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In species with prolonged parental investment, extended care imposes considerable costs. In Northern 
Resident killer whales (Orcinus orca), maternal investment is demanding due to long gestation, 
extended lactation, and lifelong care of non-dispersing offspring. Using 10 years of aerial images, we 
assessed whether reproduction and maternal care affected body condition in 66 reproductive-aged 
females. Females in late pregnancy had significantly higher body condition than those not pregnant or 
with unsuccessful pregnancies, while females in the first two years of lactation had significantly lower 
condition. By year three, body condition rebounded, coinciding with weaning. To evaluate long-term 
costs, we analyzed body condition in 75 adult females relative to: (1) number of living offspring (life-
long parental care hypothesis), (2) lifetime births (successive reproduction hypothesis), and (3) number 
of living sons (expensive sons hypothesis), while accounting for prey abundance. Maternal condition 
declined with increasing numbers of living offspring and lifetime births, independent of Pacific Salmon 
Commission Chinook salmon (Oncorhynchus tshawytscha) abundance index. Living offspring was 
the strongest predictor of the reproductive history covariates, supporting the life-long parental care 
hypothesis. We found no support for the expensive sons hypothesis. These findings highlight energetic 
costs of extended maternal investment in long-lived, socially complex species.
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Identifying factors that can limit reproduction and survival of breeding individuals is a critical goal in the 
conservation management of wildlife. Among these limitations are costs associated with parental care. While 
breeding individuals can increase the survival of their offspring by providing care, this may limit the parent’s 
ability to invest in producing future offspring1. Parental investment may extend over long periods; for example, 
investment can start before conception through pre-emptive resource gathering2 and, in some social taxa, 
continue well after offspring reach sexual maturity3.

Theory predicts that parents can maximise their reproductive success by achieving an optimal balance 
between the number of offspring and investment in individual offspring4,5. This prediction is consistent with 
studies demonstrating that increased reproductive output is linked to reduced offspring mass6, lower offspring 
and parent survival7, and diminished parental fitness8–10. Investment in individual offspring may also depend 
on factors such as offspring quality or the time required for offspring to reach independence, with parents 
allocating more resources to higher-quality offspring and those likely to become independent sooner11,12. The 
costs associated with parental investment can also increase when resources are scarce13–15.

In mammals, females experience considerable demands related to gestation and post-partum care16. 
Pregnancy imposes energetic costs17,18, which are amplified for species with complex fetal development19. 
Reproduction-related fluctuations in female size and body condition have been observed in large mammals 
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with longer gestation periods20–26. Post-parturition demands can be even greater than those experienced during 
gestation due to the high physiological costs of lactation3,27. In species with male-biased sexual dimorphism, 
studies have demonstrated that a mother’s health and/or future reproductive output may decline after raising 
sons than daughters28–30. This effect is likely greatest in species that continue to invest in their offspring up to 
and even beyond maturity. Investment beyond sexual maturity can occur when offspring do not disperse from 
the geographic range of one or both parents, and may include assistance with predator vigilance and defence, 
foraging assistance, grooming, and even direct provisioning of food31,32.

Fish-eating Resident killer whales (RKWs; Orcinus orca) invest in extensive maternal care. Investment 
continues past weaning and even after sexual maturity of their offspring, and imposes enduring costs30. RKW 
females demonstrate a long reproductive investment period, with gestation lasting approximately 16 to 18 
months33,34, followed by approximately three years of lactation35–37. After weaning, maternal care continues 
through the lifelong sharing of their prey38,39. Adult daughters receive less provisioning as they age and raise 
their own offspring, whereas adult males continue to be provisioned more substantially by their mothers 
throughout their lives39. RKW mothers face especially pronounced costs from bearing male offspring due to this 
lifelong investment. Weiss et al.30 found that mothers with at least one son have a 70% lower annual probability 
of producing a viable calf compared to females without offspring, whereas having daughters had no effect on 
reproductive success. Recent studies have focused on the costs of RKW maternal care on the future reproductive 
success of females30 and kin fitness40,41, but it is unknown how this reproductive investment and the cumulative 
investment of long-term care influences more readily observed measures, such as a female’s body condition.

RKWs face additional challenges in provisioning offspring due to declines in the abundance and size of 
their primary prey, Chinook salmon (Oncorhynchus tshawytscha). RKW fecundity, survival, and social structure 
depends on Chinook salmon abundance and availability42–50. How prey abundance may additionally or 
interactively affect the intrinsic costs in body condition imposed by reproduction is critical for the development 
of conservation plans to promote RKW recovery.

Given the costly nature of maternal care in RKWs, we reasoned that a mother’s body condition would be 
influenced by the physiological demands associated with maternal investment. Accordingly, our objective was 
to investigate how maternal investment, from pregnancy to post-weaning care and long-term provisioning of 
offspring, might affect the physical condition of RKW mothers. To examine this possibility, we analyzed a 10-year 
dataset of aerial images of Northern Resident killer whales (NRKWs). Listed as Threatened in Canada under the 
Species at Risk Act51, the 341-member population of NRKWs (population size as of 202252; belong to one of two 
RKW populations ranging from Washington State, USA, to southern Alaska, USA53. We investigated: (1) how 
maternal investment affects female body condition throughout the reproductive cycle (17.5-month pregnancy 
and three-year nursing period) and (2) how female body condition is influenced by prolonged investment 
associated with both the number and sex of offspring she has over her reproductive lifetime. We predicted that 
females would gain fat throughout pregnancy, followed by a decrease in body condition postpartum due to the 
energetic costs of lactation.

In considering the implications of lifetime investment, we reasoned that associations between female body 
condition and the number of offspring produced by a female is likely the result of prolonged parental care 
and/or nutritional demands from successive reproductive events. To evaluate these possibilities, we considered 
both the number of living offspring a female had (life-long parental care hypothesis) and the total number of 
births (number of living and dead offspring; successive reproductive events hypothesis). Given the influence of 
offspring sex on female fitness30, we also examined the cost of having sons compared to daughters (expensive son 
hypothesis) on female condition. We predicted that female body condition would be more strongly associated 
with the number of living offspring than with the number of births, as the considerable birthing intervals in 
NRKWs (4.88 years36, may reduce the costs of successive reproductive events. We also predicted that the number 
of living sons a female has would have a stronger association with reduced body condition than the number 
of living daughters. In light of evidence that RKW fecundity, survival, and body condition is influenced by 
Chinook salmon abundance42–44,48, we also examined the effects of lifetime maternal investment on female 
condition under varying abundance of the key prey species. We predicted that any negative associations between 
a mother’s body condition and the number and/or sex of her offspring would be more pronounced during years 
of lower Chinook salmon abundance.

Materials and methods
Study population and data collection
From 2014 to 2023, we conducted three to five-week field seasons (August to September) along Northeastern 
Vancouver Island, British Columbia within Kwakwaka’wakw territories (Northern boundary: 51° 19’ 55” N, 
Southern boundary: 49° 58’ 36” N; Supplementary Fig. 1) to collect aerial images of NRKWs as part of a long-
term health assessment study. We performed additional two-week field efforts on the Central Coast of British 
Columbia in June 2019, July 2022, and July 2023, within Gitga’at, Kitasoo/Xai’xais, Heiltsuk, and Wuikinuxv 
territories (Northern boundary: 53° 45’ 59” N, Southern boundary: 51° 19’ 56” N; Supplementary Fig. 1) to 
photograph as many of the NRKW population as possible. We conducted field work during summer months to 
avoid potentially confounding seasonal effects on body condition54 and to capture annual snapshots when body 
condition is likely most robust48. All field activities were carried out under research permits from Fisheries and 
Oceans Canada.

We located NRKWs by visual and acoustic scans (~ 10 nautical mile acoustic range hydrophone), with search 
efforts guided by local sightings shared via VHF radio from mariners and tourism operators. We collected 
lateral identification images with a DSLR camera and telephoto lens (300 mm and 400 mm maximum range) 
by approaching the whales at 30–100 m with our research vessels (8.2 m motor vessel (2014–2022), 15.5 m 
motor vessel (2019 Central Coast sampling), and a 20 m sailing vessel with a 4.2 m tender (2022 Central Coast 
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sampling; 2023 both study areas sampling). We cross-referenced the images with published photo-identification 
catalogues55–58, as well as our own aerial catalogues, to identify individual whales. We used demographic 
information (including sex, birth year, death year [if applicable], identity of the whale’s mother, and matrilineal 
grouping) for every individual from the same catalogues. Sex designations for individuals and calf-mother 
relationships were confirmed in the catalogues only when supported by direct evidence. Visual confirmation 
included observations of ventral skin pigmentation, characteristic dorsal-fin sprouting in maturing males, and 
the presence of a closely associated new calf indicating a reproductive female and mother-offspring relation57. 
In some cases, genetic analyses provided additional verification57. Although occasional misclassification is 
possible, established field protocols and consistent morphological and behavioural indicators make such errors 
uncommon.

