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Decadal decline in maternal body 
condition of a Southern Ocean 
capital breeder
Els Vermeulen 1*, Terriann Thavar 1, Maria Glarou 2, Andre Ganswindt 1 & 
Fredrik Christiansen 3

The changing physical properties of the Southern Ocean are known to impact the recruitment and 
survival of Antarctic krill (Euphausia superba). For oceanic krill predators, the resulting reduced 
energy intake may lead to population-level effects likely preceded by an alteration in the animals’ 
body condition. This is especially true for capital breeders that rely on stored energy for successful 
reproduction. One such Southern Ocean capital breeder, the southern right whale (Eubalaena 
australis), has been monitored over the past 43 years in their South African wintering ground. Changes 
in the population have been documented in the past decade, including a decreased reproductive rate 
and a shift in foraging strategy. To evaluate if a reduced foraging success is an underlying factor, we 
assessed the temporal variation in morphological body condition through aerial photogrammetry. 
Results showed a 23% reduction in maternal body condition, potentially contributing to the 
decreased reproductive rate of the population. To the best of our knowledge, this is the first study 
to quantify a decadal reduction in the body condition of a capital breeder dependent on Southern 
Ocean productivity. Understanding the bioenergetic consequences of environmental change is vital to 
predicting species’ resilience to climate change.

The physical properties of the global ocean are changing rapidly under various anthropogenic  impacts1. Criti-
cally in the Southern Ocean, survival and recruitment of Antarctic krill (Euphausia superba), a key prey species, 
are known to be gravely impacted by such physical changes, with evidence of southward contraction in their 
range and radical decreases in  density2,3. Additionally being the target species of the largest volume fishery of 
the Southern  Ocean4, such changes are predicted to have detrimental consequences for various top predators, by 
negatively affecting their vital rates (such as survival and reproduction) and population  dynamics5–9. Consider-
ing these population-level changes often have the underlying cause of a reduced energy intake, they are likely 
preceded by changes in the body condition of the animals. This will be especially true in capital breeding species, 
that rely heavily on stored energy reserves for successful reproduction.

The body condition of an animal usually refers to its energetic state and relative amount of body  reserves10–12. 
In an ecological context, indices of body condition are frequently used to measure an individual’s fitness related 
to survival and several important life events, such as migration and  reproduction11. The importance of adequate 
body condition in successful mammalian reproduction is well  established13–16. In baleen whales, female body 
condition plays a permissive role in the initiation of the reproductive  cycle17, and determines the success of 
 gestation18 and  lactation19. Additionally, as migratory species, pregnant female baleen whales have the energetic 
cost associated with their long-distance migration from high-latitude feeding grounds to low-latitude calving 
grounds to increase the chances of calf survival after  birth20,21. This also means that a female must synchronize 
her migration cycle with her reproductive cycle, which in turn has led to extremely high offspring growth rates 
in many baleen whale  species19,22. It is thus clear that female baleen whales have extremely high energetic costs 
associated with reproduction, and that their body condition is critical for their reproductive success and there-
fore population growth. Unsurprisingly, the energetic cost of reproduction is known to be the most prominent 
trade-off in the life history of most species when sufficient energy cannot be  acquired23. This also holds for marine 
mammals, with multiple studies showing clear links between reduced prey availability and/or maternal body 
condition and reproductive  output13,14,16,19,24–28.

As a capital breeder, southern right whales (Eubalaena australis) usually forage at higher latitudes during the 
austral summer months and calve and nurse at low-latitude coastal areas during the austral winter months. The 
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population calving in the coastal waters of South Africa has been studied extensively since  197929. These studies 
have shown a seasonal presence of mothers and calves between June and November, with a peak in birthing 
in August, lasting up to late October/early  November30 The long-term sighting history dataset of individually 
identified parous females has enabled the estimation of vital population demographic parameters including the 
steady recovery of the population (at around 7% per annum) post-whaling31. However, the last decade has been 
characterised by some noteworthy changes, including a decreased coastal prevalence and an increase in calving 
intervals from 3- to 4- and 5-year  intervals32 suggestive of a reduced reproductive  success33. Furthermore, a recent 
study revealed a dramatic northward shift, and diversification, in the foraging strategy of South Africa’s southern 
right whales since the  1990s34. Considering the species is known to show fidelity to foraging  grounds35,36, the 
authors suggested this shift is likely related to environmental changes in preferred foraging  habitats34.

To evaluate the effects of this shift on the continued success of the population’s foraging, here we assess the 
variation in the body condition of parous South African southern right whale females over a similar temporal 
scale and discuss the possible link to the concurrent reduced reproductive success. Certainly, understanding 
not only the behavioural but also the bioenergetic consequences of environmental change is vital for our insight 
into how effectively predators may be responding to such changes, and for our ability to predict more precisely 
how resilient these species are in light of climate change. In light of the documented changes in foraging strategy 
and calving rates, we hypothesise that the body condition of southern right whales of South Africa has declined 
over the last decades.

Materials and methods
Data collection. Aerial photographs of southern right whale cow and calf pairs were collected in South 
African coastal waters from a manned aircraft in the late 1980s (1988 and 1989, hereafter referred to as the 
“early period”) and by unoccupied aerial vehicles (UAVs) around 2020 (2019 and 2021, hereafter referred to as 
“late period”). Sampling during the early period took place in De Hoop Nature Reserve in mid-October by Best 
and  Ruther37 (Fig. 1). Zenithal photographs of surfacing whales were taken from a helicopter using a vertically 
mounted Hasselblad ELM camera with a 250 mm  lens37. The altitude during sampling varied between 75 and 
120 m. The original film negatives were scanned professionally for conversion to digital images. Sampling during 
the late period was conducted using a DJI Phantom 4 Pro (diameter = 350 mm, weight = 1388 g, 1″ CMOS sensor, 
20MP, 5472 × 3078 pixels, 8.8 mm focal length) multirotor UAV (in 2019 and 2021) and a DJI Mavic 2 Zoom 
(diameter = 322 mm (unfolded), weight = 905 g, 1/2.3″ CMOS sensor, 12MP, 4000 × 3000 pixels, 24–48 mm focal 
length) UAV (in 2021), and took place in Walker Bay and Saint Sebastian Bay during early-September (Fig. 1). 
The altitude during sampling varied between 15 and 25 m. All three survey areas are known aggregation areas 
for mother-calf pairs along the South African coast, with movement between  them38.

