, although sexual behaviour among 
subadults is frequently observed, the low numbers of adults, 
the strong bias towards females already with calves, and 
reproductively immature subadults, suggests that functional 
mating may occur elsewhere.

With one exception, calves were between 5 and 7 m in 
total length, smaller than recorded in other studies. We 
attribute this to the period of time, relative to birth, we 
spent at the remote Auckland Islands. The studies cited 
above are also not so restricted in duration, hence calves 
have time to grow larger while researchers are present. 
The duration of lactation in SRWs is not well understood, 
and the length of care can vary dramatically. For example, 
skim-feeding by calves that are accompanying their moth-
ers at around 6 months old has been observed in some 
populations (Best 2007), while mother-calf associations 
for some NARWs have also been documented at over 
14 months (Hamilton and Cooper 2010). The lactation 
phase of mammalian reproduction is the most energeti-
cally demanding (Gittleman and Thompson 1988), with 
costs coming directly at the expense of the mother. Wean-
ing age is largely dictated by her ability to support the 
growth of her calf with endogenous stores until a threshold 
calf length relative to maternal size is reached (Lee et al. 
1991; Huang et al. 2009). The brief and intense nursing 
periods of mysticetes, in which up to 30% of endogenous 
stores can be converted into milk (Tyack 1986; Oftedal 
2000; Christiansen et al. 2018), is therefore reliant on her 
foraging success during previous foraging seasons. Given 
the relatively short duration of our expedition, resulting 
in the lack of concurrent aerial photographs of individu-
als over the entire breeding season, quantification of the 
relative cost of lactation to mothers in this population was 
beyond the scope of this study, though deserves further 
investigation.

There is no evidence that right whales feed while on calv-
ing grounds. Individuals must therefore ensure they meet a 
minimum body condition before migrating from foraging 
grounds. The reported residency times in calving areas for 
various SRW populations are (mean ± SD, maximum): South 
Africa = 59 ± 3.9, 105 days (Best 2000); Argentina = 77 ± 36, 
170 days (Rowntree et  al. 2001); Australia = 70.9 ± 30, 
108 days (Burnell and Bryden 1997). For NARWs, reported 
residency time is 50 ± 20 days (range 14–96; Right Whale 
Consortium 2011). Additionally, feeding resumes only when 

whales arrive back at their respective foraging grounds. For 
NARWs, Firestone et al. (2008) have estimated an average 
travel time of 21–24 days, while Mate et al. (2011) found 
SRWs travel for 9–22 days from calving to foraging grounds. 
Moreover, SRW calf growth rate has been estimated at 
2.8 ± 0.7 cm d−1 (Best and Rüther 1992). Christiansen et al. 
(2019) modelled an increase in body mass of 6–7 tonnes 
over the first three months of life. Breeding females therefore 
not only rely on endogenous energy stores to meet their own 
energetic demands but also that of a late-stage foetus or a 
nursing calf for extended periods of time.

The identification of the mid and caudal regions as key 
areas of resource storage has been identified in other species 
of baleen whales, including fin (Balaenoptera physalus), sei 
(B. borealis), minke and humpback (Lockyer et al. 1985; 
Lockyer 1987; Christiansen et al. 2016a), as well as SRWs 
off the Head of Bight, Australia (Christiansen et al. 2018). 
Though patterns of lipid storage, utilisation and nutritive 
condition are poorly understood in right whales, external 
appearance can be used as a proxy for nutritive condition 
(Pettis et al. 2004; Miller et al. 2012). Body condition can 
vary among individuals of different reproductive status 
(Lockyer et al. 1985; Lockyer 1987; Perryman and Lynn 
2002; Christiansen et al. 2018) and is a fundamental aspect 
of their life history (Brodie 1975; Lockyer 1981; Christian-
sen et al. 2018; Goldbogen and Madsen 2018).

Since the diet of right whales consists largely of copepods 
and small krill (Tormosov et al. 1998), typically the domi-
nant components of oceanic zooplankton and species that 
have been shown to be strongly impacted by ocean warming 
(Hayes et al. 2005; Nicol et al. 2008), SRWs feed closer to 
the base of the Southern Ocean food web than any other 
megavertebrate. Baleen whales also play a key role in eco-
system functioning, aiding in the transfer of nutrients from 
highly productive high-latitude foraging grounds to less pro-
ductive lower-latitude calving areas (Roman et al. 2014). 
Thus, by tracking changing body condition of individuals 
through time we can gain a direct indicator of population 
health, as well as an indirect indicator of the health of the 
ecosystems they inhabit.
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