To evaluate body condition of NRKWs from aerial photographs, we used Remotely Piloted Aircraft Systems 
(RPASs or ‘drones’) following protocols established by Durban et al.59. Detailed description of the RPAS 
equipment we used can be found in Supplementary Table 1. The RPAS flew 25 to 40 m above the whales, with 
a gimbal camera oriented at 90 degrees to take photographs from directly above the surfacing whales. We took 
precautions to minimize potential disturbance to whales following recommendations from Durban et al.59, and 
Aubin et al.60: maintaining RPAS altitude at a minimum of 25 m and monitoring for avoidant behaviours, which 
were never observed. Although we frequently conducted multiple flights over individual whales to ensure an 
adequate number of images for photogrammetric analysis, we limited total flight time over an individual whale 
to 30 min per day. During RPAS operations, the vessel remained within 400 m of the whales, moving slowly 
behind or parallel to them. Over the 10 years of field work, the research teams conducted 766 RPAS flights 
during 177 encounters with NRKWs. We photographed 82 females (age 10 and above, see Methods below), with 
52 females sampled across multiple years and an average of 24 females sampled in each year.

Photogrammetric analysis
We evaluated body condition through photogrammetric measurements of each whale’s anterior region. When 
small, toothed whales become nutritionally stressed, they lose adipose tissue behind the cranium which can be a 
reliable indicator of declines in body condition23,61,62. Such declines have been correlated with nutritional status 
and survivorship in Southern Resident killer whales23,48,54. Using the ImageJ software package ​(​​​h​t​t​p​s​:​/​/​i​m​a​g​e​j​.​n​
e​t​/​​​​​​)​​, we estimated each whale’s body condition by measuring its eye patch ratio (as per Fearnbach et al.54 using 
the following formula (Eq. 1):

	
Eye patch ratio = Distance between 75% length of eye patches

Distance between anterior edges of eye patches
� (1)

Eye patch ratio has been used as a proxy for the nutritional status of killer whales and is a sensitive measure 
of body condition48,54. Lower values indicate less fat behind the cranium, which is associated with increased 
probability of mortality48. We selected aerial images where the whale’s eye patches were in focus, each end of 
the eye patches were visible above the water surface, and the whale had no discernable tilt in body axis or head.

We calculated the annual mean eye patch ratio for a whale using all suitable images from that sampling year 
(median number of images per whale = 5.0, ranging from 1 to 46 images). Repeated measurements of the same 
individual taken from different images in the same year were highly consistent; within-subject coefficients of 
variation ranged 0.0003 to 0.03, with a median of 0.01. As this is substantially lower than the variation observed 
across individuals in each year of the study (0.02–0.04, median 0.03), we do not believe that measurement 
error significantly influenced our results. For whales that were sampled in different months, we pooled images 
from all sampling months to calculate their annual mean eye patch ratio, given that sampling month had no 
significant effect on eye patch ratio during our three-month sampling window (See Supplementary Methods 
and Supplementary Fig. 2).

Assessing body condition throughout the reproductive cycle
To assess how the reproductive cycle might influence female body condition, all females of reproductive age were 
assigned one of six reproductive statuses in each year they were measured (described in Robinson & Visona-
Kelly63). We considered all females between 10 years (the youngest age a killer whale typically produces its first 
viable calf36 and 42 years to be of reproductive age, in addition to females of 42–48 years old who had a current 
calf52. While there are infrequent reports of females becoming pregnant at younger ages, these definitions align 
with observed pregnancies in our dataset, where the youngest females to give birth would have become pregnant 
at 10–11 years old and the oldest females to give birth became pregnant at 46 years old. This resulted in a sample 
size of 207 whale-by-year observations representing 66 unique individuals. Due to the 17.5-month gestation 
period of killer whales33,34, females were considered ‘pregnant - late stages’ in the year before they were first seen 
with a calf and ‘pregnant - early stages’ the previous year. For example, a female that was first seen with a calf 
between the 2019 and 2020 field seasons would be designated as ‘pregnant - late stages’ in 2019 and ‘pregnant - 
early stages’ in 2018. Lactating females were categorized into ‘lactating year 1’ for the year a calf was born, and 
‘lactating year 2’ and ‘lactating year 3’ for the following two years until calves are weaned35. Miscarriage rates for 
the closely related Southern Resident killer whales have been estimated as high as 69%46,64. Therefore, we assigned 
all other reproductive-aged females as ‘non-pregnant/unsuccessful pregnancy’, to account for the possibility that 
whales in this category could have been pregnant when measured and later miscarried. Reproductive statuses 
were confirmed through annual population censuses58. Three females were visually identified as pregnant from 
drone imagery based on visually-apparent increased mid-section width, a known indicator of pregnancy in killer 
whales and other dolphins65,66. However, their pregnancies were not confirmed by calf presence the following 
year, so we excluded these observations from analysis. Post-menopausal females (42–48 years without a current 
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calf or older than 48 years, according to the definition used in the Fisheries and Oceans Canada population 
census52) were excluded from this analysis due to their inability to breed.

We then constructed a linear mixed effects model to examine how body condition might relate to the 
reproductive cycle. Specifically, we used the R package glmmTMB67, with reproductive status (i.e., non-pregnant/
unsuccessful pregnancy, early-stage pregnant, late-stage pregnant, lactating year 1, lactating year 2, lactating 
year 3) as a fixed explanatory variable and eye patch ratio as a response variable. This analysis also provided an 
opportunity to identify consecutive stages of the RKW reproductive cycle that presented similar distributions of 
eye-patch ratios. Specifically, we used the outputs of this model to reduce our covariate set in subsequent analyses 
(see Methods below) by combining consecutive reproductive stages that had similar effects on RKW body 
condition into three reproductive stages. To account for changes in eye patch ratio as whales age48, we included a 
fixed effect of female age, fit as a cubic natural spline (Supplementary Fig. 3). Due to the repeated measurement 
of the same individuals in successive sampling years, we included whale identity and matriline identity as 
random effects. We also included year-level random intercepts that followed a first-order autoregressive (AR1) 
model, allowing us to quantify inter-annual variation in body condition across the entire study population. More 
specifically, we assumed that year-level random intercepts followed a multivariate Gaussian distribution where 
each component (i.e., the effect associated with each year) was only correlated with components for the previous 
and following years. To assess the validity of model assumptions, we examined residual plots using the R package 
DHARMa68, and tested normality of the eye patch ratio by assessing histograms and a Cullen and Frey graph 
with 1,000 bootstrap replicates.

Assessing impacts of lifetime maternal care on body condition
We examined the effects of lifetime maternal investment (i.e., investment during reproduction and life-long 
provisioning) on adult female body condition (age 12 or greater36,39). Using data from 225 whale-by-year 
observations of 75 unique individuals, we regressed NRKW eye patch ratios against a suite of biological and 
demographic predictors. A summary of each adult female’s reproductive history can be found in Supplementary 
Table 2. We included reproductive status as a categorical covariate using a simplified classification based on 
results from the analysis outlined in above: We designated females as ‘pregnant’ the year immediately preceding 
a calf ’s birth and combined all ‘lactating year 1’ and ‘lactating year 2’ females into a single ‘lactating’ category (see 
Results for more details). We included a cubic natural spline for age as a fixed effect (Supplementary Fig. 3), and 
individual and matriline identity as random effects.

We also included the Pacific Salmon Commission’s annual ocean catch abundance index from 2014 to 2023 
in our models69, which estimate salmon abundance relative to levels measured in 1979–1982. This metric has 
been shown to correlate with NRKW mortality and fecundity42,43. We averaged the annual abundance indices 
across three areas (Southeastern Alaska, Northern British Columbia, and West Coast Vancouver Island), given 
that the NRKW range includes all three areas53,70.

We constructed four predictors related to offspring characteristics and included them as covariates in our 
models. These were: (1) number of known births (sum of the number of living and dead offspring), (2) number 
of living offspring, (3) the number of living sons, and (4) the number of living daughters a mature female had 
in a given year. We included interactions between each of these offspring covariates and age to account for any 
relationships between prolonged maternal care and body condition that were influenced by a female’s age and 
experience. We also included interaction terms between salmon abundance and our four offspring covariates. 
Interactions between the abundance index and social factors have been observed in the context of mortality in 
previous studies. Specifically, when salmon abundance was low, lower social connectivity and lack of matriline 
leadership was associated with higher mortality45,71,72. Strong positive correlations between some of our offspring 
covariates (e.g., “number of births” and “number of living offspring”: R2= 0.91, Supplementary Fig. 4) prohibited 
us from including these variables in the same model. Instead, we constructed a set of four candidate models for 
our analysis on adult females based on a priori hypotheses (Table 1). To directly test whether rearing sons is more 
costly to a mother’s body condition than rearing daughters, we performed an additional analysis in which we 
included the total number of offspring as a covariate in the expensive sons and expensive daughters models (See 
Supplementary Methods and Supplementary Tables 3, 4).