Data processing and filtering. Following the established protocol of southern right whale 
 photogrammetry19, the best photograph of each individual whale was selected and quality graded based on 
camera focus, body posture (horizontal roll, body arch and vertical pitch) and body shape visibility (ability to see 
the rostrum, fluke notch and the body contour). Each photograph was given a score from 1 (good) to 3 (poor) 
for each of these attributes. Those photographs which had at least one score of three were excluded for further 

Figure 1.  Map of study areas in South Africa. Sample collection in the Early Period took place in De Hoop 
Nature Reserve, whereas sampling in the Late Period took place in Saint Sebastian Bay and Walker Bay (created 
in QGIS 3.24.3).
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analyses. Additionally, images with a score of two for at least two of the three categories under body posture were 
excluded from further analyses. Duplicate measurements of the same individuals were removed from analyses to 
avoid pseudo-replication, with the photograph with the highest quality being retained in the data set.

From the aerial photographs, the body length and widths (at 5% increments perpendicular to the body axis) 
of the whales were measured, in pixels, using a custom-written  script39 in R version 4.0.340.

Body condition metric. Since the energy content of whales is given by their body  mass41, we decided to 
use the body volume to describe the energy stores of southern right whales. This metric closely relates to body 
mass and incorporates the full 3D shape of the animals, in contrast to some other metrics (e.g. body area index).

As the inbuilt barometric altimeter of the UAV did not provide accurate altitude measurements, and no pre-
cise altitude data were available for the photographs collected in the early period, only relative length and width 
measurements (standardized against a body length of 1) were used in this study.

For each width measurement, the corresponding height measurement (dorso-ventral distance) was calculated, 
using a published height-width ratio of southern right  whales42.The body volume (BV) of each whale was then 
estimated using an elliptical volume  approach42.

where s is the section of the body between two adjacent width/height measurement sites (S = 20 in total), BLi 
is the body length of whale i (set to 1), WA,s,i and HA,s,i are the anterior relative width and height measurements 
(expressed as proportion of BL) of body segment s for individual i, and WP,s,i and HP,s,i are the posterior relative 
width and height measurements (expressed as proportion of BL) of segment s for individual i, respectively. To 
account for the gradual decrease in height and width towards the end points of the animal, the segments closest 
to the rostrum (0–5%BL from the rostrum) and the end of the tail region (85–100%BL from the rostrum) were 
modelled as elliptical  cones41.

Subsequently, the body condition (BC) was calculated using the BC  formula19 modified for relative 
measurements:

where BVObs is the observed (measured) body volume, standardized against a body length of 1, and µ(BV) is the 
mean body volume of the sample population, also standardized against a body length of 1. A positive BC of 0.2 
means that an animal has a body volume that is 20% higher than the average of the sample population and a 
negative BC of − 0.2 indicates that the animal has a body volume that is 20% lower than the average individual 
in the sample population. A previous study demonstrated that the relative BC (volume estimates standardized 
against a body length of 1) of right whales is nearly identical  (R2 = 0.999) to their absolute BC (volume estimated 
from absolute morphometrics)43. Since all measurements in our study were standardized against a body length 
of 1, the BC could hence be estimated without knowing the absolute length of the animals.

Comparison of body condition between the early and late period. Linear models (LMs) were 
developed in R to compare the body condition (response variable) of southern right whale mothers and calves 
between the early and late periods (explanatory variable). Covariates included relative calf length (% of maternal 
length) since maternal body condition in southern right whales is known to decline as the calf grows in length 
through the breeding  season19,43. Year was also included as a covariate factor to see if there was a difference 
in body condition within the early (between southern right whales in 1988 and 1989) and the late (between 
southern right whales in 2019 and 2021) periods. Due to collinearity, year and period could not be included 
in the same models. Day of year was also excluded as a covariate since it varied significantly between sampling 
years (LM:  F3,43 = 1076.1, p < 0.001) and was hence correlated with both year and period. This was not an issue, 
since relative calf length has been shown to be a better predictor of seasonal changes in maternal body condition 
compared to Day of year in right  whales19,42. Model selection was based on minimization of Akaike’s Information 
Criterion (AIC). In case of a ΔAIC < 2, the most parsimonious model was selected. Separate analyses were car-
ried out for lactating females and calves. Model diagnostics tests were run to ensure that the model assumptions 
were met for each model. These included scatter plots of model residuals against fitted model values (to evaluate 
homogeneity of residuals), frequency histograms of model residuals (to examine normality of residuals), lever-
age scores (to identify influential data points) and Cook’s distance (to identify outliers). All model assumptions 
were met.

Accounting for measurement errors. To assure that measurement errors inherent to the sampling 
method (aerial photogrammetry) did not confound our comparative analyses, we conducted a sensitivity analy-
sis to quantify the measurement errors on the model parameter estimates. The coefficient of variation (CV) in 
body width measurements associated with the different width measurability scores (the ability to accurately see 
the body contour of the whales) was estimated to be 2.11 and 2.31% for quality 1 and 2,  respectively19. The mean 
measurement error between photographs of the same whale within the same day was 4.75% (SD = 3.674) for lac-
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tating females and 3.11% (SD = 2.206) for  calves19. By randomly allocating new body width values to the meas-
ured whales (1,000 times), based on these error distributions, and refitting the best fitting model for lactating 
females and calves, we could obtain a distribution of parameter values for the best fitting models and compare it 
to the original model parameter estimates.

