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ABSTRACT: Animal body size and growth patterns play important roles in shaping the life history
of species. Baleen whales include the largest animals on the planet, with somatic growth costs
expected to be substantial. We used unmanned aerial vehicle photogrammetry and long-term
individual sighting histories from photo identification (1991-2019) to estimate the cost of somatic
growth for southern right whales (SRWs) Eubalaena australis. A Richards length-at-age growth
model was developed, based on 161 calves, 20 yearlings, 1 juvenile and 23 adults, ranging in age
from newborn to 27 yr. Predicted lengths were 4.7 m at birth, 12.5 m at minimum age of first par-
turition (6 yr) and an asymptotic length of 14.3 m. A volume-at-age curve was estimated from the
body volume versus length relationship, and converted to a mass-at-age curve, using data on
body tissue composition of North Pacific right whales E. japonica (n = 13). The energetic cost of
growth was estimated using published estimates of tissue lipid and protein concentrations. The
cost of growth for SRWs (in MJ d~!) was 2112 at birth, 544 at 4 mo, 314 at 1 yr (~weaning age), 108
at 5 yr (minimum age of sexual maturity), 51.5 at 10 yr and 5.2 at 30 yr. The cumulative cost to age
30 was 764.3 GJ, but varied widely (458-995 GJ) depending on the tissue energy content. Our
estimates represent a healthy SRW population, and provide a baseline to investigate individual
and population level impacts of anthropogenic disturbance (including climate change).
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1. INTRODUCTION

Animal body size and growth patterns play impor-
tant roles in shaping the life history traits of a species
(Blueweiss et al. 1978, Peters 1983, Schmidt-Nielsen
1984), including birth size (Millar 1977), age at first
parturition (Wootton 1987), life span (Promislow
1993) and investment in offspring (Reiss 1991). Mod-
elling of animal growth curves provides valuable
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insight into the energetic costs of growth of an organ-
ism throughout its life (Dmitriew 2011, Douhard et al.
2017). Consequently, comparisons of growth curves
between populations, and for the same population
over time, can provide insights into the energetic
effects of environmental (e.g. resource availability)
and anthropogenic factors (e.g. disturbance) on ani-
mals (Lepage et al. 1998, Madsen & Shine 2000,
Stewart et al. 2021). This is particularly relevant in
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light of global warming, the effects of which are pre-
dicted to lead to changes in body size, reproduction
rates and abundance of many species (Isaac 2009,
Gardner et al. 2011).

Baleen whales include species that are currently
the largest animals on the planet (Lockyer 1976).
Their low mass-specific metabolic rates and ability to
deposit and store large amounts of body energy
reserves enables them to endure prolonged periods
of fasting in resource-poor winter breeding grounds,
and undertake long-distance migrations to high-
productivity summer feeding grounds (Brodie 1975,
Lockyer 1981b). Despite their large size, baleen whales
have substantially lower weight-specific ages at first
reproduction compared to other mammals (Wootton
1987). Further, the close relationship between their
reproductive cycle and their annual migratory cycle
has resulted in gestation and weaning each being
completed within a year of impregnation and birth,
respectively (Frazer & Huggett 1973, Lockyer 1984).
The rapid growth rate of baleen whales will inher-
ently incur substantial energetic costs for the ani-
mals, which can only be sustained in an environment
where sufficient resources are available to them.

Growth rates in animal body mass, from which
energetic costs of somatic growth can be calculated,
are generally obtained from mass-at-age or length-
at-age data (von Bertalanffy 1938, Brody 1968, Ricker
1979, Kaufmann 1981). Estimating body mass in free-
living large whales is logistically difficult, and hence
most of our knowledge comes from catch data from
scientific and commercial whaling (Lockyer 1976,
1981a,b). With marine ecosystems changing rapidly
due to both natural and anthropogenic factors (e.g.
climate change) (Crain et al. 2008, Hoegh-Guldberg
& Bruno 2010, Doney et al. 2012, Hawkins et al.
2017), some of these data may no longer be represen-
tative of the somatic growth of contemporary popula-
tions. This issue was recently highlighted in a study
examining trends in body lengths of the endangered
North Atlantic right whale (NARW) Eubalaena gla-
cialis, which showed that body lengths have been
decreasing over the past 4 decades as a result of
anthropogenic stressors (Stewart et al. 2021). Fur-
ther, with many baleen whale populations still recov-
ering from 20™ century whaling (Mori & Butterworth
2006, Tulloch et al. 2019), somatic growth is likely
to slow down as populations approach the carrying
capacity of the environment, and the resources needed
to support growth become increasingly limited (Kjell-
gwist et al. 1995, Harding et al. 2018). In light of this,
population growth curves and consequent energetic
costs of growth need to be updated, based on non-

invasive methods that can be applied to vulnerable
populations.

In this study, we used non-invasive unmanned aer-
ial vehicle (UAV) photogrammetry methods and long-
term sighting histories to estimate the cost of somatic
growth in southern right whales (SRWs) E. australis.
From UAV-derived volume-at-age data, we devel-
oped mass-at-age growth curves, using data on tis-
sue mass composition of North Pacific right whales
(NPRWs) E. japonica. Data on tissue lipid and protein
concentration from other baleen whale species were
then used to estimate the cost of growth for SRWs.

2. MATERIALS AND METHODS

A stepwise modelling approach was developed to
estimate the cost of somatic growth in SRWs (Fig. 1).

2.1. Data collection

Body morphometric measurements of SRWs were
obtained using UAV photogrammetry methods at the
Head of Bight (HoB) breeding/calving ground in
South Australia between late June and late Septem-
ber 2016-2019. A DJI Inspire 1 Pro multirotor UAV
(diameter without propellers: 56 cm, weight: 3.4 kg,
www.dji.com) with a 16 Megapixel Zenmuse X5
micro four-thirds camera with an Olympus M.Zuiko
25 mm 1.8 lens was flown above SRWs at altitudes of
16.5-64.0 m (mean + SD = 34.7 +4.71 m, n = 5190) to
photograph the dorsal side of the whales as they sur-
faced to breathe. The altitude of the UAV above sea
level was recorded with a LightWare SF11/C laser
range finder (Lightware Optoelectronics, weight: 35 g)
attached to the UAV. The UAV was only flown during
favourable weather conditions (no rain and wind
speeds <15 knots). Following the protocol of Chris-
tiansen et al. (2018), all photographs were graded
based on multiple criteria: camera focus, degree of
body roll, degree of body arch, body pitch, body
length measurability (accuracy of body length meas-
urement) and body width measurability (accuracy of
body width measurements). Photograph image grad-
ing was done on a scale from 1 to 3, where 1 was
good quality, 2 was medium quality, and 3 was poor
quality. Only images that received a quality grade of
1 or 2 for body length measurability (mean error
<0.38%) and body width measurability (mean error
<2.31%), and less than 2 grades of score 2 for pitch,
arch and roll combined were used in the analyses
(Christiansen et al. 2018).
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Fig. 1. Structure of the modelling framework used to esti-
mate the cost of somatic growth for southern right whales.
Each section is described in the main text under similar sub-
headers. UAV: unmanned aerial vehicle; NPRWs: North
Pacific right whales; FAO: Food and Agriculture Organization
of the United Nations (data from Charrondiere et al. 2012)

Individual whales were identified from the aerial
photographs using the unique callosity patterns on
their heads (Payne et al. 1983) and were classified
as calves, yearlings, juveniles, adults, late-pregnant
(about to give birth within the same breeding season)
or lactating females. Calves and lactating females
were classified based on their relative size (calves
are <2/3 the length of their mothers; Christiansen et
al. 2018) and close association with each other. All
calves measured in this study were born during the

breeding season of the sampling year and were
hence <120 d old. Yearlings, juveniles and adults
(presumed sexually mature animals that were not
late-pregnant or lactating) were separated based
on the following body length thresholds: yearlings,
<10.0 m; juveniles, >10.0 and <12.0 m; adults, >12.0 m
(Christiansen et al. 2020a). Unaccompanied adults
that were later observed with a dependent calf
within the same breeding season were classified as
late-pregnant. It is important to note that there is
individual variation around the length and age at
which individual baleen whales become sexually
mature (Chittleborough 1955), which means that
some larger juveniles might have been classified as
adults, and some smaller adults might have been
classified as juveniles.