Null Model

Null 1 + random effects (whale ID and matriline ID)

Number of living offspring model (Life-long parental care hypothesis)

1 Number of offspring + number of offspring X age + number of offspring X salmon + salmon + reproductive status + age

Number of births model (Successive reproductive events hypothesis)

2 Number of births + number of births X age + number of births X salmon + salmon + reproductive status + age

Number of living sons model (Expensive sons hypothesis)

3 Number of sons + number of sons X age + number of sons X salmon + salmon + reproductive status + age

Number of living daughters model (Expensive daughters hypothesis)

4 Number of daughters + number of daughters X age + number of daughters X salmon + salmon + reproductive status + age

Table 1.  List of candidate models for analysis on the body condition of adult female Northern resident killer 
Whales. Models 1 to 4 include random effects of Whale ID and matriline ID. Interaction terms are denoted 
with an ‘X’.
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We used the R package glmmTMB67 to design Gaussian linear mixed-effects regression models to fit the data. 
All statistical analyses were conducted using the programming software R 4.2.373. We evaluated our candidate 
models using the Akaike Information Criteria (AIC)74, considering models within two AIC points of the top 
performing model (lowest AIC) as competitive, unless simpler models had lower ΔAIC (the difference in AIC 
between each model and the best model) than more complex models74,75. We validated model performance 
using the R package DHARMa68 and assessed the influence of covariates by evaluating coefficient estimates and 
their 95% confidence intervals within our top models. To aid interpretation, we used the R package ggeffects76 
to generate predicted values for body condition across three representative age values using: the mean age of 
females in our dataset (28.9 years), mean age plus one standard deviation (40.9 years), and mean age minus one 
standard deviation (17.0 years).

Results
Influence of the reproductive cycle on female body condition
Eye patch ratio showed significant associations with reproductive status (Table 2; Fig. 1). Whereas we found 
no difference in eye patch ratio between reproductive-aged females that were not pregnant/had unsuccessful 
pregnancies and females in the early stages of pregnancy (> 1 year before the birth of their calf), females in the 
later stages of pregnancy (< 1 year before the birth of a calf) had significantly higher eye patch ratios than non-
pregnant females/females that had unsuccessful pregnancies (Coefficient = 0.020, Z = 5.38, p < 0.001; Table  2; 
Fig.  1). Following parturition, females showed a steep decline in eye patch ratio, decreasing to significantly 
lower values than non-pregnant females (Coefficient = −0.010, Z = −2.71, p = 0.007; Table 2; Fig. 1). Eye patch 
ratios remained significantly lower in females in their second year of lactation compared with non-pregnant 
females/females that had unsuccessful pregnancies (Coefficient = −0.012, Z = −3.01, p = 0.003; Table 2; Fig. 1), 
but showed no difference in the third year of lactation (Table 2; Fig. 1).

Influence of lifetime maternal investment on female condition
We found evidence that an adult female’s body condition was influenced by characteristics of her living offspring 
and reproductive history. Multi-model inference suggested that the model containing the number of living 
offspring a female had best explained variation in body condition (AIC weight = 0.73, Table 3), and was the only 
competitive model in the model set. This top model explained 87% of the variation, with fixed effects explaining 
27% of the variation (marginal R2 = 0.27). The influence of the Pacific Salmon Commission Chinook abundance 
covariate on body condition was modest; we observed a slight but negative association (Supplementary Fig. 5), 
and no interaction term that included Chinook abundance had a detectable influence on body condition 
(coefficient = 0.002, Z = 0.66, p = 0.51) (Supplementary Fig.  6). The coefficient related to Chinook abundance 
was greater than that relating to the number of living offspring (Fig. 2). However, given we did not scale our 
coefficients, this finding does not directly indicate that Chinook had a larger effect on a female’s body condition.

Eye patch ratio was negatively associated with the number of living offspring (coefficient = −0.011, Z = −2.06, 
p = 0.04) and number of births a reproductive female had (coefficient = −0.008, Z = −1.53, p = 0.13) (Figs. 2 and 
3). There was no significant interaction between number of living offspring and age (coefficient = 0.011, Z = 0.61, 
p = 0.54) or between number of births and age (coefficient = 0.009, Z = 0.64, p = 0.52) (Fig. 3). For the average age 
of adult females in the dataset (age 29), there was a negative association between body condition and number 
of living offspring a female had (slope = −0.008, 95% CI: −0.014 to −0.003), with a similar pattern among older 
adult females (age = 41, slope = −0.006, 95% CI: −0.011 to −0.001). The number of births a female had was 
negatively associated with body condition for averaged aged females (age = 29, slope = −0.007, 95% CI: −0.013 to 
−0.002) and older adult females (age = 41, slope = −0.006, 95% CI: −0.010 to −0.001).

While the total number of offspring influenced body condition in adult females, the number of living sons 
or daughters considered separately did not. However, the number of living daughters had a stronger negative 
association with a female’s body condition than the number of living sons (Supplementary Fig. 7). These patterns 
were consistent across adult female age. For average aged females (age 29), the number of living sons was weakly 

Fixed effect Estimate SE Z value p value

Intercept 1.146 0.007 158.03 < 0.001

Age (1st degree) 0.081 0.014 5.79 < 0.001

Age (2nd degree) 0.037 0.014 2.64 0.01

Reproductive status:

Pregnant - early stages 0.004 0.004 0.99 0.32

Pregnant - late stages 0.020 0.004 5.38 < 0.001

Lactating year 1 −0.010 0.004 −2.71 0.007

Lactating year 2 −0.012 0.004 −3.01 0.003

Lactating year 3 −0.007 0.004 −1.84 0.07

Table 2.  Fixed effects from linear mixed effects model examining how body condition varies across 
reproductive stages of reproductive-aged female Northern resident killer whales (n = 207 whale-by-year 
observations, 66 individuals). Statistically robust effects (i.e., p < 0.05) are highlighted in bold. For the fixed 
effect of reproductive status, regression coefficients indicate comparisons between each factor level (i.e., 
reproductive stage) and non-pregnant females/females that had unsuccessful pregnancies.
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associated with an adult female’s body condition (slope = 0.001, 95% CI: −0.007 to 0.008; Coefficient = −0.007, 
Z = −0.87, p = 0.38). Whereas the number of living daughters had a stronger negative association on an adult 
female’s body condition than the number of living sons, and had a significantly negative slope for average aged 
females (age = 29, slope = −0.008, 95% CI: −0.014 to −0.002), the overall effect of the number of living daughters 
was not a significant predictor of adult female body condition (Coefficient = −0.01, Z = −1.18, p = 0.24) nor 
was the interaction between age and number of living daughters (Coefficient = 0.03, Z = 1.32, p = 0.19). Our 
supplementary analysis also found that neither the number of living sons nor the number of living daughters 
significantly influenced an adult female’s body condition (Supplementary Table 4).

Fig. 1.  Marginal effects (black points) of each reproductive stage on eye patch ratio (i.e., body condition) 
in reproductive-aged female Northern Resident killer whales, as estimated from the model presented in 
Table 1. Error bars depict 95% confidence intervals (n = 207 whale-by-year observations, 66 individuals). 
Asterisks indicate reproductive states for which eye patch ratio differed significantly (p < 0.05) from non-
pregnant females/females that had unsuccessful pregnancies. Grey points represent annual mean eye patch 
ratio values for each female measured at each reproductive stage. Points representing individual females that 
were measured in consecutive years are linked by grey lines, and the black line links marginal effects for each 
reproductive stage.
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Discussion
Our analysis provides evidence that female killer whales incur physiological costs from investing in their non-
dispersing offspring, attributable to their lifelong provisioning of offspring as well as reproduction, lactation, and 
neonatal care. An adult female’s body condition increased during the later stages of pregnancy and declined to 
below baseline non-pregnant/unsuccessful pregnancy levels during the first two years of lactating. Our analysis 
also showed that a mother’s body condition was negatively associated with the number of births and living 
offspring she had. However, the number of living offspring a female had was a stronger predictor of female 
body condition than the number of births she had, providing stronger support for the life-long parental care 
hypothesis over the successive reproductive events hypothesis. Contrary to our predictions, offspring sex did not 
significantly influence a mother’s condition, providing no additional support for the expensive sons hypothesis. 
Additionally, neither of these patterns were influenced by the Pacific Salmon Commission’s Chinook abundance 

Fig. 2.  Coefficients (dots) and 95% confidence intervals (lines) for fixed effects in the top performing model 
(Model # 1; Supplementary Table 3) for predicting eye patch ratio among adult female Northern Resident killer 
whales (n = 225 whale-by-year observations, 75 individuals). Coefficient values reflect scaled and centered 
eye patch ratio values. Predictor coefficients are associated with unscaled covariates (y axis) and the relative 
strength of evidence associated with each covariate is compared using p values. Symbols denote p values (*** = 
0.0001, ** = 0.001, * = 0.01, · = 0.05). Blue values indicate positive associations, and red values indicate negative 
associations between predictors and eye patch ratios of adult females. Reproductive status categories denoted 
by ‘;’ represent the level of the predictor variable compared to the base case level (not pregnant). Brackets 
around age terms represent the degree of natural spline function for age and ‘X’ indicates an interaction 
between predictors.