Results
Sampling effort. Data were collected on the 15th and 13th of October in 1988 and 1989, respectively, 
between the 3rd and 15th of September (7 sampling days) in 2019, and between the 2nd and 8th of September 
(3 sampling days) 2021 (Table 1). A total of 187 aerial images of southern right whale mothers and calves were 
obtained during the early period and 120 during the late period. After data filtering (based on picture quality and 
duplicate measurements), 46 aerial images (20 lactating females and 26 calves) remained from the early period 
and 75 images (27 lactating females and 48 calves) from the late period (Table 1).

Comparison of body condition between the early and late period. There was considerable var-
iation in body condition of lactating females and calves, as well as relative calf-length, between study years 
and periods (Fig. 2). For lactating females, the best-fitting model included year as a single explanatory variable 
(Model 3 in Table 2).

The body condition of lactating females varied significantly between years (LM:  F3,43 = 17.1, p < 0.001), with 
the model explaining 54.5%  (R2) of the variance in the data. The body condition of lactating females was sig-
nificantly higher in 1988 (mean = 0.128, SE = 0.0372) and 1989 (mean = 0.239, SE = 0.0372) compared to 2019 
(mean = − 0.070, SE = 0.0263) and 2021 (mean = 0.019, SE = 0.0444) (Fig. 3a). Further, the body condition in 
1989 was 0.111 (SE = 0.0526) higher than in 1988 (Fig. 3a). There was no significant difference in body condition 

Table 1.  Composition of the southern right whales sampled in South Africa by aerial photogrammetry by year 
and reproductive class. N = 121 measured whales.

Year Period

Dates Sampling effort
Number of individuals 
measured

Start End Duration Days Calves Lactating females

1988 Early Oct-15 Oct-15 1 1 13 10

1989 Early Oct-13 Oct-13 1 1 13 10

2019 Late Sep-3 Sep-15 13 7 39 20

2021 Late Sep-2 Sep-8 7 3 9 7

Figure 2.  Boxplots showing the observed variation in body condition and length. (a and d) show the observed 
variation in maternal body condition, whereas (b and e) show the variation in calf body condition, and (c and 
f) show the variation in calf relative body length of southern right whales for the different sampling years (top 
row) and periods (bottom row). The blue and red colours indicate measurements taken during the early and late 
periods, respectively. ML maternal body length. For sample sizes, see Table 1.
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between 2019 and 2021 (Fig. 3a). If replacing Year with Period (Model 2 in Table 2), there was a significant dif-
ference in the body condition of lactating females between the early and late period (LM:  F1,45 = 39.3, p < 0.001), 
with females being 23% (SE = 3.68) fatter in the early period (mean = 0.184, SE = 0.0279) compared the late 
period (mean = − 0.047, SE = 0.0240) (Fig. 3a). The model explained 46.6%  (R2) of the variance in the data. The 
results of the model selection showed that adding calf length to the model did not significantly improve model 
fit (ΔAIC < 2), and the model that included year as the only explanatory variable was the most parsimonious (see 
Table 2). Hence, even though the range of calf length varied between years (LM:  F3,43 = 3.27, p = 0.030) (Fig. 2c), 
which could explain the marginally better fit of the LM including period × calf length (Model 6 in Table 2) com-
pared to the LM including only period as a covariate (Model 2 in Table 2) , the magnitude was not sufficient to 
affect the BC between years, and hence was not a confounding factor.

For calves, period and year had no significant effect on their body condition, and the best-fitting model only 
included calf relative body length as a covariate (Model 4 in Table 3). Calf body condition increased significantly 
with relative body length (LM:  F1,72 = 34.6, p < 0.001), at a rate of 0.011 (SE = 0.0019) for every % increase in rela-
tive calf length (Fig. 3b). The model explained 32.5%  (R2) of the variance in the data.

Effect of measurement errors. The sensitivity analysis showed that there was no overlap of the density 
distributions of the predicted body condition values of lactating females between the early and late study period 
(Fig. 4a,b, Model 2 in Table 2), and no overlap between years (Fig. 4c–f, Model 3 in Table 2). For calves, the den-
sity distributions of the intercept and slope parameters of the LM between calf body condition and calf relative 
body length showed no overlap with zero (Fig. 4g,h, Model 4 in Table 3). The output of the sensitivity analysis 
hence showed that all the model parameters were robust to measurement errors.

Table 2.  Linear model selection results based on minimization of Akaike’s information criterion (AIC) for 
southern right whale maternal body condition (MBC). CL calf relative length (% maternal length). † The most 
parsimonious model (Model 3).