2.2. Body morphometrics and allometric
growth patterns

From the selected aerial photographs, the body
length and widths (at 5 % increments along the body
of the whale) were measured, in pixels, using the
approach of Christiansen et al. (2016). Measure-
ments were taken using a custom-written script in R
v.4.0.3 (R Core Team 2020; free script available from
Christiansen et al. 2016). Measurements were con-
verted from pixels to metres using the known resolu-
tion of the pictures (4608 x 3456 pixels), the size of
the camera sensor (17.3 x 13 mm), the altitude of the
UAYV (obtained from the range finder) and the focal
length of the camera (25 mm) (for details, see Chris-
tiansen et al. 2018).

The effect of body length on several body morpho-
metrics was investigated using generalized additive
models (GAMs) with a thin plate regression spline
smoother in R. A separate model was fitted to each of
the following allometric relationships: (1) head width
(distance between eyes) against body length, (2)
head length (rostrum to midpoint between eyes)
against body length, (3) blowhole distance (rostrum
to blowhole) against body length and (4) fluke width
against body length. A density histogram was then
produced from the metric that showed that strongest
allometric relationship, with calves, juveniles (in-
cluding yearlings) and adults (including pregnant
and lactating females) plotted separately to deter-
mine the threshold length values (intersections be-
tween density distributions) to differentiate between
the different maturity classes. While these threshold
values were not used to classify whales in the pres-
ent study, they could potentially be used in studies
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where absolute body length measurements are not
available.

2.3. Body volume and condition

For each body width (W) measurement, the corre-
sponding height (H, dorso-ventral distance) was cal-
culated using the known height:width ratio of SRWs
(Christiansen et al. 2019). The body volume (B Vroa ;)
of each whale i was then estimated from the sum of
the volume of each body segment (BVj;) by model-
ling each segment s (the body section between 2 ad-
jacent width measurements) as a series of infinitesimal
ellipses (Christiansen et al. 2019):

20
BVrotari = 3B Vs (1)

s=1

where BV is given by:

1
BV,,; = BL;x0.05x [ n
0

% Wasi + (Wes,i=Wasi) XX (2)
2
% Hasit (HP,sz,i — Hpsi)XX dx

where W, ; and H,,; are the anterior width and
height measurements of body segment s for individ-
ual I, and Wp; and Hp ¢ I are the posterior width and
height measurements of segment s for individual j,
respectively. To account for the gradual decrease in
height and width towards the end points of the ani-
mal, the segments closest to the rostrum (0-5 % body
length [BL] from the rostrum [hereafter just ‘%BL'])
and the end of the tail region (85-100%BL) were
modelled as elliptical cones (Christiansen et al. 2019).

The relative body condition (BC;) was calculated
for each whale 1 using the formula of Christiansen et
al. (2018):

BC,=—20bsi 7 TExpd 3)

where BV, ; is the observed (measured) body vol-
ume of whale i, in m® and BViyp,i is the expected
body volume of whale i, in m3, given by the log-log
relationship between body volume and body length:

log (BVExp, 1) = o + p x log (BL)) (4)
where a and f represent the intercept and slope

parameters, respectively, of the linear model. Our
body condition metric represents the difference in

relative body volume (expressed as a proportion) of
an individual whale compared to the expected body
volume of an average whale of the same body length
(the mean body volume predicted from Eq. 4) from
the sample population (based on all the measured
SRWs in this study). For example, a whale with a
body condition of 0.20 (or 20 %) has a body volume
that is 20 % higher than the average (expected) body
volume of a whale of the same body length, while a
whale with a body condition of —0.20 (or —-20 %) has a
body volume that is 20% lower than the average
(expected) body volume of a whale of the same body
length. The body volume of a whale with body condi-
tion 0 (or 0 %) is the same as the average (expected)
body volume of the sample population, while
accounting for its body length (structural size).

2.4. Age estimation

The age of young calves (<4 mo) was estimated
from repeated measurements of body volume from
individual animals (identified using the callosity pat-
tern of their mothers, Payne et al. 1983) throughout
the winter breeding season. First, calf volume at birth
(CBV) was predicted from calf birth length (CBL) by
modifying Eq. (4):

CBV;=exp|a + B x log (CBL;)] 5)

where CBL was predicted from maternal length (ML)
using the linear relationship (F, 54=75.9, p < 0.001, R*=
0.738) estimated by Christiansen et al. (2022):

CBL;=0.891 + 0.283 x ML; (6)

The day of birth (as day of year) of calves was then
calculated following the approach of Christiansen et
al. (2018), by fitting linear models to the relationship
between calf volume and day of year, 1 for each indi-
vidual calf, and then replacing calf volume in the
resulting models with CBV from Eq. (5). Only calves
with a minimum of 4 measurements and at least 20 d
between the first and last measurement were used
for analysis (Christiansen et al. 2018).

Individuals identified as yearlings (non-calves with
body lengths <10.0 m) were all given an age of 1 yr
(the assumed minimum age), although the exact birth
date was unknown. The ages of juveniles and adults
(including pregnant and lactating females) were
determined by matching the aerial photographs of
their unique callosity patterns (Payne et al. 1983)
with the HoB long-term identification database
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(1975-2019) held by the Great Australian Bight Right
Whale Study (GABRWS, www.gabrightwhales.com).
Measured whales without age data were excluded
from the following analyses.

2.5. Length-at-age and volume-at-age curves

To predict the body length BL; (m) of SRWs at age ¢
(yr), 5 different growth functions (models) were fitted
to the length-at-age data:

von Bertalanffy (von Bertalanffy 1938):

BL, = L, (1-et-) (7

Richards (Pauly 1979):

BL; = L, (1-ekt-top (8)

Logistic (Ricker 1979):
Loo

—kt-ty) (9)

BLt=
l+e

Gompertz (Gompertz 1825):

_okit-to)

BL,=L.e (10)
Modified Gompertz (Laird 1966):
BL, = Loek/b(b(i-e™) (11)

where L, is the asymptotic body length, kis a growth
velocity constant, f, is a time constant, p is a shape
constant, Ly is the body length at birth, and b is the
rate of exponential decay of the growth rate. Differ-
ent transformations of the age variable were investi-
gated, including log, square-root and cube-root.
Parameter values for all models were estimated
using least squares regression (‘minpack.lm’ pack-
age v.1.2-1 in R, Elzhov et al. 2016), and 95 % confi-
dence intervals were obtained using bootstrap re-
sampling (‘nlstools’ package v.2.0-0 in R, Baty et al.
2015) with 1000 iterations. Although baleen whales
exhibit sexual dimorphism, with females reaching
asymptotic lengths that are generally 5 % longer than
males (Mesnick & Ralls 2018), small sample size pre-
vented separate growth models to be fitted to each
sex.

To avoid pseudo-replication, only a single body
length measurement from each non-calf individual
was included in the analyses. However, since calves
were expected to grow significantly throughout the

study period (within a breeding season, Christiansen
et al. 2018), repeated measurements of body length
from the same calves were included in the analyses.
To assess whether this approach introduced a bias in
our model parameter estimates, we ran a bootstrap-
ping simulation where only a single body length
measurement for each calf was randomly included in
each iteration. By doing this 1000 times, and extract-
ing the parameter values for each iteration, we could
obtain a density distribution around each model
parameter value, from which we could test the ro-
bustness of the model to repeated measurements.
The same approach was used to quantify the effect of
measurement errors in the UAV-derived body length
estimates. Christiansen et al. (2018) estimated the
mean = SD measurement errors inherent from the
altimeter of our UAV system to be 0.73 + 0.49 cm. The
coefficient of variation in body length measurements
associated with the different length measurability
scores (the ability to accurately pinpoint the tip of the
rostrum and the notch of the tail fluke of whales)
were 0.30 and 0.38 % for quality 1 and 2, respectively
(Christiansen et al. 2018). Finally, the mean measure-
ment error between photographs of the same whale
within the same day was 4.75 + 3.67 % (Christiansen
et al. 2018). By randomly allocating new body length
values to the measured whales (1000 times), based
on these error distributions, and refitting the best-fit-
ting growth model, we could obtain a distribution of
parameter values for the best-fitting model and com-
pare it to the original model.

Model selection was based on visual interpretation
of the growth curves in relation to the measured
length-at-age data, where the aim was to find a
model that both fitted the observed data for each age
class (calves, yearlings, juveniles and adults), and
produced biologically realistic predictions of CBL,
length at minimum age of sexual maturity, length at
minimum age of first parturition and asymptotic body
length. The predicted CBL values (age = 0) were
evaluated against the possible range of birth sizes
for SRWs from Eq. (6) (Christiansen et al. 2022).
Length at minimum age of first parturition was based
on Christiansen et al. (2020a), who estimated the
length threshold for sexual maturity of SRWs to be
~12.0 m, based on measurements from pregnant and
lactating females. Charlton (2017) estimated the cor-
responding minimum age at first parturition for the
South Australia population to be 6 yr (females be-
coming sexually mature at 5 yr). In regards to asymp-
totic length, the duration of the GABRWS long-term
ID database (1975-2019) set an upper age limit of the
length-at-age data of 28 yr. With the longevity of
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SRWs likely to be much higher (here assumed to be
~80 yr, based on the longest recorded age of a right
whale, which was 65 yr, and the recorded maximum
ages of other baleen whales; see Hamilton et al. 1998
for review), it is unlikely that our length-at-age data
will capture the upper limit in body length of SRWs.
To overcome this limitation, we extrapolated our
length-at-age curves up to 80 yr of age, and com-
pared the resulting (predicted) model length range
with the observed distribution of body lengths meas-
ured for adult SRWs (including pregnant and lactat-
ing females) in our photogrammetry data set.