 

Model # Hypothesis Reproductive history covariate K AICc Δ AICc AICc weight Marginal R2

1 Life-long parental care Number of living offspring 13 246.56 0.00 0.73 0.27

2 Successive reproductive events Number of births 13 249.78 3.22 0.15 0.25

4 Expensive daughters Number of living daughters 13 250.39 3.84 0.11 0.24

3 Expensive sons Number of living sons 13 253.53 6.98 0.02 0.20

Null None 4 344.99 98.43 0.00 0.00

Table 3.  Model selection results from analysis on adult female Northern resident killer whales (n = 225 whale-
by-year observations, 75 individuals). Models varied by which reproductive history covariate was included. 
For each model, the reproductive history covariate it contained was also considered in interaction terms with 
age and salmon abundance. See Supplementary Table 2 for a full list of terms for each model in the model set. 
The top performing model is indicated in bold. K indicates the number of terms in the model including each 
degree of any natural spline covariate (accounting for age effects) and interactions with natural spline covariate.
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index, suggesting that social factors were important regardless of the Chinook abundance index during the time 
of this study. We note that no years of considerably low Chinook abundance occurred during the course of our 
study, in contrast to the earlier timeframes examined by Ford et al.43 and Ward et al.42, who reported a strong 
relationship between Chinook salmon abundance and RKW mortality. Our results suggest that reproduction 
and the continual provisioning of non-dispersing offspring may limit a mother’s ability to provision herself, and 
these physiological costs might impose further costs to maternal fitness and limit future reproduction.

Whereas the body condition of non-pregnant females or females that had unsuccessful pregnancies was 
similar to the body condition of females in the early stages of pregnancy, body condition was highest for those 
in late stages of pregnancy. This is consistent with patterns of gestational growth in other mammals; for example, 
meerkats (Suricata suricatta) exhibit a much lower rate of weight gain during the first half of gestation compared 
to the second half77, likely reflecting the non-linear nature of foetal growth. The increase in fat reserves during 
late gestation may also reflect an increase in caloric intake to meet the higher energetic demands of this stage 
and to buffer against the upcoming costs of lactation. Studies of other toothed whales78 and baleen whales79,80 
found that the energetic costs of gestation are far higher in the final months, which supports the explanation that 
females may need to increase caloric intake during later pregnancy, resulting in greater fat gain compared with 
early pregnancy.

Fig. 3.  Effect of number of living offspring (a and c; top performing model, Model #1: Life-long parental care) 
and number of births (b and d; second ranking model, Model #2: Successive reproductive events) a female had 
on the eye patch ratio of adult female Northern Resident killer whales by age from top two ranking models 
(n = 225 whale-by-year observations, 75 individuals). Results shown as model predicted eye patch ratio values 
(a and b) and raw data showing range of female eye patch ratios (c and d) as a function of model covariate by 
age. All other model terms are held constant at their mean. Age is represented visually as three categories: the 
mean age of females in the data set (28.8), mean age plus one standard deviation (40.7), and mean age minus 
one standard deviation (16.9). The model predicted values for females at age 16.9 are restricted to no more 
than two living offspring and no more than four births, as it is biologically unlikely that females of this age 
would have surpassed these values. Lines represent model predicted values and shaded areas represent 95% 
confidence intervals.
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Detection of early pregnancy in free-living cetacean species is challenging81, and often requires biological 
samples46 or measurements of aerial images22,63,65,66. As we relied on demographic data (i.e., the birth year of a 
documented calf) to determine pregnancies, we were unable to distinguish between non-pregnant females and 
females whose pregnancies ended in miscarriage or stillbirth. To address this limitation, we ran an additional 
model using a dataset that restricted the non-pregnant/unsuccessful pregnancy category to only include females 
measured in the year before a documented pregnancy and not nursing a current calf, which did not qualitatively 
change our results (Supplementary Table 4). Additionally, as the exact birth dates of NRKW calves are usually 
unknown, we assumed that females photographed in late summer with a new calf were pregnant for the two 
summers prior. Although RKWs can breed at any time of year, most calves are born between September and 
March82, which aligns with a date of conception between late February and late August. However, in some 
cases where calves were born later, females may have been erroneously classified as in early pregnancy before 
conception actually occurred.

Our results suggest lactation imposes energetic demands on NRKW females. This pattern aligns with findings 
for Southern Resident killer whales23,83. During the first year of lactation, females displayed a steep decline in 
condition below non-pregnant levels, then on average, maintained a similar level in the second year, before 
seemingly recovering to pre-pregnancy body condition after the third year of lactation. These trends suggest 
that the energetic requirements of lactation impose physiological costs on female NRKWs that are not regained 
until at least two years post parturition. This likely reflects the timing of calf weaning35,36,82. Similar patterns 
have been documented in other mammals, such as caribou (Rangifer tarandus), where fat reserves did not begin 
to replenish until calf weaning was completed84. Interestingly, individual females exhibited substantial variation 
in this post-weaning recovery phase; some females showed a large increase in body condition, while most 
increased more modestly or even continued to decrease (Fig. 1). Such variation may simply reflect differences 
in the specific timing of birth and weaning across females sampled. For income breeders like toothed whales 
that rely on a consistent food supply during pregnancy and lactation, unfavourable environmental conditions 
can shorten the duration of maternal care85,86, suggesting that annual conditions experienced by females in this 
prey-limited population may have played a role in the timing of their weaning and recovery. However, it could 
also result from variation in female ‘quality’. In some species of ungulates, higher-quality females are better at 
managing the costs of pregnancy and lactation87. Age88 and genetics89 have been shown to influence maternal 
condition and reproductive resilience of female fur seals (Arctocephalus pusillus) and Blackface sheep (Ovis 
aries), while body length90 has been demonstrated to have a positive relationship with lipid storage in humpback 
whales (Megaptera novaeangliae) and sperm whales (Physeter macrocephalus). The females in our dataset vary by 
both age and length91. However, RKWs are a highly social species, and it is plausible that social conditions (e.g., 
the presence of other female ‘helpers’) could also affect how much or quickly females recover after parturition 
and lactation.

Another limitation of our approach is that it was not possible to determine the exact age at which individual 
females become sexually mature or undergo menopause in a wild population of killer whales. While we aimed 
to use biologically reasonable thresholds for classifying reproductive-age females in NRKWs (see Methods), age 
at the onset of sexual maturity and menopause is likely to vary among individuals. Therefore, it is possible that 
some non-reproductive females were included in our sample. For example, A43 (a 33-year-old female when the 
study began in 2014) was classified as reproductive despite not giving birth to a documented calf since 1996. 
Interestingly, A43 accounts for the six highest eye patch ratios measured in our non-pregnant/unsuccessful 
pregnancy category during the study. Given substantial individual variation in ‘baseline’ body condition across 
individuals (Fig. 1), we cannot determine whether this is associated with early menopause, a lack of reproduction 
due to miscarriages, or simply morphological variation across individuals. However, restricting the dataset to 
only females that produced a documented calf during the study period did not meaningfully change our results 
(Supplementary Table 5).

Our results suggest that NRKW females with a higher reproductive output incur greater physiological 
costs. The number of living offspring was a stronger predictor of adult female body condition compared to the 
number of births a female had, suggesting that provisioning (via lactation and life-long prey sharing) may be 
more influential than the cumulative costs from successive births on a mother’s body condition. However, these 
variables are highly correlated, and their similar slopes in relation to female body condition make it difficult to 
disentangle the relative influence of successive reproductive events.

It is possible that successive reproductive events impose costs to NRKW mothers. Although the considerable 
calving intervals of NRKWs (average 4.8836; may buffer the costs from successive births and lactation periods, 
cumulative costs from multiple reproduction events could still impact a female’s physiological condition. 
Cumulative reproductive costs are well-documented in mammals, even those without lifelong parental care. 
In ungulates, mothers that produce more offspring early in life experience reduced survival and accelerated 
senescence29,92. In humans, which often demonstrate extended parental care, women with higher parity or 
reproductive rates have lower body fat and faster aging rates [93, but see 94, 95]. Given the negative effects of the 
number of births on female body condition, it is reasonable to infer that female NRKWs likely experience long-
term physiological costs from successive reproductive investment as well. Future work should build on these 
findings, examining how physiological characteristics, such as body condition and body length, might relate 
to calving success, lactation duration, and the timing of reproductive senescence. Any patterns would provide 
greater clarity on the reproductive costs experienced by female RKWs.