Model Variables F df (among) df (within) P R2 AIC ΔAIC

1 MBC ~ 1 (null model) – 0 46 – 0.00 − 31.0 31.0

2 MBC ~ Period 39.3 1 45 < 0.001 0.47 − 58.5 3.5

3 MBC ~ Year† 17.1 3 43 < 0.001 0.54 − 61.9 0.0

4 MBC ~ CL 0.7 1 45 0.405 0.02 − 29.7 32.2

5 MBC ~ Period + CL 19.7 2 44 < 0.001 0.47 − 57.0 4.9

6 MBC ~ Period × CL 16.5 3 43 < 0.001 0.53 − 60.9 1.0

7 MBC ~ Year + CL 12.6 4 42   0.001 0.55 − 60.1 1.9

8 MBC ~ Year × CL 7.5 7 39   0.001 0.57 − 57.1 4.8

Figure 3.  (a) Effects of year and period (see colour key) on maternal body condition in South Africa’s southern 
right whales. The points show the predicted mean body condition values from the best-fitting model for year 
(Model 3 in Table 2) and period (Model 2 in Table 2). The error bars show the 95% confidence intervals. (b) Calf 
body condition as a function of calf relative body length (% of maternal length, ML). The solid black line shows 
the predicted mean values of the best-fitting model (Model 4 in Table 3). The dotted black lines show the 95% 
confidence intervals.
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Discussion
Results of the present study demonstrate a 23% reduction in maternal body condition of South African southern 
right whales since the late 1980s, which is in agreement with our hypothesis. To put this in perspective, female 
southern right whales lose up to 25% of their body condition in the first three months of  lactation19. Concurrent 
to this decadal decrease, stable isotope data from skin samples taken in the early 1990s and the 2010s revealed a 
northward shift in foraging location, and an apparent diversification in targeted prey over the same time period, 
suggestive of changes in previously preferred foraging habitat and/or  prey34. Considering baleen whale body 
condition can be directly linked to prey  abundance44 these data are clearly indicative of a drastic reduction in 
foraging success and/or reduced prey availability.

Prey availability for oceanic top predators is strongly linked with climatic and oceanographic processes, and the 
impact of changes in these processes on the trophic ecology of oceanic predators are well  documented6,8,9,25,27,45–52. 
Based on whaling data, Antarctic krill constitutes the key food source for southern right whales when feeding 
south of 50°S53. However, multiple studies have shown a strong inverse relation between krill abundance, ris-
ing sea surface temperatures (hereafter ‘SSTs’) and sea-ice loss due to climate  change54,55, which decreases prey 
availability for many species throughout the food web. Antarctic krill are also known to be transported by frontal 
systems (they are, however, also capable of active vertical and horizontal  migrations56), sustaining populations 
outside of the main spawning areas. However, various studies indicate displacement of such frontal systems of 
the Antarctic Circumpolar Current due to climate  change45, possibly another contributing factor to decreased 

Table 3.  Linear model selection results based on minimization of Akaike’s information criterion (AIC) 
for southern right whale calf body condition (CBC). CL calf relative length (% maternal length). † The most 
parsimonious model (Model 4).

Model Variables F df (among) df (within) P R2 AIC ΔAIC

1 CBC ~ 1 (null model) – 0 73 – 0.00 − 98.0 27.5

2 CBC ~ Period 1.7 1 72 0.199 0.02 − 97.7 27.8

3 CBC ~ Year 1.5 3 70 0.213 0.06 − 96.8 28.8

4 CBC ~  CL† 34.6 1 72 < 0.001 0.32 − 125.1 0.4

5 CBC ~ Period + CL 18.5 2 71 < 0.001 0.34 − 125.1 0.5

6 CBC ~ Period × CL 13.4 3 70 < 0.001 0.36 − 125.5 0.0

7 CBC ~ Year + CL 9.1 4 69 < 0.001 0.34 − 121.3 4.3

8 CBC ~ Year × CL 5.5 7 66 < 0.001 0.37 − 117.9 7.7

Figure 4.  Output of the sensitivity analysis of measurement errors (width measurability errors and between 
picture measurement errors), showing the density distribution of the model parameter values for (a, b) the effect 
of period on maternal body condition (Model 2 in Table 2), (c–f) the effect of year on maternal body condition 
(Model 3 in Table 2), and (g, h) the intercept and slope parameter of the linear relationship between calf body 
condition and calf relative body length (Model 4 in Table 3). The vertical blue lines show the mean parameter 
values of the sensitivity analysis. The vertical red lines show the original parameter values.
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food availability for many krill-dependent species, including those outside main spawning areas. Ultimately, the 
impacts of climate change on krill are complex and multifaceted. Furthermore, recent changes to key oceano-
graphic parameters such as SST, productivity, wind speed, mixed layer depth, sea-ice duration and frontal posi-
tions are not uniform across the Southern Ocean, causing substantial spatial and seasonal  variation50,57.

When foraging between 50° and 40°S, southern right whales seem to also increase the intake of  copepods53, 
which are much smaller in size and biomass than  krill58. However, some studies suggest that the nutritional 
content (caloric value) in copepods has changed over time due to climate change and sea ice  loss59–62. Consider-
ing the reported north-ward shift in the foraging location of this  population34, it is possible that a shift in diet 
combined with a reduction in the nutritional value of southern right whale prey may have played a role in the 
reduction of South African southern right whale body condition in recent years. This hypothesis has also been 
indirectly eluded to in a previous study investigating southern right whale calf mortality in  Argentina63, and 
warrants further investigation.

Body condition, and thus foraging success, influences reproduction in most  mammals64, as it is crucial in all 
parts of reproduction including ovulation, gestation and lactation. This is also the case in marine mammals and 
various studies have shown such a direct relationship to exist. For example, a reduced prey abundance correlated 
with reduced fecundity in killer whales (Orcinus orca)65, and a decreased rate of pregnancy in North Atlantic 
fin whales (Balaenoptera physalus) was related to prey limitation mediated through body  condition28. Further-
more, the calving rates of North Atlantic right whales (Eubalaena glacialis) were correlated with various lags to 
the abundance of copepods (Calanus finmarchicus)66, and so poor body condition was indicated as a cause for 
the observed long calving intervals in the  species43. Such a direct relationship has also been found for southern 
right whales in the Southwest Atlantic, in which the reproductive success was shown to be dependent on prey 
availability and thus foraging  success25,27. This reliance on stored energy is furthermore illustrated by the fact that 
southern right whale mothers lose up to 25% of their body condition during the first few months of  lactation19. 
It is therefore clear that adequate nutrition and thus foraging success is critical for the reproductive success of 
southern right whales and ultimately, ensure their continued recovery post-whaling. It is perhaps unsurprising 
then, that the reduced body condition of South African southern right whales falls within a period of increased 
calving intervals observed in the  population67. Indeed, although 3-year calving cycles are usually predominant 
in the  species31, including one year of gestation, one year of lactation and one year of rest (to allow the female to 
recover and accumulate enough energy reserves to support the following pregnancy), this ceased to be the case 
in the South African population in the past decade when a drastic increase in 4- and 5-year calving intervals 
became  apparent32. These 4- and 5-year calving intervals may imply either additional resting years (to build up 
fat reserves) between successive calving events or a loss of a  fetus33.