The best-fitting length-at-age curve was used to
create a volume-at-age curve, using the estimated
log-log relationship between body volume and body
length (Eq. 4):

BV, = expl[a + p x log (BL;)] (12)

From the best-fitting length-at-age and volume-at-
age curves, the growth rates in length and volume of
SRWs were estimated throughout their lifetime (i.e.
80 yr1). The resulting volume-at-age curve is repre-
sentative of SRWs in average body condition (BC = 0)
based on 4 seasons of sampling at the HoB breed-
ing/calving ground. Since our sampling period (late
June to late September) represents the primary
breeding/calving season for SRWs in Australian
waters, with individuals arriving in good body condi-
tion and leaving in poor body condition (Christiansen
et al. 2018, 2020a), this should provide a good base-
line for SRWs in Australian waters, and a comparison
for global populations.

2.6. Mass-at-age curves

To obtain mass-at-age curves for SRWs, the volume-
at-age curve was multiplied by the average tissue
density of SRWs in average body condition (BC = 0).
The average tissue density was estimated using pub-
lished data from Omura et al. (1969), who obtained
detailed measurements of body morphometrics, mass
and tissue composition (relative mass of blubber,
muscle, viscera and bones) for 13 NPRWs caught dur-
ing their summer feeding season in scientific whaling
operations between 1961 and 1968, a population
which is now endangered (Cooke & Clapham 2018).
Morphometric measurements included body mass of
each body tissue component (to the nearest kilo-
gram, not including the weight of blood and other
body fluids lost during the processing of the carcass),
total body length (to the nearest decimetre) and half

girths (to the nearest centimetre) measured at 3
locations: the anterior insertion of the pectoral fins
(Goso,pr, at ~25%BL from the rostrum), across the
umbilicus (Gsgo,pr, at ~50 % BL from the rostrum) and
across the anus (Gjyopr, at ~72%BL from the ros-
trum) (Omura et al. 1969). The BV of the dead whales
was calculated from the BL and 3 girth measure-
ments (G), using the formula of Christiansen et al.
(2019) (F, g1 = 70050, p < 0.001, R?= 0.999):

log (BV;) = —2.764 + 1.003 x log (BL;)
+ 0.809 x log(Gaso,pi) + 0.814 (13)

x 1og (Gsovpri) + 0.294 x log (G72%pLi)

The body condition of the dead whales was calcu-
lated (Eq. 3) using the estimated body volume from
their length and girths (Eq. 13) and the expected
body volume of an average SRW based on their body
length (Eq. 4).

The body tissue composition of baleen whales
varies with both the size (i.e. body length) and body
condition of animals (Lockyer 1981b, Vikingsson
1995). With right whales having a significantly
higher proportion of blubber compared to other
baleen whale species (Lockyer 1976), we assumed
that variation in body condition was directly related
to changes in the relative blubber mass of individu-
als. Consequently, we assumed that muscle, visceral
and bone tissue mass were determined only by the
structural body size (body length) of individuals.
Based on these assumptions, we modelled the tissue
mass (Mrissue ) Of muscle, viscera and bones for a
whale (i¢f a given body length (BL)) as:

MTissue,j = eXp[a + B X 10g (BL1)] X Prigsue X 10° (14)

where the expression exp|a + § x log(BL;)] is equiva-
lent to the expected body volume (BV,y, ) of an indi-
vidual (i) in average body condition (BC = 0, given by
Eq. 4), and Pryge is the proportion of the volume of
the whale that is comprised of a given tissue. Prigue
was estimated for muscle, viscera and bones by arti-
ficially varying its relative contribution to total vol-
ume from 0 to 100 %, in increments of 0.1 %, and then
comparing the resulting tissue mass of each whale
with its actual measured tissue mass in the NPRW
data set (Omura et al. 1969). The sum of the residuals
(Mrissue,0bs,i = Missue, Exp,i) Of all individuals was calcu-
lated for each tissue proportion, and the proportion
that resulted in the lowest error (smallest residual
sum) was selected. To test our assumption that tissue
mass for muscle, viscera and bones was only affected
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by structural size (body length) and not body condi-
tion, the resulting tissue mass residuals were mod-
elled against the calculated body condition of the
individual, using linear models.

The blubber mass (Mgpypper, ), i kg, of an SRW (i) of
a given body length (BL;) and body condition (BC;)
was then estimated from:

Mayypberi =[(1+BC;)x exp (o + B x1og(BL;))

MBones,i (1 5)

Myiscorai
_ Viscera,i _ ] % DBlubber x 103

_ M, Muscle,i

DMuscle DViscera DBones

where Myuscie,in Myiscera i @A Mpones ; 1S the predicted
mass of muscle, viscera and bones of whale i (given
bY Eq 14) and DBlubberv DMusclev DViscerav and DBones are
the tissue densities of blubber, muscle, viscera and
bone tissue. We used the published tissue densities
(kg m™%) from FAO (blubber = 700, muscle = 960,
bones = 720, viscera = 930, Charrondiere et al. 2012).
The average tissue density (Drotar), in kg m=3, of a
whale (igould then be calculated from:

DTotal,j = (16)
(MBlubber,i + MMuscle,i + MViscera,i + MBones,i)/B‘/i

Finally, a mass-at-age curve was developed for
SRWs from the predicted body volume (BV)) result-
ing from the volume-at-age curves (Eq. 12) and the
average tissue density (Drya;, Eq. 16) for an animal of
average body condition (BC = 0):

M; = BV x Drgare (17)

It is worth noting that our model is based on catch
records of NPRWs where blood and fluid loss was not
accounted for (Omura et al. 1969), which in baleen
whales generally constitute ~6% of the total body
mass (Lockyer 1976). From the estimated mass-at-
age curve (Eq. 17), the daily growth in body mass of
SRW could be estimated. From the known relation-
ship between tissue mass and body length (Egs. 14 &
15), the daily growth in mass of each tissue type
could be estimated.

2.7. Energetic cost of growth

From the estimated mass and daily growth rates
of the different body tissues, we calculated the
energy content of each tissue and the consequent
energy requirement for somatic growth. The energy
content of the different tissues (blubber, muscle,
viscera and bones) was estimated from the assumed
lipid and protein concentration of the specific

tissues (similar to Lockyer et al. 1985 and Vikings-
son 1990). Unfortunately, few data exist on the tis-
sue energy content of right whales, so instead we
used published values from fin Balaenoptera physa-
lus, sei B. borealis and minke whales B. acutoros-
trata (Lockyer et al. 1985, Lockyer 1987, Vikingsson
1990, Vikingsson et al. 2013a). Since lipid and pro-
tein concentrations in blubber, muscle and visceral
tissues are known to vary across the body of whales,
both seasonally and also between species and
reproductive classes (Lockyer et al. 1984, 1985,
Lockyer 1987, Aguilar & Borrell 1990, Vikingsson
1990, Vikingsson et al. 2013a), a range of values
was modelled for each tissue type (Table 1), and the
resulting cumulative energetic cost of growth from
birth to 30 yr of age was calculated (see Fig. S1 in
the Supplement at www.int-res.com/articles/suppl/
m687p173_supp.pdf). To account for the negative
correlation between protein and lipid concentrations
in blubber, muscle and viscera tissue (see Fig. S2),
the lipid concentrations were artificially varied
within their published range of values (Table 1), and
the corresponding protein concentration was pre-
dicted from the linear relationship between the 2
variables (see Fig. S2). Only 1 published value on
protein concentration in bone was found for fin
whales (Lockyer 1987), and hence this value was
fixed in the model simulations (Table 1). That a sin-
gle value for bone protein concentration was used
in our analyses should not be misinterpreted as sta-
tistical confidence, as this is purely the result of
insufficient data. The calorific equivalents of lipids
and protein were assumed to be 39539 kJ kg™
(9450 kcal kg™') and 23640 kJ kg™ (5650 kcal kg™!)
wet weight, respectively (Brody 1968, Lockyer et
al. 1985).