Contrary to our expectations, offspring sex was not a strong predictor of female body condition. Instead, the 
number of living daughters was more negatively associated with maternal condition than the number of living 
sons. This may reflect higher costs of raising daughters, whose offspring remain in the maternal matriline and 
impose energetic demands of grandmaternal care40. Nevertheless, the finding that the number of living sons did 
not strongly predict maternal body condition in NRKWs is notable, given that caring for sons can reduce the 
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future reproductive output of female SRKWs while daughters do not impose similar costs30. Potentially, the costs 
of rearing sons might only be reflected in a mother’s future reproductive output rather than in a mother’s body 
condition, as seen in bighorn sheep (Ovis canadensis28). Alternatively, NRKWs represent a growing population 
in comparison to the endangered Southern Resident killer whales96, suggesting that stressors facing the NRKWs 
may be lower, and mothers may be able to raise energetically demanding sons with fewer consequences to their 
condition. Future research comparing maternal care and its associated costs across the two populations would 
improve our understanding of how environmental stressors influence NRKWs and SRKWs. Foraging and prey 
sharing dynamics of NRKW males may also differ from SRKWs, given that foraging capture rates of each age-sex 
class differ between the two populations97. However, male NRKWs appear to be more dependent on maternal 
provisioning, spend less time foraging than Southern Resident males, and have a lower prey capture rate97, 
suggesting that NRKW males may in fact be more costly. If mothers divert investment from costly sons to meet 
their own nutritional needs or those of additional offspring, the resulting costs may be reflected in the son’s body 
condition rather than the mother’s, consistent with the recent evidence that immature and teenage males might 
receive less provisioning when their matriline has more dependent juveniles98.

The influence of the Pacific Salmon Commission’s Chinook abundance index on NRKW body condition 
was minimal during the study period. Overall, Chinook abundance showed only a weak association with body 
condition, and the relationship between body condition and the number of living offspring a female had did 
not depend on Chinook abundance. This is surprising, given that previous studies using the Pacific Salmon 
Commission index as a metric of prey abundance found it to be associated with mortality43 and calving 
probability42. It is possible that variation in our measure of Chinook salmon abundance during the study 
period may have been insufficient to detect an effect on body condition, as previously discussed. We may not 
have detected any costs of raising sons if Chinook abundance was sufficient to meet those energetic demands. 
However, because female body condition declined with more living offspring regardless of Chinook abundance, 
we reason that the cost of raising sons should have been evident as well. Additionally or alternatively, the Pacific 
Salmon Commission’s Chinook abundance index may not accurately reflect prey availability for NRKWs, as its 
temporal and geographic scale may not account for seasonal variation or adequately measure the abundance 
of specific salmon stocks of primary importance to this population38,99. Fine-scale measurements of prey 
abundance that reflect prey species composition, seasonal gaps in prey availability, and prey quality could reveal 
other relationships between prey availability and NRKW body condition.

Our study highlights the costs of lifetime maternal investment of offspring in NRKWs. The results suggest 
that reproduction and the continual provisioning of non-dispersing offspring may limit the extent to which a 
mother provisions herself. Further research is needed to understand how these physiological costs might affect 
the fitness of both mothers and offspring. Given that body condition is associated with survivorship in RKWs48, 
it is possible that reproductive output influences maternal survival. However, the annual survival rates of NRKW 
adult females (99% in young reproductive females to 88% in post-reproductive females96) suggest that the cost of 
maternal care is unlikely to impact survival directly when environmental conditions are sufficiently favourable 
to allow the populations to grow, as it did during the period of our study58. Instead, the cumulative costs of 
reproduction and provisioning may reduce future reproductive output. Similar effects have been observed in 
elk (Cervus canadensis), where prior nursing periods limit future reproduction100, and importantly in Southern 
Resident killer whales, where the energetic demands of raising sons decreases future reproduction30. Although 
further research is needed to understand how these costs impact the fitness of both mothers and offspring, our 
findings contribute to the growing body of literature on maternal investment.

Conservation management should consider the inherent challenges faced by NRKWs mothers. Environmental 
stressors, including increased noise pollution, contaminants, and reduced prey availability, could further burden 
reproductively valuable members of this threatened population101. Similar physiological costs of parental care 
have been documented for Southern Resident killer whales22,23,83, an endangered and declining population with 
greater environmental stressors, and lower reproductive success compared to NRKWs46,96,102, and expanded 
analyses are underway. Finally, applying well-studied behavioural concepts like parental investment to highly 
social systems can reveal the complexity and variety of reproductive behaviour and life history strategies.

Data availability
The datasets and code generated during and/or analysed during the current study are available in the “costs-of-
maternal-care-NRKWs” repository, ​[​h​t​t​p​s​​:​/​/​g​i​t​​h​u​b​.​c​o​​m​/​s​h​a​r​​o​n​-​k​a​y​/​c​o​s​t​s​-​o​f​-​m​a​t​e​r​n​a​l​-​c​a​r​e​-​N​R​K​W​s​]​(​h​t​t​p​s​:​/​g​i​
t​h​u​b​.​c​o​m​/​s​h​a​r​o​n​-​k​a​y​/​c​o​s​t​s​-​o​f​-​m​a​t​e​r​n​a​l​-​c​a​r​e​-​N​R​K​W​s​)​, or can be requested from the corresponding author via 
e-mail: sharon.wc.kay@gmail.com.

Received: 4 September 2025; Accepted: 30 January 2026

References
	 1.	 Trivers, R. L. Parental investment and sexual selection. In Sexual Selection and the Descent of Man, 1871–1971 (ed. Campbell, B.) 

136–179 (Aldine, 1972).
	 2.	 Boutin, S., Larsen, K. W. & Berteaux, D. Anticipatory parental care: acquiring resources for offspring prior to conception. Proc. R 

Soc. Lond. B. 267, 2081–2085 (2000).
	 3.	 Clutton-Brock, T. H. The Evolution of Parental Care Vol. 10 (Princeton Univ. Press, 1991).
	 4.	 Smith, C. C. & Fretwell, S. D. The optimal balance between size and number of offspring. Am. Nat. 108, 499–506 (1974).
	 5.	 Morris, D. W. Optimal allocation of parental investment. Oikos 49, 332–339 (1987).
	 6.	 Dijkstra, C. et al. Brood size manipulations in the kestrel (Falco tinnunculus): effects on offspring and parent survival. J. Anim. 

Ecol. 59, 269–285 (1990).

Scientific Reports |         (2026) 16:5355 10| https://doi.org/10.1038/s41598-026-38696-0

www.nature.com/scientificreports/

https://github.com/sharon-kay/costs-of-maternal-care-NRKWs
http://www.nature.com/scientificreports


	 7.	 Tarof, S. A., Kramer, P. M., Hill, J. R., Tautin, I. I. I., Stutchbury, B. J. & J., & M. Brood size and late breeding are negatively related 
to juvenile survival in a Neotropical migratory Songbird. Auk 128, 716–725 (2011).

	 8.	 Hegner, R. E. & Wingfield, J. C. Effects of brood-size manipulations on parental investment, breeding success, and reproductive 
endocrinology of house sparrows. Auk 104, 470–480 (1987).

	 9.	 Olsson, M. & Shine, R. The limits to reproductive output: offspring size versus number in the sand Lizard (Lacerta agilis). Am. 
Nat. 149, 179–188 (1997).

	 10.	 Koch, L. K. & Meunier, J. Mother and offspring fitness in an insect with maternal care: phenotypic trade-offs between egg number, 
egg mass and egg care. BMC Evol. Biol. 14, 125 (2014).

	 11.	 Trivers, R. L. Parent–offspring conflict. Integr. Comp. Biol. 14, 249–264 (1974).
	 12.	 Haig, D. Brood reduction and optimal parental investment when offspring differ in quality. Am. Nat. 136, 550–556 (1990).
	 13.	 Wiehn, J. & Korpimäki, E. Food limitation on brood size: experimental evidence in the Eurasian kestrel. Ecology 78, 2043–2050 

(1997).
	 14.	 Beekey, M. A. & Karlson, R. H. Effect of food availability on reproduction and brood size in a freshwater brooding bivalve. Can. 

J. Zool. 81, 1168–1173 (2003).
	 15.	 Warner, D. A. & Lovern, M. B. The maternal environment affects offspring viability via an indirect effect of yolk investment on 

offspring size. Physiol. Biochem. Zool. 87, 276–287 (2014).
	 16.	 Ginther, S. C., Cameron, H., White, C. R. & Marshall, D. J. Metabolic Loads Costs Metazoan Reprod. Science, 384, 763–767 (2024).
	 17.	 Mover, H., Hellwing, S. & Ar, A. Energetic cost of gestation in the white-toothed shrew Crocidura Russula Monacha (Soricidae, 

Insectivora). Physiological Zool. 61, 17–25 (1988).
	 18.	 Speakman, J. R. The physiological costs of reproduction in small mammals. Philos. Trans. R Soc. B. 363, 375–398 (2008).
	 19.	 Barton, R. A. & Capellini, I. Maternal investment, life histories, and the costs of brain growth in mammals. Proc. Natl. Acad. Sci. 