Combined, available evidence are strongly indicative of a reduced body condition of female southern right 
whales to an extent where it affects their calving rate. Furthermore, maternal body condition does not only affect 
calving rates but also calf and juvenile growth  rate19,68 as well as the age of first  parturition69, ultimately affecting 
population growth. Although a reduced calf condition is not visible in the data, the present findings raise seri-
ous concern for the continued reproductive success and population recovery post-whaling of the South African 
population of southern right whales. Continued research into these different facets of reproduction, including 
for the various demographic groups in the population, are important to fully understand the effect of the reduced 
maternal body condition on the population.

In the past decade, research on the South African southern right whale population has shown evidence of 
drastic population-level changes likely as a response to environmental changes in their foraging  habitat34,67. Such 
changes are not unique to South African waters, as in recent years, fluctuations in southern right whale  counts32, 
elongation of calving  intervals32,70,71 and increased calf  mortality71,72 have been observed across several winter-
ing grounds, with (at least) short-term effects on the population growth  rate73,74. While certain discrepancies in 
changes between the different breeding populations exist, they all seem directly or indirectly related to altered 
prey  availability25,27,34,75. The species can therefore represent a sentinel for environmental change in their South 
Ocean foraging grounds.

As the global ocean changes in response to a host of anthropogenic  drivers1, top ocean predators will expe-
rience climate change directly through physiology or indirectly through alterations in food web  dynamics76. 
Arguably, impacts on food web dynamics can be deemed most critical for predators such as baleen whales, as 
they may be more flexible in their physiological and behavioural responses to increasing  SST77. In fact, various 
studies have indicated that the predicted changes for the Southern Ocean, driven by global climate change, should 
be of great concern precisely because it holds crucial nursery habitats and foraging grounds for  krill47,50,78, an 
important food source for many marine top  predators27,51,53,79,80. To the best of our knowledge, our study is the 
first to quantify a temporal reduction in the body condition of a baleen whale dependent on Southern Ocean 
productivity, clearly indicating a reduced foraging success over time. Although the environmental changes that 
may be driving this change remain to be determined, they clearly result in either a decreased prey availability 
and/or a decreased quality of prey for these marine predators. Unsurprisingly, the size, complexity, and relative 
difficulty of attaining long-term measurements in the Southern Ocean make it difficult to develop a full spatial 
understanding of oceanographic variation in the Southern Ocean under climate  change81. Therefore, future stud-
ies assessing the changes occurring in oceanographic conditions in the Southern Ocean, known to be important 
in driving suitable southern right whale feeding  habitat82, could help to alleviate this considerable knowledge gap.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.



8

Vol:.(1234567890)

Scientific Reports |         (2023) 13:3228  | https://doi.org/10.1038/s41598-023-30238-2

www.nature.com/scientificreports/

Received: 27 May 2022; Accepted: 20 February 2023

References
 1. Bindoff, N. L. et al. Changing ocean, marine ecosystems, and dependent communities. IPCC Special Report on the Ocean Cryosphere 

in a Changing Climate 477–587 (2019).
 2. Atkinson, A., Siegel, V., Pakhomov, E. & Rothery, P. Long-term decline in krill stock and increase in salps within the Southern 

Ocean. Nature 432, 100–103 (2004).
 3. Atkinson, A. et al. Krill (Euphausia superba) distribution contracts southward during rapid regional warming. Nat. Clim. Chang. 

9, 142–147 (2019).
 4. Lowther, A. D., Staniland, I., Lydersen, C. & Kovacs, K. M. Male Antarctic fur seals: Neglected food competitors of bioindicator 

species in the context of an increasing Antarctic krill fishery. Sci. Rep. 10, 1–12 (2020).
 5. Barbosa, A., Benzal, J., de León, A. & Moreno, J. Population decline of chinstrap penguins (Pygoscelis antarctica) on Deception 

Island, South Shetlands, Antarctica. Polar Biol. 35, 1453–1457 (2012).
 6. Forcada, J., Trathan, P. N., Reid, K. & Murphy, E. J. The effects of global climate variability in pop production of Antarctic fur seals. 

Ecology 86, 2408–2417 (2005).
 7. Forcada, J. & Trathan, P. N. Penguin responses to climate change in the Southern Ocean. Glob. Change Biol. https:// doi. org/ 10. 

1111/j. 1365- 2486. 2009. 01909.x (2009).
 8. Fraser, W. & Hofmann, E. A predator’s perspective on causal links between climate change, physical forcing and ecosystem response. 