3. RESULTS
3.1. Sample size and effort

SRW body morphometric data were collected at
HoB on 173 d between 2016 and 2019 between June
and September (Table 2). A total of 9019 measure-
ments of whales was obtained. However, after qual-
ity filtering (based on camera focus, body posture
and body contour clarity) 5372 measurements
(~60%) of whales remained from 791 individuals
(Table 2). The great majority (94.6 %) of measure-
ments was of mothers and calves. The body length of
the measured SRWs ranged between 3.9 and 8.8 m
(mean + SD = 6.3 + 0.8, n = 256%) for calves, between
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Table 1. Modelled values of lipid and protein concentrations in blubber, muscle, viscera and bone tissue of southern right

whales, based on published values from fin, sei and minke whales. For the bootstrapping simulations (Fig. S1), lipid values

were incrementally increased from the minimum to the maximum within each range, and the corresponding protein con-

centrations were predicted from the linear relationships between the 2 variables for each tissue type (Fig. S2). The calorific

equivalents of lipids and protein were assumed to be 39539 kJ kg™! (9450 kcal kg™!) and 23 640 kJ kg™! (5650 kcal kg™!) wet

weight, respectively (Brody 1968, Lockyer et al. 1985). Sources: Lockyer et al. (1985), Lockyer (1987), Vikingsson (1990),
Vikingsson et al. (2013a)

Tissue Lipid concentration (% wet mass)  Protein concentration (% wet mass)  Energetic cost for growth (kJ kg™)
Mean + SD Range Mean + SD Range Mean

Blubber  62.6 + 14.8 19.2-81.3 10.2+3.9 3.5-204 27163

Muscle 11.4+£8.0 1.9-33.1 22.1+23 18.1-26.1 9732

Viscera 758 +9.6 59.6-92.8 3.7+17 1.2-8.2 30845

Bones 21.8+3.8 18.4-25.9 24.8% 24.8% 14482

“Only 1 published value of bone protein concentration was found, and hence this value was fixed

Table 2. Sample composition of the southern right whales measured at the Head of Bight, South Australia, by unmanned aerial
vehicle photogrammetry by year and reproductive class. The sampling effort in each year is also provided. n = 5372 whales
measured (791 individuals, including 26 females that were measured both as pregnant and lactating)

Year —— Dates Sampling effort Number of whales measured (individuals)

Start End Period  Days Calves Yearlings Juveniles Adults Pregnant Lactating
2016 24 Jun 25 Sep 93 49 1090 (89) 1(1) 17 (13) 39 (20) 3(3) 865 (84)
2017 13 Jul 25 Sep 74 38 405 (87) 0 (0) 6 (5) 22 (17) 1(1) 410 (85)
2018 23 Jun 24 Sep 93 41 410 (88) 31 (10) 13 (10) 53 (30) 31 (11) 537 (90)
2019 28 Jun 24 Sep 88 45 662 (67) 10 (5) 18 (9) 24 (14) 19 (11) 705 (67)
Total 24 Jun 25 Sep 93 173 2567 (331) 42 (16) 54 (37) 138 (81) 54 (26) 2517 (326)

89 and 99 m (94 = 0.3 m, n = 42) for yearlings,
between 10.1 and 12.0 m (10.9 + 0.6 m, n = 54) for
juveniles, between 12.0 and 14.6 m (13.3 +£ 0.8, n =
138) for adults, between 12.6 and 14.8 m (13.7 £ 0.6,
n = 54) for late-pregnant females, and between 11.7
and 16.2 m (14.0 = 0.6 m, n = 2517) for lactating
females (Fig. S3).

3.2. Body morphometrics and allometric
growth patterns

There was a significant non-linear relationship
between SRW head width and body length (Fj g7,4.99 =
1889, p < 0.001, R?= 0.638, Fig. 2A), head length and
body length (Fss8604 = 5202, p < 0.001, R? = 0.871,
Fig. 2B), rostrum to blowhole distance and body
length (Fg4,6.95= 1565, p < 0.001, R?= 0.670, Fig. 2C)
and fluke width and body length (F; 79 495 = 370, p <
0.001, R?= 0.256, Fig. 2D). The relative head width of
SRWs increased linearly with body length from
~17 %BL for small calves to ~21 %BL for large juve-
niles, but started to decrease again as the animals
reached the minimum length at sexual maturity at

~12 m body length down to about 20 %BL for large
(16 m long) adults (Fig. 2A). The relative head length
and blowhole distance for calves was centred at ~19
and ~14 %BL, respectively, but increased linearly for
juveniles until it plateaued for mature animals at ~24
and ~18 %BL, respectively (Fig. 2B,C). The relative
fluke width of SRWs increased curvilinearly for
calves from ~27 to ~38 %BL, but then decreased lin-
early for juveniles and adults down to ~34 %BL for
large adults (Fig. 2D).

Among the 4 morphometric variables investigated
(head width, head length, blowhole distance and fluke
width), relative head length showed the strongest
allometric relationship. There was a significant non-
linear relationship between SRW body length and
relative head length (Fs o9,500= 11488, p < 0.001, R?=
0.915, Fig. 3A). Plotting the density distribution of
relative head length for calves, immature (yearlings
and juveniles) and mature (adults, pregnant and lac-
tating) whales, threshold (cut-off) values (intersections
between the different distributions) were identified
at 20.36 and 22.88 %BL head lengths to distinguish
calves from juveniles, and to distinguish juveniles
from adults, respectively (Fig. 3B).
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Fig. 2. Allometric relationship between southern right whale body length and
relative (A) head width (eye—eye distance), (B) head length (rostrum-eyes dis-
tance), (C) rostrum—-blowhole distance and (D) fluke width. Colours indicate
the reproductive classes (see keys). The solid lines represent the fitted value
of the generalized additive models. The dotted vertical lines indicate the length
threshold values for yearling/juveniles (8.8 m) and mature animals (12.0 m). n =

5346 measurements

12

3.3. Body volume and condition

The estimated body volume of SRWs
varied between 0.89 and 11.88 m3
(mean + SD = 4.60 + 1.89 m?) for calves,
between 11.57 and 21.34 m® (16.3 +
2.86 m®) for yearlings, between 14.71
and 38.8 m® (22.39 + 4.38 m?) for juve-
niles, between 25.65 and 64.85 m?®
(41.00 + 8.88 m®) for adults, between
29.85 and 65.85 m® (49.84 + 8.34 m?)
for pregnant females and between
24.75 and 77.48 m3 (47.17 = 7.89 m?) for
lactating females (Fig. 4A). There was
a significant (F; 5370= 801472, p <0.001,
R? = 0.993) positive relationship be-
tween body volume (BV) and body
length (BL) on the log-log scale:

log (B VEXp,i) =

-4.115 + 3.016 x log (BL;) (18)

The body condition of the measured
whales ranged from -28.8 to 58.0%,
with a mean of 0.0 = 10.1 %.

3.4. Age estimation

Age was estimated for 161 calves that
fulfilled the criteria for minimum sam-
ple size (>4 measurements) and sample
duration (220 d between first and last
sample). Calves ranged in body length
from 4.25 to 8.77 m, and were estimated
to be between 0 and 112 d old (Fig. 5).
The volume growth rates of calves var-
ied from 0.026 to 0.122 m® d~!, with a
mean = SD of 0.075 = 0.016 m3 d7!
(Fig. S4A), while the length growth
rates varied from 0.017 to 0.056 m d!,
with a mean of 0.033 + 0.006 m d*
(Fig. S4B). A total of 80 yearlings (20
individuals) were measured. Yearlings
varied in body length from 8.31 to
10.07 m (Fig. 5). One juvenile of known
age was measured, and was 11.14 m
long and 4 yr old (Fig. 5). A total of 23
adults (including late-pregnant and
lactating females) of known age were
measured. The adults ranged in body
length from 12.09 to 15.44 m, and were
between 8 and 27 yr in age (Fig. 5).
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A minimum age of first parturition and
16 -1 © Calves . .
o Yearlings asymptotic length (Table 3, Figs. S5-
o Juveniles ® S9). Based on simplicity and model fit,
L the non-transformed Richards growth
curve was selected (Fig. 5). The boot-
E 127 strapping simulation, which removed
;g) repeated measurement from the same
§ 107 individuals, resulted in slightly dif-
z ferent estimates for L, (14.286 com-
3 s pared to 14.138), k (0.106 compared
to 0.129), ¢, (-0.018 compared to
6 - -0.021) and p (0.179 compared to
o o Adults 0.186) (Fig. S10). The model para-
L © Pregnant
; meters were robust to measurement
4 © Lactating . .
, I T T T I T errors in body length (Fig. S11).
B _ Using the mean parameter estimates
0.5 :—— Calves ; ; ;
! — VeI . from the bootstrapping simulation,
: earlings/Juveniles
: —— Adults/Pregnant/Lactating the length-at-age growth model for
04 - : SRWs in South Australia was
(Fig. 5A,C,E, Table 4):
= 0.3 BLtZ 14.286{1—e‘o'106”‘[‘0'018”}0'179
é Upper 95 % CIL
A 02 BLt — 14_527{1_e—0,128[t—[—0,022]]}0.173 (19)
Lower 95% CI:
BLt — 14.057{1_e—0.085[t—[—0.015]]}0.185
0.1 —
which combined with Eq. (18) gave the
corresponding volume-at-age curve
O (Fig. 5B,D,F, Table 4):