108, 6169–6174 (2011).
	 20.	 Christiansen, F., Dujon, A. M., Sprogis, K. R., Arnould, J. P. Y. & Bejder, L. Noninvasive unmanned aerial vehicle provides estimates 

of the energetic cost of reproduction in humpback whales. Ecosphere, 7, e01468; (2016). https://doi.org/10.1002/ecs2.1468 (2016).
	 21.	 Crawley, J. A. H. et al. Is bigger better? The relationship between size and reproduction in female Asian elephants. J. Evol. Biol. 30, 

1836–1845 (2017).
	 22.	 Fearnbach, H., Durban, J. W., Ellifrit, D. K. & Balcomb, K. C. Individual-based Photogrammetric Measures of length, Growth and 

Shape To Infer Body Condition and Reproductive Status of Southern Resident Killer Whales (Report to NMFS West Coast Regional 
Office, 2015).

	 23.	 Fearnbach, H., Durban, J., Ellifrit, D. & Balcomb, K. Using aerial photogrammetry to detect changes in body condition of 
endangered Southern resident killer whales. Endanger. Species Res. 35, 175–180 (2018).

	 24.	 Stewart, J. D. et al. Larger females have more calves: influence of maternal body length on fecundity in North Atlantic right 
whales. Mar. Ecol. Prog. Ser. 689, 179–189 (2022).

	 25.	 Vermeulen, E., Thavar, T., Glarou, M., Ganswindt, A. & Christiansen, F. Decadal decline in maternal body condition of a Southern 
ocean capital breeder. Sci. Rep. 13, 3228. https://doi.org/10.1038/s41598-023-30238-2 (2023).

	 26.	 Pirotta, E. et al. Decreasing body size is associated with reduced calving probability in critically endangered North Atlantic right 
whales. Royal Soc. Open. Sci. 11, 240050. https://doi.org/10.1098/rsos.240050 (2024).

	 27.	 Clutton-Brock, T. H., Albon, S. D. & Guinness, F. E. Fitness costs of gestation and lactation in wild mammals. Nature 337, 
260–262. https://doi.org/10.1038/337260a0 (1989).

	 28.	 Berube, C. H., Festa-Bianchet, M. & Jorgenson, J. T. Reproductive costs of sons and daughters in Rocky mountain Bighorn sheep. 
Behav. Ecol. 7, 60–68. https://doi.org/10.1093/beheco/7.1.60 (1996).

	 29.	 Douhard, M., Festa-Bianchet, M. & Pelletier, F. Sons accelerate maternal aging in a wild mammal. Proc. Natl. Acad. Sci. 117, 
4850–4857. https://doi.org/10.1073/pnas.1914654117 (2020).

	 30.	 Weiss, M. N. et al. Costly lifetime maternal investment in killer whales. Curr. Biol. 33, 744–748. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​c​u​b​.​2​0​2​
2​.​1​2​.​0​5​7​​​​ (2023).

	 31.	 Thiel, M. Extended parental care in crustaceans: an update. Revista Chil. De Historia Nat. 76, 205–218. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​4​0​6​7​/​S​
0​7​1​6​-​0​7​8​X​2​0​0​3​0​0​0​2​0​0​0​0​7​​​​ (2003).

	 32.	 Van Noordwijk, M. A. & Mitani J. C. et al. (eds) From maternal investment to lifetime maternal care. In The Evolution of Primate 
Societies 321–342 (The University of Chicago Press, 2012).

	 33.	 Walker, L. A. et al. Urinary concentrations of ovarian steroid hormone metabolites and bioactive Follicle-Stimulating hormone in 
killer whales (Orcinus orchus) during ovarian cycles and pregnancy. Biol. Reprod. 39, 1013–1020. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​9​5​/​b​i​o​l​r​e​p​
r​o​d​3​9​.​5​.​1​0​1​3​​​​ (1988).

	 34.	 Duffield, D. A., Odell, D. K., McBain, J. F. & Andrews, B. Killer Whale (Orcinus orca) reproduction at sea world. Zoo Biol. 14, 
417–430 (1995).

	 35.	 Oftedal, O. T. Lactation in whales and dolphins: evidence of divergence between Baleen- and Toothed-Species. J. Mammary 
Gland Biol. Neoplasia. 2, 205–230. https://doi.org/10.1023/A:1026328203526 (1997).

	 36.	 Olesiuk, P. F., Ellis, G. M. & Ford, J. K. Life History and Population Dynamics of Northern Resident Killer Whales (Orcinus orca) in 
British Columbia pp. 1–75 (Canadian Science Advisory Secretariat, 2005).

	 37.	 Newsome, S. D., Etnier, M. A., Monson, D. H. & Fogel, M. L. Retrospective characterization of ontogenetic shifts in killer Whale 
diets via δ13C and δ15N analysis of teeth. Mar. Ecol. Prog. Ser. 374, 229–242 (2009).

	 38.	 Ford, J. K. B. & Ellis, G. M. Selective foraging by fish-eating killer whales Orcinus Orca in British Columbia. Mar. Ecol. Prog. Ser. 
316, 185–199. https://doi.org/10.3354/meps316185 (2006).

	 39.	 Wright, B. M., Stredulinsky, E. H., Ellis, G. M. & Ford, J. K. B. Kin-directed food sharing promotes lifetime Natal philopatry of 
both sexes in a population of fish-eating killer whales, Orcinus Orca. Anim. Behav. 115, 81–95. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​a​n​b​e​h​a​v​
.​2​0​1​6​.​0​2​.​0​2​5​​​​ (2016).

	 40.	 Nattrass, S. et al. Postreproductive killer Whale grandmothers improve the survival of their grandoffspring. Proc. Natl. Acad. Sci. 
116, 26669–26673. https://doi.org/10.1073/pnas.1903844116 (2019).

	 41.	 Grimes, C. et al. Postreproductive female killer whales reduce socially inflicted injuries in their male offspring. Curr. Biol. 33, 
3250–3256 (2023).

	 42.	 Ward, E. J., Holmes, E. E. & Balcomb, K. C. Quantifying the effects of prey abundance on killer Whale reproduction. J. Appl. Ecol. 
46, 632–640. https://doi.org/10.1111/j.1365-2664.2009.01647.x (2009).

	 43.	 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. https://doi.org/10.1098/rsbl.2009.0468 (2010b).

	 44.	 Vélez-Espino, L. A. et al. Relative importance of Chinook salmon abundance on resident killer Whale population growth and 
viability. Aquat. Conservation: Mar. Freshw. Ecosyst. 25, 756–780. https://doi.org/10.1002/aqc.2494 (2015).

	 45.	 Foster, E. A. et al. Social network correlates of food availability in an endangered population of killer whales, Orcinus Orca. Anim. 
Behav. 83, 731–736. https://doi.org/10.1016/j.anbehav.2011.12.021 (2012).

	 46.	 Wasser, S. K. et al. Population growth is limited by nutritional impacts on pregnancy success in endangered Southern resident 
killer whales (Orcinus orca). PLoS One. 12, e0179824 (2017).

	 47.	 Ohlberger, J., Ward, E. J., Schindler, D. E. & Lewis, B. Demographic changes in Chinook salmon across the Northeast Pacific 
ocean. Fish Fish. 19, 533–546 (2018).

Scientific Reports |         (2026) 16:5355 11| https://doi.org/10.1038/s41598-026-38696-0

www.nature.com/scientificreports/

https://doi.org/10.1002/ecs2.1468
https://doi.org/10.1038/s41598-023-30238-2
https://doi.org/10.1098/rsos.240050
https://doi.org/10.1038/337260a0
https://doi.org/10.1093/beheco/7.1.60
https://doi.org/10.1073/pnas.1914654117
https://doi.org/10.1016/j.cub.2022.12.057
https://doi.org/10.1016/j.cub.2022.12.057
https://doi.org/10.4067/S0716-078X2003000200007
https://doi.org/10.4067/S0716-078X2003000200007
https://doi.org/10.1095/biolreprod39.5.1013
https://doi.org/10.1095/biolreprod39.5.1013
https://doi.org/10.1023/A:1026328203526
https://doi.org/10.3354/meps316185
https://doi.org/10.1016/j.anbehav.2016.02.025
https://doi.org/10.1016/j.anbehav.2016.02.025
https://doi.org/10.1073/pnas.1903844116
https://doi.org/10.1111/j.1365-2664.2009.01647.x
https://doi.org/10.1098/rsbl.2009.0468
https://doi.org/10.1002/aqc.2494
https://doi.org/10.1016/j.anbehav.2011.12.021
http://www.nature.com/scientificreports


	 48.	 Stewart, J. D. et al. Survival of the fattest: linking body condition to prey availability and survivorship of killer whales. Ecosphere 
12 https://doi.org/10.1002/ecs2.3660 (2021).