Mar. Ecol. Prog. Ser. 265, 1–15 (2003).
 9. Tulloch, V. J. D., Plagányi, É. E., Brown, C., Richardson, A. J. & Matear, R. Future recovery of baleen whales is imperiled by climate 

change. Glob. Change Biol. 25, 1263–1281 (2019).
 10. Gosler, A. G. Environmental and social determinants of winter fat storage in the great tit Parus major. J. Anim. Ecol. 65, 1–17 

(1996).
 11. Green, A. J. Mass/Length residuals: Measures of body condition or generators of spurious results?. Ecology 13, 1473–1483 (2001).
 12. Schulte-Hostedde, A. I., Zinner, B., Millar, J. S. & Hickling, G. J. Restitution of mass-size residuals: Validating body condition 

indices. Ecology 86, 155–163 (2005).
 13. Arnbom, T., Fedak, M. A. & Boyd, I. L. Factors affecting maternal expenditure in southern elephant seals during lactation. Ecology 

78, 471–483 (1997).
 14. Boltnev, A. I. & York, A. E. Maternal investment in northern fur seals (Callorhinus ursinus): Interrelationships among mothers’ 

age, size, parturition date, offspring size and sex ratios. J. Zool. 254, 219–228 (2001).
 15. Tollefson, T. N., Shipley, L. A., Myers, W. L., Keisler, D. H. & Dasgupta, N. Influence of summer and autumn nutrition on body 

condition and reproduction in lactating mule deer. J. Wildl. Manag. 74, 974–986 (2010).
 16. Wheatley, K. E., Bradshaw, C. J. A., Davis, L. S., Harcourt, R. G. & Hindell, M. A. Influence of maternal mass and condition on 

energy transfer in Weddell seals. J. Anim. Ecol. 75, 724–733 (2006).
 17. Miller, C. A. et al. Blubber thickness in right whales Eubalaena glacialis and Eubalaena australis related with reproduction, life 

history status and prey abundance. Mar. Ecol. Prog. Ser. 438, 267–283 (2011).
 18. Christiansen, F., Víkingsson, G. A., Rasmussen, M. H. & Lusseau, D. Female body condition affects foetal growth in a capital 

breeding mysticete. Funct. Ecol. 28, 579–588 (2014).
 19. Christiansen, F. et al. Maternal body size and condition determine calf growth rates in southern right whales. Mar. Ecol. Prog. Ser. 

592, 267–282 (2018).
 20. Norris, K. S. Some observations on the migration and orientation of marine mammals. Anim. Orientat. Migr. 101, 125 (1967).
 21. Corkeron, P. J. & Connor, R. C. Why do baleen whales migrate?. Mar. Mammal Sci. 15, 1228–1245 (1999).
 22. Frazer, J. F. D. & Huggett, A. S. G. Specific foetal growth rates of cetaceans. J. Zool. 169, 111–126 (1973).
 23. Stearns, S. C. Trade-offs in life-history evolution. Funct. Ecol. 3, 259–268 (1989).
 24. Castrillon, J. & Bengtson Nash, S. Evaluating cetacean body condition; A review of traditional approaches and new developments. 

Ecol. Evol. 10, 6144–6162 (2020).
 25. Leaper, R. et al. Global climate drives southern right whale (Eubalaena australis) population dynamics. Biol. Lett. 2, 289–292 

(2006).
 26. Lockyer, C. All creatures great and smaller: A study in cetacean life history energetics. J. Mar. Biol. Assoc. UK 87, 1035–1045 (2007).
 27. Seyboth, E. et al. Southern right whale (Eubalaena australis) reproductive success is influenced by Krill (Euphausia superba) density 

and climate. Sci. Rep. 6, 28205 (2016).
 28. Williams, R. et al. Evidence for density-dependent changes in body condition and pregnancy rate of North Atlantic fin whales 

over four decades of varying environmental conditions. ICES J. Mar. Sci. 70, 1273–1280 (2013).
 29. Best, P. B. Trends in the inshore right whale population off South Africa, 1969–1987. Mar. Mammal Sci. 6, 93–108 (1990).
 30. Best, P. B. Seasonality of reproduction and the length of gestation in southern right whales Eubalaena australis. J. Zool. 232, 175–189 

(1994).
 31. Best, P. B., Brandão, A. & Butterworth, D. S. Demographic parameters of southern right whales off South Africa. J. Cetacean Res. 

Manag. https:// doi. org/ 10. 47536/ jcrm. vi. 296 (2001).
 32. Vermeulen, E., Wilkinson, C. & Thornton, M. Report of the 2018 South African Southern Right. Paper SC/68A/SH/01 Presented to 

IWC Scientific Committee, 2019 (unpublished). 25 pp. (Available from Off. this Journal) (2019).
 33. Knowlton, A. R., Kraus, S. D. & Kenney, R. D. Reproduction in North Atlantic right whales (Eubalaena glacialis). Can. J. Zool. 72, 

1297–1305 (1994).
 34. van den Berg, G. L. et al. Decadal shift in foraging strategy of a migratory Southern Ocean predator. Glob. Change Biol. https:// 

doi. org/ 10. 1111/ gcb. 15465 (2021).
 35. Carroll, E. L. et al. First Direct evidence for natal wintering ground fidelity and estimate of Juvenile Survival in the New Zealand 

southern right whale Eubalaena australis. PLoS ONE 11, e0146590 (2016).
 36. Valenzuela, L. O., Sironi, M., Rowntree, V. J. & Seger, J. Isotopic and genetic evidence for culturally inherited site fidelity to feeding 

grounds in southern right whales (Eubalaena australis). Mol. Ecol. 18, 782–791 (2009).
 37. Best, P. B. & Ruther, H. Aerial photogrammetry of southern right whales, Eubalaena australis. J. Zool. 228, 595–614 (1992).
 38. Mate, B., Best, P., Lagerquist, B. A. & Winsor, M. H. Coastal, offshore, and migratory movements of South African right whales 

revealed by satellite telemetry. Mar. Mammal Sci. 27, 455–476 (2011).
 39. Christiansen, F., Dujon, A. M., Sprogis, K. R., Arnould, J. P. Y. & Bejder, L. Non-invasive unmanned aerial vehicle provides estimates 

of the energetic cost of reproduction in humpback whales. Ecosphere 7, 1–7 (2016).
 40. R Core Team. R: A Language and Environment for Statistical Computing (2020).
 41. Lockyer, C. Growth and energy budgets of large baleen whales from the Southern Hemisphere. Mamm. Seas, vol. 3, (FAO Fisheries 

Series No. 5) 379–487 (1981).
 42. Christiansen, F. et al. Estimating body mass of free-living whales using aerial photogrammetry and 3D volumetrics. Methods Ecol. 