16 18 20 22 24

Head length (%BL)

Fig. 3. (A) Body length as a function of relative head length for southern right
whales. Colours indicate the reproductive classes (see key). The solid lines
represent the fitted value of the generalized additive model. n = 5346 meas-
urements. (B) Density distributions of relative head length for southern right
whales. Colours indicate the maturity classes. The dotted vertical lines indicate
the head length threshold values to distinguish between calves and immature
animals (20.36 %BL, where BL is body length) and between immature and

mature animals (22.88 %BL)

3.5. Length-at-age and volume-at-age curves

Several of the growth models fitted the length-at-
age data well (Table 3, Figs. S5-S9). For all
models, the log-transformation performed poorly,
by either not converging or by predicting birth
lengths of zero (Table 3). With the exception of the
Richards growth model (Fig. S6), the non-transformed
models predicted unrealistically low asymptotic
lengths (Table 3). The remaining models all pro-
duced biologically reasonable estimates of CBL,
length at minimum age of sexual maturity, length at

26 28
BV, = exp{-4.115 + 3.016 x

1Og[14.286(1_e—O,106(t—(—0,018)))0.179]}

Upper 95% CI:

BV, =exp{-4.115 + 3.016 x (20)
109[14_527(1_e—O.128(t—{—OA022)))0.173]}
Lower 95% CI:
BV, =exp{-4.115 + 3.016 x
1Og[14.057(1_e—0.085(t—(—0.015)])0.1085]}

Based on the above models, the mean predicted
length at birth for SRWs in South Australia was 4.7 m
(95%CI = 4.1-5.3 m), the mean length at minimum
age of sexual maturity (age =5) was 12.2m (11.6-12.8
m), mean length at minimum age of first parturition
(age = 6) was 12.5 m (11.9-13.1 m), and mean as-
ymptotic length was 14.3 m (14.1-14.5 m) (Table 4,
Table S1). The growth rate in body length and volume
of SRWs decreased exponentially with age (Fig. 5,
Table 4). The rate of growth in body length decreased
from 11.87 cm d! at birth, to 3.04 cm d~! at 1 mo of
age, to 1.09 cm d! at 4 mo (when most calves will
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have started their migration back tothe A 80

feeding grounds), to 0.43 cm dtat 1 yr
(age of weaning), to 0.09 cm d! at the 70
minimum age of sexual maturity (5 yr)

(Fig. 5A,C, Table 4). P

Assuming a fixed body condition E 5
(BC = 0), the volume growth rate of g
SRWs in South Australia decreased 2 4
from 0.134 m® d' at birth, to 0.062 m? < 30
d~! at 1 mo of age, 0.035m® d™! at 4 mo, g
0.020 m® d™! at 1 yr and 0.007 m?3 d! 20
at minimum age of sexual maturity
(Fig. 5B,D, Table 4; Table S1). Mature 10
whales (>6 yr) had a low growth rate in 0
both length and volume, at 0.04 cm d!
and 0.003 m® d™' at 10 yr old, re-
spectively, and at 0.003 cm d~! and
0.0003 m® d!, at 30 yr, respectively B
(Fig. 5E,F, Table 4; Table S1).

4

3.6. Mass-at-age curves

The calculated body condition of the
NPRWs ranged from -1.4 to 51.4%,
while the UAV-derived body condition
estimates of the SRWs ranged from
—28.8 to 58.0 %. There was hence con-
siderable overlap in the body condi-
tion ranges of the 2 sample popula-
tions, which justifies the extrapolation o
of the tissue mass relationships from
NPRWs to SRWs. The volume propor-
tions that best fitted the measured tis-
sue weights of NPRWs (Omura et
al. 1969) were 36.3% blubber, 28.2%

log [Body volume (m®)]
N

=1 © Juveniles

© Calves
Yearlings

© Adults
© Pregnant
© Lactating

4 6 8 10 12 14 16
Total body length (m)

T T T T T T ! T
1.4 1.6 1.8 2.0 22 24 2.6 2.8

log[Total body length (m)]

Fig. 4. (A) Southern right whale body volume as a function of body length. The
solid black line represents the back-transformed fitted values of the linear

muscle, 10.2% viscera and 12.5%  model. (B) Log-log relationship between body volume and body length for the
bone (Fig. 6A). Comparing the tissue same data set, with the solid black line representing the fitted values of the
mass residuals against body condition, linear model. Colours indicate the reproductive classes (see key); n = 5372

there was no effect on muscle, bone
and viscera tissue (Fig. 6B). Hence,
muscle (Mypsce,i) Viscera (Myjiscera,s) and bone mass
(MBones,i): In kg, could be predicted directly from the
body length (BL;), or structural size, of the animals
(Fig. 7A):

Mytuscie,; = €xp[-4.115 + 3.016 x log(BL;)] +0.282 x 10°
(21)

Myiscera = €Xp[-4.115 + 3.016 x log(BL;)] +0.102 x 103
(22)

Miones, = €xp[—4.115 + 3.016 x log(BL;)] +0.125 x 10°
(23)

body volume and length measurements (see Table 1 for sample composition)

In contrast to the other tissues, blubber mass re-
siduals increased positively with body condition
(Fig. 6B). Blubber mass (Mgpper,;)) could be estimated
from the body length (BL;, Fig. 7A) and body condi-
tion (BC;, Fig. 7C) of a whale (i):

M, Blubber,i —

{(1+ BC;)x exp[—4.115+3.016 x 1og(BL;)] o

_ MMuscle,i _ MViscera,i _ MBones,i}

X Dgiubber
DMuscle DViscera DBones

or if written out in full:
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Fig. 5. Length-at-age (left column) and volume-at-age (right column) growth curves for southern right whales in South Australia
across (A,B) the first 4 mo (120 d) after birth, (C,D) from birth to sexual maturation and (E,F) the full age range of the raw data.
The red solid lines show the predicted body lengths (left column) and body volumes (right column) from a Richards growth
curve (non-transformed). The blue solid lines show the corresponding growth rates for body length and body volume, respectively,
across the same age range. The dashed lines represent the 95 % confidence intervals resulting from the bootstrap resampling.
The dotted red horizontal lines show the minimum (3.9 m) and maximum (16.2 m) body lengths measured in this study. The
dashed black horizontal line shows the mean length (14.0 m) of mature whales. The dotted black horizontal line shows the
minimum length at sexual maturity (12.0 m) and the 2 dotted black vertical lines show the age at sexual maturity (5 yr) and
minimum age at first parturition (6 yr) for the South Australian population. n = 2035 measurements from 205 individuals

MBlubber,i={(1+BC1-)XeXp[—4-115+3-016><109(BL1-)] with the relative mass of blubber increasing with
exp[-4.115+3.016 X log (BL;)] x 0.282 x 10° body condition, while the other tissues decreased

- 960 (Fig. 7D). Consequently, the average tissue density
exp[—4.115+3.016 x log(BL;)] x0.102x 10° (Diotar) of SRWs decreased non-linearly with body

- 930 (25) condition, from 850 kg m™ at a body condition of

~ exp[—4.115+3.016><log(BLi]]><0.125><103}X700 -30% (lowest measured BC) to 766 kg m™ at a body

condition of 60% (highest measured BC) (Fig. 7B).
The tissue density for an animal of average body con-
For an animal in average body condition (BC = 0), dition (BC = 0) was 805 kg m~ (Fig. 7B).