	 49.	 Couture, F., Oldford, G., Christensen, V., Barrett-Lennard, L. & Walters, C. Requirements and availability of prey for Northeastern 
Pacific Southern resident killer whales. PLoS One. 17, e0270523. https://doi.org/10.1371/journal.pone.0270523 (2022).

	 50.	 Nelson, B. W., Ward, E. J., Linden, D. W., Ashe, E. & Williams, R. Identifying drivers of demographic rates in an at-risk population 
of marine mammals using integrated population models. Ecosphere 15, e4773. https://doi.org/10.1002/ecs2.4773 (2024).

	 51.	 Department of Fisheries and Oceans Canada. Fisheries and Oceans Canada Recovery strategy for the Northern and Southern 
resident killer whales (Orcinus orca) in Canada [Proposed]. In Species at Risk Act Recovery Strategy Series 1–84 (Fisheries & 
Oceans Canada, 2018).

	 52.	 Department of Fisheries and Oceans Canada. Population status update for the Northern Resident Killer Whale (Orcinus orca) in 
2022. DFO Can. Sci. Advis. Sec. Sci. Resp. (2023). (2023).

	 53.	 Ford, J. K. B. An assessment of critical habitats of resident killer whales in waters on the Pacific Coast of Canada. Can. Sci. Advis 
Sec Res. Doc. 72, 1–34 (2006).

	 54.	 Fearnbach, H., Durban, J. W., Barrett-Lennard, L. G., Ellifrit, D. K. & Balcomb, K. C. Evaluating the power of photogrammetry 
for monitoring killer Whale body condition. Mar. Mamm. Sci. 36, 359–364. https://doi.org/10.1111/mms.12642 (2020).

	 55.	 Bigg, M. An assessment of killer Whale (Orcinus orca) stocks off Vancouver Island, British Columbia. Rep. Int. Whal. Comm. 32, 
655–666 (1982).

	 56.	 Towers, J. R., Ellis, G. M. & Ford, J. K. B. Photo-identification catalogue and status of the Northern resident killer Whale 
population in 2014. Can. Tech. Rep. Fish. Aquat. Sci. 3139, 1–14 (2015).

	 57.	 Towers, J. R. et al. Photo-identification catalogue and status of the Northern resident killer Whale population in 2019. Can. Tech. 
Rep. Fish. Aquat. Sci 3371, 1–11 (2020).

	 58.	 Alert Bay Cetological Society. NRKW ID V1.29 (mobile application software). (2022).
	 59.	 Durban, J. W., Fearnbach, H., Barrett-Lennard, L. G., Perryman, W. L. & Leroi, D. J. Photogrammetry of killer whales using a 

small hexacopter launched at sea. J. Unmanned Veh. Syst. 3, 131–135. https://doi.org/10.1139/juvs-2015-0020 (2015).
	 60.	 Aubin, J. A., Mikus, M. A., Michaud, R., Mennill, D. & Vergara, V. Fly with care: Belugas show evasive responses to low altitude 

drone flights. Mar. Mamm. Sci. 39, 718–739. https://doi.org/10.1111/mms.12997 (2023).
	 61.	 Joblon, M. J. et al. Body condition scoring system for delphinids based on short-beaked common dolphins (Delphinus delphis). 

J. Mar. Anim. Ecol. 7, 5–13 (2014).
	 62.	 Castrillon, J. & Bengtson Nash, S. Evaluating cetacean body condition; a review of traditional approaches and new developments. 

Ecol. Evol. 10, 6144–6162. https://doi.org/10.1002/ece3.6301 (2020).
	 63.	 Robinson, C. V. & Visona-Kelly, B. C. A geometric morphometric approach for detecting different reproductive stages of a free-

ranging killer Whale Orcinus Orca population. Sci. Rep. 15, 3239 (2025).
	 64.	 Durban, J. & Fearnbach, H. (2025). Unpublished data.
	 65.	 Cheney, B. J., Dale, J., Thompson, P. M. & Quick, N. J. Spy in the sky: a method to identify pregnant small cetaceans. Remote Sens. 

Ecol. Conserv. 8, 492–505 (2022).
	 66.	 Washington Department of Fish and Wildlife CR-103E. Rule making order. December (2017). ​h​t​t​p​s​:​​​/​​/​w​d​f​​w​.​w​​a​.​g​​o​v​/​s​i​​t​​e​s​/​d​​e​f​a​​u​l​t​​

/​f​i​​l​e​​s​/​a​​b​o​​u​t​/​r​e​g​​u​l​a​t​​i​​o​n​s​/​f​i​​​l​i​n​g​s​​​/​​2​0​2​4​/​​e​-​r​u​l​​e​-​w​​h​a​​l​e​-​2​​4​-​1​4​-​0​8​5​.​p​d​f (2024).
	 67.	 Brooks, M. et al. GlmmTMB balances speed and flexibility among packages for Zero-inflated generalized linear mixed modeling. 

R J. 9, 378–400. https://doi.org/10.32614/RJ-2017-066 (2017).
	 68.	 Hartig, F. & DHARMa Residual Diagnostics for Hierarchical (Multi-Level / Mixed) Regression Models. R package version 0.4.6, 

(2022). https://CRAN.R-project.org/package=DHARMa
	 69.	 Chinook Technical Committee. PSC Chinook Model Calibration. Pacific Salmon Commission Joint Chinook Technical 

Committee Report TCCHINOOK (23)-04. Vancouver, BC. (2023). (2023).
	 70.	 Emmons, C. K., Hanson, M. B. & Lammers, M. O. Passive acoustic monitoring reveals Spatiotemporal segregation of two fish-

eating killer Whale Orcinus Orca populations in proposed critical habitat. Endanger. Species Res. 44, 253–261 (2021).
	 71.	 Brent, L. J. N. et al. Ecological Knowledge, Leadership, and the evolution of menopause in killer whales. Curr. Biol. 25, 746–750. 

https://doi.org/10.1016/j.cub.2015.01.037 (2015).
	 72.	 Ellis, S. et al. Mortality risk and social network position in resident killer whales: Sex differences and the importance of resource 

abundance. Proceedings of the Royal Society B: Biological Sciences, 284, 20171313. (2017). https://doi.org/10.1098/rspb.2017.1313
	 73.	 R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. 

URL (2023). https://www.R-project.org/
	 74.	 Anderson, D. R. & Burnham, K. P. Avoiding pitfalls when using Information-Theoretic methods. J. Wildl. Manag. 66, 912–918. 

https://doi.org/10.2307/3803155 (2002).
	 75.	 Arnold, T. W. Uninformative parameters and model selection using akaike’s information criterion. J. Wildl. Manag. 74, 1175–

1178. https://doi.org/10.1111/j.1937-2817.2010.tb01236.x (2010).
	 76.	 Lüdecke, D. Ggeffects: tidy data frames of marginal effects from regression models. J. Open. Source Softw. 3, 772. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​

1​0​.​2​1​1​0​5​/​j​o​s​s​.​0​0​7​7​2​​​​ (2018).
	 77.	 Sharp, S. P., English, S. & Clutton-Brock, T. H. Maternal investment during pregnancy in wild meerkats. Evol. Ecol. 27, 1033–1044 

(2013).
	 78.	 Reddy, M., Kamolnick, T., Skaar, D., Curry, C. & Ridgway, S. Bottlenose dolphins: Energy consumption during pregnancy, 

lactation, and growth. Proceedings of Annual Conference of International Marine Animal Trainer Association, 30–37 (1991).
	 79.	 Christiansen, F. et al. Fetal growth, birth size and energetic cost of gestation in Southern right whales. J. Physiol. 600, 2245–2266 

(2022).
	 80.	 Van Aswegen, M. et al. Energetic cost of gestation and prenatal growth in humpback whales. J. Physiol. 603, 529–550 (2024).
	 81.	 Lanyon, J. M. & Burgess, E. A. Methods to examine reproductive biology in Free-Ranging, Fully-Marine mammals. In Reproductive 

Sciences in Animal Conservation 753 (Springer, 2014). https://doi.org/10.1007/978-1-4939-0820-2_11.
	 82.	 Olesiuk, P. F., Bigg, M. A. & Ellis, G. M. Life history and population dynamics of resident killer whales (Orcinus orca) in the 

coastal waters of British Columbia and Washington state. Rep. Int. Whal. Comm. Special. 12, 209–243 (1990).
	 83.	 Fearnbach, H., Durban, J. W. & Leander, S. Body Condition of Southern Resident Killer Whales in Late 2024 (Report to NMFS West 

Coast Regional Office, 2024).
	 84.	 Taillon, J., Brodeur, V., Festa-Bianchet, M. & Côté, S. D. Variation in body condition of migratory caribou at calving and weaning: 

which measures should we use? Ecoscience 18, 295–303 (2011).
	 85.	 Williams, C. T. et al. Seasonal reproductive tactics: annual timing and the capital-to-income breeder continuum. Philosophical 

Trans. Royal Soc. B: Biol. Sci. 372, 1734. https://doi.org/10.1098/rstb.2016.0250 (2017).
	 86.	 Huang, S. L., Chou, L. S., Shih, N. T. & Ni, I. H. Implication of life history strategies for prenatal investment in cetaceans. Mar. 