Evol. 10, 2034–2044 (2019).

https://doi.org/10.1111/j.1365-2486.2009.01909.x
https://doi.org/10.1111/j.1365-2486.2009.01909.x
https://doi.org/10.47536/jcrm.vi.296
https://doi.org/10.1111/gcb.15465
https://doi.org/10.1111/gcb.15465


9

Vol.:(0123456789)

Scientific Reports |         (2023) 13:3228  | https://doi.org/10.1038/s41598-023-30238-2

www.nature.com/scientificreports/

 43. Christiansen, F. et al. Population comparison of right whale body condition reveals poor state of the North Atlantic right whale. 
Mar. Ecol. Prog. Ser. 640, 1–16 (2020).

 44. Braithwaite, J. E., Meeuwig, J. J., Letessier, T. B., Jenner, K. C. S. & Brierley, A. S. From sea ice to blubber: Linking whale condition 
to krill abundance using historical whaling records. Polar Biol. 38, 1195–1202 (2015).

 45. Loeb, V. J., Hofmann, E. E., Klinck, J. M., Holm-Hansen, O. & White, W. B. ENSO and variability of the antarctic peninsula pelagic 
marine ecosystem. Antarct. Sci. 21, 135–148 (2009).

 46. Reid, K. & Croxall, J. P. Environmental response of upper trophic-level predators reveals a system change in an Antarctic marine 
ecosystem. Proc. R. Soc. B Biol. Sci. 268, 377–384 (2001).

 47. Trathan, P. N., Forcada, J. & Murphy, E. J. Environmental forcing and Southern Ocean marine predator populations: Effects of 
climate change and variability. Philos. Trans. R. Soc. Biol. Sci. https:// doi. org/ 10. 1098/ rstb. 2006. 1953 (2007).

 48. Bost, C. A. et al. The importance of oceanographic fronts to marine birds and mammals of the Southern Oceans. J. Mar. Syst. 78, 
363–376 (2009).

 49. Crocker, D. E., Costa, D. P., Le Boeuf, B. J., Webb, P. M. & Houser, D. S. Impact of El Niño on the foraging behavior of female 
northern elephant seals. Mar. Ecol. Prog. Ser. 309, 1–10 (2006).

 50. Flores, H. et al. Impact of climate change on Antarctic krill. Mar. Ecol. Prog. Ser. 458, 1–19 (2012).
 51. Forcada, J. et al. Responses of Antarctic pack-ice seals to environmental change and increasing krill fishing. Biol. Conserv. 149, 

40–50 (2012).
 52. Garcia-Rojas, M. I. et al. Environmental evidence for a pygmy blue whale aggregation area in the Subtropical Convergence Zone 

south of Australia. Mar. Mammal Sci. 34, 901–923 (2018).
 53. Tormosov, D. et al. Soviet catches of southern right whales Eubalaena australis, 1951–1971: Biological data and conservation 

implications. Biol. Conserv. 86, 185–197 (1998).
 54. Trathan, P. N. et al. Foraging dynamics of macaroni penguins Eudyptes chrysolophus at South Georgia during brood-guard. Mar. 

Ecol. Prog. Ser. 323, 239–251 (2006).
 55. Murphy, E. J. et al. Climatically driven fluctuations in Southern Ocean ecosystems. Proc. R. Soc. B Biol. Sci. 274, 3057–3067 (2007).
 56. Nicol, S. Krill, currents, and sea ice: Euphausia superba and its changing environment. Bioscience 56, 111–120 (2006).
 57. Atkinson, A. et al. Oceanic circumpolar habitats of Antarctic krill. Mar. Ecol. Prog. Ser. 362, 1–23 (2008).
 58. Atkinson, A. et al. South Georgia, Antarctica: A productive, cold water, pelagic ecosystem. Mar. Ecol. Prog. Ser. 216, 279–308 

(2001).
 59. Atkinson, A., Ward, P., Hill, A., Brierley, A. S. & Cripps, G. C. Krill-copepod interactions at South Georgia, Antarctica, II. Euphausia 

superba as a major control on copepod abundance. Mar. Ecol. Prog. Ser. 176, 63–79 (1999).
 60. DeLorenzo Costa, A., Durbin, E. G. & Mayo, C. A. Variability in the nutritional value of the major copepods in Cape Cod Bay 

(Massachusetts, USA) with implications for right whales. Mar. Ecol. 27, 109–123 (2006).
 61. Linder, M., Belhaj, N., Sautot, P. & Tehrany, E. A. From krill to whale: An overview of marine fatty acids and lipid compositions. 

Oleagineux Corps Gras Lipides: OCL 17, 194–204 (2010).
 62. McKinstry, C. A. E., Westgate, A. J. & Koopman, H. N. Annual variation in the nutritional value of stage V Calanus finmarchicus: 

Implications for right whales and other copepod predators. Endanger. Species Res. 20, 195–204 (2013).
 63. Maron, C. F. et al. Fatty acids and stable isotopes (13C, 15N) in southern right whale Eubalaena australis calves in relation toage 

and mortality at Peninsula Valdes, Argentina. Mar. Ecol. Prog. Ser. 646, 189–200 (2020).
 64. Thomas, V. G. Control of reproduction in animal species with high and low body fat reserves. Prog. Reprod. Biol. Med. 14, 27–41 

(1990).
 65. Ford, J. K. B., Ellis, G. M., Olesiuk, P. F. & Balcomb, K. C. Linking killer whale survival and prey abundance: Food limitation in 

the oceans’ apex predator?. Biol. Lett. 6, 139–142 (2010).
 66. Greene, C. H., Pershing, A. J., Kenney, R. D. & Jossi, J. W. Impact of climate variability on the recovery of endangered North Atlantic 

right whales. Oceanography 16, 98–103 (2003).
 67. Vermeulen, E., Wilkinson, C. & Van Den Berg, G. Report of the Southern Right Whale Aerial Surveys—2019. Paper SC/68B/SH/02 