720

the relative mass of each tissue was 36.8 % blubber, By combining the volume-at-age curve (Eq. 20) with
35.0% muscle, 12.7% visceral tissue and 15.5% the tissue mass-at-length relationships (Eqgs. 21-24),
bones (Fig. 7D). The relative mass of each tissue var- tissue specific mass-at-age curves could be obtained

ied considerably with the body condition of the whales, (Fig. 8A):



Christiansen et al.: Cost of growth in right whales 185

MMuscle,t =
exp{-4.115 + 3.016 x 10g[14.286(1—e_o'106”_(_0'018”)0‘179]}
x 0.282 x 10° (26)

MViscera,t =
exp{-4.115 + 3.016 x log[14.286(1—e0-106(-(-0.018)))0.1797
x 0.102 x 10° (27)

MBones,t =
exp{-4.115 + 3.016 x log[14.286(1—e_o‘106“_(_0‘018)))0'179]}
x 0.125 x 10° (28)

Maiuppert ={(1+BC;)x
exp{-4.115+3.016x10g[14.286 (1— e 01061t--0.0181)0-1797

_ MMuscle,i _ MViscera,i _ MBones,i } %700 (29)
960 930 720

which together equal the total mass-at-age of SRWs
(Fig. 8A, Table 4; Table S1):

Mt = MMuscle,t + MViscera,t + MBones,t + MBlubber,t (30)

This mass-at-age curve represents the growth in
structural body mass of SRWs and does not account
for seasonal variations in body condition. The rate of
growth in body mass (in kg d™!) of SRWs decreased

from 108.0 (95%CI: 90.6-123.7) at birth, to 50.0
(40.7-59.7) at 1 mo of age, 27.8 (23.0-32.7) at 4 mo
(start of southern migration), 16.1 (13.7-18.4) at 1 yr
(weaning), 5.5 (5.2-5.8) at the age of sexual maturity
(5 yr), 2.6 (2.5-2.7) at 10 yr, to 0.3 (0.2-0.4) at 30 yr
(Fig. 8, Table 4; Table S1). For tissue-specific growth
rates, see Table S2.

3.7. Energetic cost of growth

Assuming a mean blubber lipid and protein concen-
tration of 62.6 and 10.2%, respectively, the energy
required for blubber growth was 27163 kJ kg™
(Table 1). Muscle had an assumed mean lipid and
protein concentration of 11.4 and 22.1%, respec-
tively, and the energy required for muscle growth
was 9732 kJ kg™! (Table 1). Visceral tissue was mod-
elled to have a mean lipid and protein concentration
of 75.8 and 3.7%, respectively, and the energy
required for visceral tissue growth was 30 845 kJ kg™
(Table 1). Finally, using a mean bone lipid and pro-
tein concentration of 21.8 and 24.8 %, respectively, the
energy required for bone growth was 14 482 kJ kg™*
(Table 1). In combination with the relative mass of
each tissue type (36.8% blubber, 35.0% muscle,

Table 3. Summary of predicted body lengths of southern right whales from different growth models and age-variable trans-
formations (square-root, log and cube-root). Values presented in the same row as the model name represent predictions from
the non-transformed model. Missing values indicate that the model did not converge

Growth model Length at birth Length at minimum Length at minimum Asymptotic length
(age =0 yr) age of sexual maturity age of first parturition (age = 30 yr1)
(age =5 yr) (age = 6 yr)

von Bertalanify 5.43 12.15 12.15 12.15
Square-root 4.35 12.43 12.70 13.99
Log - - - -
Cube-root 3.55 11.82 12.14 14.83
Richards 4.71 12.32 12.61 14.08
Square-root 4.30 12.36 12.63 14.08
Log - - - -
Cube-root 3.78 12.14 12.44 14.39
Logistic 5.23 10.56 10.56 10.56
Square-root 4.74 12.88 13.05 13.45
Log 0.00 11.51 11.81 14.77
Cube-root 3.97 12.42 12.69 14.07
Gompertz 5.25 10.86 10.86 10.86
Square-root 4.57 12.71 12.93 13.67
Log 0.00 13.69 13.69 13.69
Cube-root 3.78 12.15 12.44 14.39
Modified Gompertz 5.25 10.86 10.86 10.86
Square-root 4.57 12.71 12.93 13.67
Log 0.00 11.50 11.79 14.70
Cube-root 3.78 12.15 12.44 14.39
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Table 4. Predicted mean body length, volume, mass and energy content of southern right whales at different ages (D: days, Y:

years), and associated daily growth rates in length, volume, mass and energy (cost of growth). Estimates are based on an ani-

mal in average body condition (BC = 0), and hence represents the structural growth (not including energy deposition) of

whales. For error estimates, see Table S1. For tissue-specific growth rates, see Table S2. Ages denoted with an asterisk are
extrapolations beyond the age range of the data set (assuming a longevity of ~80 yr)

Age Length Length Volume Volume
(m) growth (cmd?) (m? growth (1d™1)
D-0 4.66 11.95 1.69 134.15
D-1 4.78 10.71 1.82 126.18
D-2 4.88 9.73 1.95 119.54
D-3 4.98 8.93 2.07 113.89
D-4 5.07 8.26 2.18 109.01
D-5 5.15 7.69 2.29 104.73
D-10 5.49 5.78 2.78 89.18
D-15 5.76 4.68 3.21 79.15
D-20 5.98 3.95 3.59 71.97
D-25 6.16 3.43 3.93 66.49
D-30 6.33 3.05 4.26 62.13
D-60 7.04 1.86 5.87 46.98
D-90 7.52 1.37 7.16 39.37
D-120 7.88 1.09 8.27 34.55
D-150 8.18 0.91 9.25 31.13
D-180 8.44 0.79 10.14 28.53
D-210 8.66 0.69 10.97 26.46
D-240 8.85 0.62 11.74 24.76
D-270 9.03 0.56 12.46 23.33
D-300 9.19 0.51 13.14 22.11
D-330 9.34 0.47 13.79 21.04
Y-1 9.50 0.43 14.51 19.94
Y-2 10.64 0.23 20.41 13.41
Y-3 11.33 0.16 24.68 10.26
Y-4 11.82 0.12 28.04 8.28
Y-5 12.19 0.09 30.79 6.87
Y-6 12.49 0.07 33.10 5.81
Y-7 12.73 0.06 35.07 4.98
Y-8 12.93 0.05 36.76 4.30
Y-9 13.10 0.04 38.22 3.74
Y-10 13.24 0.04 39.50 3.27
Y-11 13.36 0.03 40.62 2.87
Y-12 13.47 0.03 41.61 2.53
Y-13 13.56 0.02 42.48 2.24
Y-14 13.64 0.02 43.24 1.98
Y-15 13.72 0.02 43.93 1.76
Y-20 13.96 0.01 46.36 0.99
Y-30 14.18 0.00 48.55 0.33
Y-40* 14.25 0.00 49.28 0.11
Y-50* 14.27 0.00 49.54 0.04
Y-60* 14.28 0.00 49.62 0.01
Y-70* 14.28 0.00 49.65 0.00
Y-80* 14.29 0.00 49.66 0.00

Mass Mass Energy Cost of
(kg) growth (kg d™!) content (GJ) growth (MJ d™})
1360 108.00 27 2111.9
1468 101.59 29 1986.5
1570 96.24 31 1881.9
1666 91.69 33 1793.0
1758 87.76 34 1716.1
1845 84.31 36 1648.7
2239 71.80 44 1404.0
2581 63.72 50 1246.0
2887 57.94 56 1133.0
3168 53.53 62 1046.8
3428 50.02 67 978.2
4726 37.82 92 739.6
5764 31.69 113 619.7
6654 27.81 130 543.8
7447 25.06 146 490.0
8167 22.97 160 449.1
8831 21.30 173 416.6
9450 19.94 185 389.9
10030 18.79 196 367.4
10579 17.80 207 348.0
11101 16.94 217 331.2
11678 16.06 228 314.0
16433 10.80 321 211.1
19870 8.26 389 161.5
22576 6.66 441 130.3
24792 5.53 485 108.2
26650 4.68 521 91.5
28232 4.01 552 78.4
29592 3.46 579 67.7
30772 3.01 602 58.9
31801 2.63 622 51.5
32702 2.31 639 45.3
33496 2.04 655 39.9
34196 1.80 669 35.2
34815 1.60 681 31.2
35364 1.42 692 27.7
37325 0.80 730 15.6
39083 0.27 764 5.2
39676 0.09 776 1.8
39880 0.03 780 0.6
39950 0.01 781 0.2
39975 0.00 782 0.1
39983 0.00 782 0.0

12.7 % viscera and 15.5% bones), the estimated cost
of growth was 19564 kJ kg~! body mass.