Presented to IWC Scientific Committee, 2020 (unpublished). 25 pp. (Available from Off. this Journal) (2020).
 68. Douhard, F., Gaillard, J. M., Pellerin, M., Jacob, L. & Lemaître, J. F. The cost of growing large: Costs of post-weaning growth on 

body mass senescence in a wild mammal. Oikos 126, 1329–1338 (2017).
 69. Sigurjónsson, J., Halldórsson, S. D. & Konráðsson, A. New Information on Age and Reproduction in Minke Whales (Balaenoptera 

acutorostrata) in Icelandic Waters. Page Doc. SC/42/NHMi27 Scientific Communication International Whaling Commission. 
Noordwijkerhout, Netherlands (1990).

 70. Charlton, C. et al. Demographic Parameters of Southern Right Whales (Eubalaena australis) off Australia. Paper SC/67B/INFO/22 
Presented to IWC Scientific Committee, 2018 (Unpublished). 28 pp. (Available from Off. This Journal) (2018).

 71. Marón, C. F. et al. Increased wounding of southern right Whale (Eubalaena australis) calves by Kelp Gulls (Larus dominicanus) at 
Península Valdés, Argentina. PLoS ONE 10, 1–20 (2015).

 72. Rowntree, V. J. et al. Unexplained recurring high mortality of southern right whale Eubalaena australis calves at Península Valdés, 
Argentina. Mar. Ecol. Prog. Ser. 493, 275–289 (2013).

 73. Brandão, A., Vermeulen, E., Ross-gillespie, A., Findlay, K. & Butterworth, D. S. Updated Application of a Photo-Identification 
Based Assessment Model to Southern Right Whales in South African Waters , Focussing on Inferences to be Drawn from a Series of 
Appreciably Lower Counts of Calving Females Over 2015 to 2017. Paper SC/67B/SH2 Presented to IWC Scientific Committee, 2018 
(unpublished). 18 pp. (Available from Off. this Journal) (2018).

 74. Crespo, E. A. et al. The southwestern Atlantic southern right whale, Eubalaena australis, population is growing but at a decelerated 
rate. Mar. Mammal Sci. 35, 93–107 (2019).

 75. Agrelo, M. et al. Ocean warming threatens southern right whale population recovery. Sci. Adv. 7, eabh2823 (2021).
 76. Stenseth, N. C. et al. Ecological effects of climate fluctuations. Science (80-) 297, 1292–1296 (2002).
 77. Nicol, S., Worby, A. & Leaper, R. Changes in the Antarctic sea ice ecosystem: Potential effects on krill and baleen whales. Mar. 

Freshw. Res. 59, 361–382 (2008).
 78. Meredith, M. P. & King, J. C. Rapid climate change in the ocean west of the Antarctic Peninsula during the second half of the 20th 

century. Geophys. Res. Lett. 32, 1–5 (2005).
 79. Croxall, J., Reid, K. & Prince, P. Diet, provisioning and productivity responses of marine predators to differences in availability of 

Antarctic krill. Mar. Ecol. Prog. Ser. 177, 115–131 (1999).
 80. Tulloch, V. J. D., Plagányi, É. E., Brown, C., Richardson, A. J. & Matear, R. Future recovery of baleen whales is imperiled by climate 

change. Glob. Change Biol. 25, 1263–1281 (2019).
 81. Hoegh-Guldberg, O. & Bruno, J. F. The impact of climate change on the world’s marine ecosystems. Science (80-) 328, 1523–1528 

(2010).
 82. González Carman, V., Piola, A., O’Brien, T. D., Tormosov, D. D. & Acha, E. M. Circumpolar frontal systems as potential feeding 

grounds of Southern Right whales. Prog. Oceanogr. 176, 102123 (2019).

https://doi.org/10.1098/rstb.2006.1953


10

Vol:.(1234567890)

Scientific Reports |         (2023) 13:3228  | https://doi.org/10.1038/s41598-023-30238-2

www.nature.com/scientificreports/

Acknowledgements
The authors wish to acknowledge Prof Peter Best for his substantial research efforts on the South African southern 
right whale population, ensuring the availability of historical photogrammetry data. We further wish to thank 
Christopher Wilkinson, DroneAir, the Endangered Wildlife Trust and MRI Whale Unit students who made 
fieldwork for this project possible. Funding for this project was provided by ExxonMobil, ENI, Anadarko and 
TotalEnergies, and the National Research Foundation (NRF), South Africa. T.T. received an MSc bursary from 
the NRF to process parts of the data. All research was carried out under permits of the Department of Forestry, 
Fisheries and the Environment to approach whales, relevant ethics permits of the University of Pretoria and 
under specific Marine Protected Area permits from the relevant conservation authorities. All drone work was 
conducted in accordance with the rules and regulations of the Civil Aviation Authority of South Africa.

Author contributions
E.V. conceived the study and sourced needed fieldwork funding; E.V. and F.C. designed the study; E.V. and F.C. 
conducted fieldwork; E.V., T.T., M.G. and F.C. analysed the data; E.V. drafted the manuscript, with input from 
F.C. All co-authors assisted in interpreting the data, and contributed to the finalisation of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to E.V.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Decadal decline in maternal body condition of a Southern Ocean capital breeder
	Materials and methods
	Data collection. 
	Data processing and filtering. 
	Body condition metric. 
	Comparison of body condition between the early and late period. 
	Accounting for measurement errors. 

	Results
	Sampling effort. 
	Comparison of body condition between the early and late period. 
	Effect of measurement errors. 

	Discussion
	References
	Acknowledgements