The daily energy requirement (in MJ d7!) for
growth for SRWs was 2112 (95%CI: 1771-2420) at
birth, 978 (796-1167) at 1 mo of age, 544 (450-640) at
4 mo, 314 (267-360) at 1 yr, 108 (101-113) at the age
of sexual maturity, 51.5 (48.7-52.8) at 10 yr and 5.2
(3.3-7.8) at 30 yr (Fig. 8, Table 4; Table S1). For tissue-

specific masses and growth rates, see Table S2. For
energetic content and cost of growth of different tis-
sues, see Table S3. The assumed lipid and protein
concentration in the different tissues (blubber, muscle,
viscera and bones) had a large effect on the estimated
cumulative growth cost of SRWs through their lives
(Fig. S1), with estimates ranging from 458 to 995 GJ,
which equals a doubling in energetic costs for growth.
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Based on the average lipid and protein =~ A
concentrations of each tissue (Table 1),

the cost of growing to 30 yr of age was 30
764.3 GJ (711.8-813.2 GJ) (Table 4).

35

25
Py
4. DISCUSSION é 20
3
This study presents estimates of the @ 15
energetic costs of somatic growth in =
SRWs, based on recent (2016-2019) 10
morphometric data from a seemingly 5

healthy (i.e. growing) population (Charl-
ton 2017, Charlton et al. 2018, Smith et 0
al. 2021). Our bioenergetic estimates
comprise the lipid and protein concen-
trations of blubber, muscle, viscera and
bone tissue (although bone protein con-
centration was based on a single fin
whale sample), standardized against an 6
average body condition (BC = 0). The
cost estimates hence represent the total
(all tissues) energetic costs of somatic
growth, which does not account for sea-
sonal (tissue deposition and catabolism)
or ontogenetic variation (e.g. early off-
spring fattening) in body condition,
which are both pronounced in SRWs
(Christiansen et al. 2018). This separa- 2
tion between structural and reserve
mass will facilitate the use of dynamic
energy budget models to study right
whale bioenergetics and predict popu-
lation consequences of disturbance (e.g.
climate change) (Pirotta et al. 2018,
2019).

Tissue mass residuals (t)

Blubber .
Muscle
Bones
Visceral

Body length (m)

Blubber
Muscle
Bones
Visceral

0.0 0.1 0.2 0.3 0.4 0.5

Body condition index

Fig. 6. (A) North Pacific right whale tissue mass as a function of body length.

The solid lines correspond to the predicted tissue mass of each tissue type (see
key) based on fixed tissue composition (36.3 % blubber, 28.2 % muscle, 10.2 %
viscera and 12.5 % bone). (B) Tissue mass residual values as a function of body

4.1. Somatic growth patterns

condition. The solid lines represent the fitted values of tissue-specific linear

models. Only blubber residuals were significantly affected by body condition;

As is characteristic for baleen whales,
somatic growth of SRWs was most
rapid early in life, with calves doubling their relative
body length from birth to weaning (1 yr), from 4.7 to
9.5 m (Table 4) or from 33 to 66 % of their asymptotic
length (14.3 m). Our growth model realistically cap-
tured the birth lengths of SRWs, with predicted
lengths ranging from 4.1 to 5.3 m (95 % CI), which is
similar to the predicted birth lengths based on mater-
nal length (Eq. 6; Christiansen et al. 2022), which
across the length range of lactating females (11.7—
16.2 m) results in birth lengths from 4.2 to 5.5 m. Calf
growth rates from birth to 4 mo of age (the upper age

n = 13 whales. Data obtained from Omura et al. (1969)

range of calves when they depart the calving grounds)
were also similar between the Richards growth
model (1.2-6.6 cm d~!, when averaging estimates
over 20 d) and the estimated individual calf growth
rates (1.7-5.6 cm d~1), and also similar to estimates re-
ported for SRWs from Argentina (3.5 cm d~!; White-
head & Payne 1981) and South Africa (2.8 cm d7};
Best & Riither 1992). Yearlings ranged in body length
from 8.9 to 9.9 m in South Africa (Best & Rither
1992), which was similar to the model predictions of
8.9 t0 10.1 m for South Australia. SRWs in South Aus-
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tralia reach sexual maturity at a minimum age of 5 yr
(Charlton 2017), when they are predicted to be be-
tween 11.6 and 12.8 m in length. The mean predicted
length at earliest age of sexual maturity (12.2 m, or

85 % asymptotic length) corresponds well with the
expected length of sexual maturity in cetaceans,
which is believed to be ~85% of their asymptotic
length (Laws 1956). The predicted minimum lengths
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of SRWs at minimum age of first partu-
rition (6 yr; Charlton 2017) was between
11.9 and 13.1 m, which corresponds
well with the minimum observed
length of 11.7 m for lactating females.
After reaching the minimum length of
sexual maturity, the growth rate of
SRWs slowed down markedly, with
animals reaching 95 % of their asymp-
totic length already at 13 yr of age.
Marine mammals have indeterminate
growth (Deutsch et al. 1994, Trites &
Bigg 1996), which means that includ-
ing a model parameter for asymptotic
length is conceptually wrong. In our
model, however, the asymptotic length
was not reached until 70 or 80 yr of
modelled age, which in practice re-
sulted in an indeterminate growth
model. Cube-root transforming the age
variable in the growth models also re-
sulted in indeterminate growth pat-
terns for most models (Figs. S5-S9).
The allometric growth of different
body parts (head size, distance to
blowhole and fluke width) for SRWs
were closely related to the length at
weaning (~8.8 m) and minimum length
at sexual maturity (~12.0 m). The
strongest relationship was found be-
tween head length and body length,
which differed significantly between
calves, juveniles and adults, and could
be used to classify whales into these 3
reproductive classes by using thresh-

Fig. 7. (A) Southern right whale predicted
tissue mass as a function of body length. The
blubber mass represents an animal in aver-
age body condition (BC = 0). (B) Average tis-
sue density as a function of body condition.
(C) Tissue mass as a function of body condi-
tion for an average sized (14 m long) south-
ern right whale. (D) Relative tissue mass
(proportion of total mass) as a function of
body condition. In A, C and D, the type of
tissue is indicated by the line colour (see
key). In B, C and D, the dotted vertical red
line indicates an animal of average body
condition (BC = 0)
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Fig. 8. Mass-at-age (left column) and energy-content-at-age (right column) curves for southern right whales (A,B) across the

first 4 mos (120 d) after birth, (C,D) from birth to sexual maturation and (E,F) across the full age range of the raw data. The

solid lines show the predicted masses (left column) and energy contents (right column) of the different tissue types (see key).

The dotted lines show the corresponding mass growth rates (left column) and energetic costs of growth (right column) for the

different tissue types (see key) across the same age range. The 2 dotted black vertical lines show the age at sexual maturity (5 yr)
and minimum age at first parturition (6 yr) for the South Australian population

old values of 20.4 and 22.9 %BL. Such classification
thresholds have great value, since they do not re-
quire data on the absolute size (length) of the ani-
mals, and can hence be used for aerial photographs
taken at unknown altitude (e.g. opportunistic data).

The somatic growth of NARWs was described
using a 2-phased Gompertz model (Fortune et al.
2021). The model of Fortune et al. (2021) needed to
be split into 2 phases, the first describing early
growth from 0 to 1.65 yr and the second describing
growth from 1.65 to 30.5 yr. In our study, we were
able to fit a single model to describe the entire
growth pattern of SRWs, from birth to 27 yr of age.
While our growth model produced realistic estimates

of SRW length-at-age, we were unable to incorporate
sex as a covariate in our model to account for the sex-
ual dimorphism that exists in baleen whales (Mes-
nick & Ralls 2018). Fortune et al. (2021) found that
sexual dimorphism appears to occur near sexual
maturity in NARWSs, with adult females being 4 %
larger on average than adult males. Although the
Western sub-population of SRWs in Australia is re-
covering at or near the maximum biological rate
(Smith et al. 2021), the mean apparent calving inter-
val in South Australia has increased from 3 to 4 yr
from the period of 1996-2014 to 2015-2020 (Charlton
et al. 2021), which could indicate some density-
dependent effect being at play. Still, given that most
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of the rapid growth in SRWs occurs before 6 yr of age,
our length-at-age data should be representative of a
recovering population that is not impeded by food
constraints (is far from its carrying capacity), and
hence be close to the upper growth rate limit for
SRWs. Even during favourable conditions, however,
individual variation in growth rates is apparent.
Christiansen et al. (2018) showed that the growth
rate of SRW calves varies considerably, as a function
of the amount of energy invested by their mothers,
which in turn is determined by the absolute size
(length) and body condition of the mothers. Yearlings
also varied a lot in body length, which could reflect
differences in energy investment by their mothers
during the preceding feeding season and/or the abil-
ity of calves to complementary feed during the pre-
weaning period. To account for this individual varia-
tion in somatic growth, one approach would be to
artificially adjust the parameter values of the Richards
growth model until they cover the upper range of
values in observed body length of SRWs, and use that
as the upper physiological (genetic) threshold for
growth. The lower limits for somatic growth in SRWs
is likely to be much lower than that observed in this
study, since somatic growth can be significantly
stunted due to malnutrition, as evident from the
decline in body lengths of NARWSs over the past 4
decades (Stewart et al. 2021). In regards to body vol-
ume, our growth model only describes structural
growth (BC = 0), which means that the large ob-
served deviations from the predicted growth curve is
due to individual variation in body condition (Fig. 5).
This is particularly noticeable for yearlings, which are
significantly fatter than other reproductive classes
(Christiansen et al. 2020b).

4.2. Body tissue composition and energy content

The body tissue composition of right whales (based
on data from NPRWs) was 36.8% blubber, 35.0%
muscle, 12.7 % viscera and 15.5% bones, relative to
their structural mass (BC = 0). The estimated bone
mass of SRWs was similar to that of other baleen
whales, and did not vary with the length or body con-
dition of the whales (Nishiwaki 1950, Lockyer et al.
1985, Lockyer & Waters 1986, Vikingsson et al.
2013b). While studies of fin and sei whales have
shown some variation in lipid and protein concentra-
tion of bone tissue, no corresponding variation in
bone mass has been found, possibly as a conse-
quence of lipid oil displacing water in bone tissue
(Lockyer & Waters 1986, Lockyer 1987). Visceral

mass was also constant relative to structural mass,
and did not vary with body condition in right whales.
While other baleen whales show relatively small sea-
sonal variation in visceral mass, its energetic content
varies significantly over the year, and visceral tissue
consequently plays an important role as an energy
reserve, especially for pregnant females, in these spe-
cies (Lockyer et al. 1984, Vikingsson 1995, Vikings-
son et al. 2013b, Gunnlaugsson 2020). Similar to vis-
ceral tissue, the proportion of muscle tissue in right
whales did not vary with the body condition of the
animal. This is in strong contrast to other baleen
whale species, including minke, sei, fin and blue
whales, which all show large seasonal variations in
both the mass and relative energy content of muscle
(Lockyer et al. 1985, Lockyer 1987, Vikingsson 1995,
Nieess et al. 1998, Vikingsson et al. 2013a,b, Gunn-
laugsson 2020). Instead, blubber was the only tissue
that varied seasonally with body condition, which
indicates that blubber is the most important tissue for
seasonal energy storage in right whales. This is con-
sistent with the findings by Lockyer (1976), who
showed that right whales have a significantly higher
proportion of blubber compared to other species of
baleen whales. With the proportion of blubber vol-
ume varying with body condition, the average body
tissue density of right whales varied from 850 kg m™
at a body condition of —-30% (our lowest estimate) to
766 kg m~ at a body condition of 60 % (our highest
estimate). This seasonal variation in body density
should significantly influence the buoyancy of the
whales (Aoki et al. 2021), which in turn could in-
fluence swimming kinematics, cost of transport and
foraging energetics (on the feeding grounds) (Aoki et
al. 2011, P. Miller et al. 2012). The tissue density
for an animal of average body condition (BC = 0)
was 805 kg m™3. This is higher than the estimate of
754.63 kg m~3 reported by Christiansen et al. (2019),
and is likely due to the latter study not taking into
account variations in tissue composition with varia-
tions in individual body condition. Instead, Chris-
tiansen et al. (2019) used the mean body density of
the NPRWs sampled by Omura et al. (1969), which
were all in very good body condition.

Unfortunately, we did not have empirical data on
the energy content of different body tissues of SRWs,
and instead we based our growth cost estimates on
values published for fin, sei and minke whales (Lock-
yer et al. 1985, Lockyer 1987, Vikingsson 1990,
Vikingsson et al. 2013a). Those studies reported
large variations in lipid concentration for blubber,
muscle and visceral tissues, as well as protein con-
centration in blubber. Only a single value for bone
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protein concentration was available, and hence we
could not account for variation in the energy content
of this tissue due to protein. While we found strong
negative correlations between lipid and protein con-
centrations in the blubber, muscle and visceral tis-
sues in fin, sei and minke whales, we were unable to
determine potential relationships in energy content
across tissues, or probable relationships between
morphological body condition (e.g. body girth) and
tissue energy content. As a result, the confidence
interval around our estimate of energetic cost of
growth in SRWs from birth to 30 yr of age varied from
458 to 995 GJ. Using the extreme values of this esti-
mate will have significant implications when model-
ling the bioenergetics of right whales, and hence we
encourage researchers to collect empirical data on
lipid and protein concentrations of right whale tis-
sues from stranding records and incidental catches of
the species along with body length, girth and blub-
ber thickness. While blubber biopsy sampling can be
used to measure the lipid and protein concentration
in the outer blubber layer of free-living whales (the
blubber layer of most juvenile/adult baleen whales is
too thick to obtain a full depth biopsy), studies have
shown that outer blubber lipid concentrations do not
relate to the morphological body condition of baleen
whales (Kershaw et al. 2019, Christiansen et al.
2020b), and we hence discourage extrapolation of
such data to the entire body of whales.

4.3. Methodological implications

Animal growth curves are important not only to
determine the cost of growth throughout the lifetime
of an individual, but also a necessary step to estimate
other components of its energetic budget, including
field metabolic rates (costs for body maintenance)
and relative costs of reproduction, which both vary
with body mass (Kleiber 1947, Christiansen et al.
2018). We used a non-lethal approach to obtain size-
at-age curves for SRWs, by combining aerial pho-
togrammetry methods with long-term sighting histo-
ries, similar to Fortune et al. (2021) and Stewart et al.
(2021). Aerial photogrammetry data can be obtained
using either UAVs (Durban et al. 2015, Christiansen
et al. 2016) or conventional aircraft (Best & Ruther
1992, Perryman & Lynn 2002, C. Miller et al. 2012),
and allows for repeated measurements of the same
animals over time to investigate somatic growth both
at an individual and population level (Christiansen et
al. 2018, Stewart et al. 2021). In our study, the age of
individual whales was obtained from the GABRWS

long-term monitoring programme, which has been
collecting identification data annually since 1991.
For populations lacking long-term sighting data,
DNA methylation-based biomarkers could poten-
tially be used to age individuals (Polanowski et al.
2014, Bors et al. 2021). However, to accurately cap-
ture the rapid early growth rate of baleen whales, as
demonstrated in this study, the accuracy of such es-
timates needs to be improved significantly. Not-
withstanding, we encourage similar non-lethal ap-
proaches to be applied to other baleen whale species
and populations, ideally as part of ongoing monitor-
ing programmes, to provide updated estimates of
growth rates and costs over time (Stewart et al. 2021).
Such data are becoming increasingly important, as
forecasted rapid changes in the marine environment,
due to natural and anthropogenic factors (including
climate change) (Crain et al. 2008, Hoegh-Guldberg
& Bruno 2010, Doney et al. 2012, Hawkins et al.
2017), are likely to lead to reductions in prey avail-
ability and body size of whales, and can subse-
quently impact species recovery (Isaac 2009, Gard-
ner et al. 2011).

4.4. Management implications

The HoB SRWs are part of the ‘western’' Australian
subpopulation, which currently numbers around
2500-3000 individuals (Smith et al. 2021). Since sys-
tematic aerial surveys began in 1993, the subpopula-
tion has been growing rapidly at around 4.5-5.2%
yr ! (Smith et al. 2021). Anthropogenic disturbance to
this subpopulation is believed to be low compared to
other SRW populations (DSEWPaC 2012, Azizeh et
al. 2021). Based on this, the growth curve presented
in this paper is representative of a healthy (growing)
population, which is unlikely to be limited by low
prey availability or impeded by human disturbance.
In contrast, the NARW population is experiencing
high anthropogenic pressure from shipping and fish-
eries (Knowlton et al. 2012, Kraus et al. 2016), and
has been declining since 2011 (Pace et al. 2017). A
recent study found that the somatic growth rates of
NARWs have declined over the past 4 decades
(Stewart et al. 2021), likely as a result of malnutri-
tion resulting from a reduction in prey availability
(Meyer-Gutbrod et al. 2021) and an increase in
anthropogenic stressors (Knowlton et al. 2012, Kraus
et al. 2016). The difference in the somatic growth
between our study population and that of the NARW
demonstrates the likely energetic effect that anthro-
pogenic disturbance can have on baleen whales, and
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the importance of better understanding the bioener-
getics of large whales to be able to predict the popu-
lation consequences of future disturbances, includ-
ing climate change.
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