Mamm. Sci. 27, 182–194. https://doi.org/10.1111/j.1748-7692.2010.00392.x (2017).
	 87.	 Hamel, S., Côté, S. D., Gaillard, J. M. & Festa-Bianchet, M. Individual variation in reproductive costs of reproduction: High‐

quality females always do better. J. Anim. Ecol. 78, 143–151 (2009).
	 88.	 Hoskins, A. J., Costa, D. P., Wheatley, K. E., Gibbens, J. R. & Arnould, J. P. Y. Influence of intrinsic variation on foraging behaviour 

of adult female Australian fur seals. Mar. Ecol. Prog. Ser. 526, 227–239 (2015).
	 89.	 McLaren, A., Lambe, N. R. & Conington, J. Genetic associations of Ewe body condition score and lamb rearing performance in 

extensively managed meat sheep. Livest. Sci. 277, 105336 (2023).

Scientific Reports |         (2026) 16:5355 12| https://doi.org/10.1038/s41598-026-38696-0

www.nature.com/scientificreports/

https://doi.org/10.1002/ecs2.3660
https://doi.org/10.1371/journal.pone.0270523
https://doi.org/10.1002/ecs2.4773
https://doi.org/10.1111/mms.12642
https://doi.org/10.1139/juvs-2015-0020
https://doi.org/10.1111/mms.12997
https://doi.org/10.1002/ece3.6301
https://wdfw.wa.gov/sites/default/files/about/regulations/filings/2024/e-rule-whale-24-14-085.pdf
https://wdfw.wa.gov/sites/default/files/about/regulations/filings/2024/e-rule-whale-24-14-085.pdf
https://doi.org/10.32614/RJ-2017-066
https://CRAN.R-project.org/package=DHARMa
https://doi.org/10.1016/j.cub.2015.01.037
https://doi.org/10.1098/rspb.2017.1313
https://www.R-project.org/
https://doi.org/10.2307/3803155
https://doi.org/10.1111/j.1937-2817.2010.tb01236.x
https://doi.org/10.21105/joss.00772
https://doi.org/10.21105/joss.00772
https://doi.org/10.1007/978-1-4939-0820-2_11
https://doi.org/10.1098/rstb.2016.0250
https://doi.org/10.1111/j.1748-7692.2010.00392.x
http://www.nature.com/scientificreports


	 90.	 Irvine, L. G., Thums, M., Hanson, C. E., McMahon, C. R. & Hindell, M. A. Quantifying the energy stores of capital breeding 
humpback whales and income breeding sperm whales using historical whaling records. Royal Soc. Open. Science. 4 (3), 160290. 
https://doi.org/10.1098/rsos.160290 (2017).

	 91.	 Groskreutz, M. J. et al. B. Decadal changes in adult size of salmon-eating killer whales in the Eastern North Pacific. Endanger. 
Species Res. 40, 183–188 (2019).

	 92.	 Nussey, D. H., Kruuk, L. E., Donald, A., Fowlie, M. & Clutton-Brock, T. H. The rate of senescence in maternal performance 
increases with early‐life fecundity in red deer. Ecol. Lett. 9, 1342–1350 (2006).

	 93.	 Gurven, M. et al. Health costs of reproduction are minimal despite high fertility, mortality and subsistence lifestyle. Sci. Rep. 6, 
30056 (2016).

	 94.	 Jasienska, G. Reproduction and lifespan: Trade-offs, overall energy budgets, intergenerational costs, and costs neglected by 
research. Am. J. Hum. Biology. 21, 524–532 (2009).

	 95.	 Jasienska, G. Costs of reproduction and aging in the human female. Philosophical Trans. Royal Soc. B. 375, 20190615 (2020).
	 96.	 Vélez-Espino, L. et al. Comparative demography and viability of Northeast Pacific resident killer Whale populations at risk. Can. 

Tech. Rep. Fisheries Aquat. Sci. 3084 https://doi.org/10.13140/RG.2.2.35274.57283 (2014).
	 97.	 Tennessen, J. B. et al. Divergent foraging strategies between populations of sympatric matrilineal killer whales. Behav. Ecol. 34, 

373–386. https://doi.org/10.1093/beheco/arad002 (2023).
	 98.	 Kay, S. Sharing the catch; Social and environmental correlates of body condition in threatened Northern Resident killer whales 

[unpublished master’s dissertation], University of Victoria. (2024).
	 99.	 Ford, J. K. B., Wright, B. M., Ellis, G. M. & Candy, J. R. Chinook salmon predation by resident killer whales: Seasonal and regional 

selectivity, stock identity of prey, and consumption. DFO Can. Sci. Advise. Sec. Reg. Doc. (2010a). (2009).
	100.	 Turnley, M. T., Hughes, T. A., Larsen, R. T., Hersey, K. R. & McMillan, B. R. Cumulative costs of reproduction in a long-lived 

ungulate. J. Mammal. 105, 1328–1335 (2024).
	101.	 Clarke Murray, C. et al. Cumulative Effects Assessment for Northern and Southern Resident Killer Whale (Orcinus orca) Populations 

in the Northeast Pacific. (2019).
	102.	 Independent Science Panel on SRKW Recovery. Strengthening recovery actions for Southern Resident killer whales. (2025). ​h​t​t​p​s​:​/​

/​d​o​i​.​o​r​g​/​1​0​.​7​0​7​6​6​/​3​2​.​7​3​0​0​​​​​. (2025).

Acknowledgements
We thank the Whales Initiative at Ocean Wise Conservation Association and the Cetacean Conservation Re-
search team at Raincoast Conservation Foundation, particularly Valeria Vergara, and Dylan Smith for their 
work collecting field data, and to Marie-Ana Mikus for analysis interpretation. The NOAA Office of Marine and 
Aviation Operations and NOAA/NMFS Office of Science and Technology provided support to John Durban for 
the first ever drone missions for whale photogrammetry in 2014-2017. We thank Wayne Perryman and Don 
LeRoi for their technical advice on drone photogrammetry during the early years of this study. Thank you to 
Drew Grav-Graham, Marley Temple, Anna Bichel, Xander Oldaker, Michelle Harnett, John Kelsey, Meesh Coles, 
and Erin Woodley for collecting data with us onboard Achiever. We thank Brianna Wright, Eva Stredulinsky, 
Jared Towers, James Pilkington, and Thomas Doniol-Valcroze for sharing demographic data from Fisheries and 
Oceans Canada’s Cetacean Research Program. We thank the Gitga’at, Kitasoo/Xai’xais, Heiltsuk, Wuikinuxv and 
Kwakwaka’wakw First Nations, in whose territories the data were collected. This work was also facilitated by a 
community of mariners, including marine guides, lighthouse keepers, and fishers, who relayed sightings and 
kept us safe and informed on the water.

Author contributions
SK: Conceptualization; Data Curation; Funding Acquisition; Formal Analysis; Investigation; Methodology; Vis-
ualization; Writing – Original Draft Preparation, Writing – Review & Editing. AGR: Conceptualization; Data 
Curation; Formal Analysis; Investigation; Methodology; Project Administration; Visualization; Writing – Orig-
inal Draft Preparation; Writing – Review & Editing. BCV: Conceptualization; Funding Acquisition; Investiga-
tion; Methodology; Project Administration; Writing – Original Draft Preparation; Writing – Review & Editing. 
LGB: Conceptualization; Funding Acquisition; Investigation; Methodology; Project Administration; Supervi-
sion; Writing – Extensive Review & Editing. PRT: Methodology; Formal Analysis; Validation; Writing – Review 
& Editing. GJS: Methodology; Writing – Review & Editing. HF: Investigation; Funding Acquisition; Writing 
– Review & Editing. JWD: Investigation; Funding Acquisition; Writing – Review & Editing. CTD: Conceptual-
ization; Funding Acquisition; Methodology; Project Administration; Supervision; Writing – Extensive Review 
& Editing. All authors commented on previous versions of the manuscript and approved the final manuscript.

Funding
Funding was provided by Ocean Wise Conservation Association, Raincoast Conservation Foundation, Sea Life 
Response Rehabilitation and Research, University of Victoria Department of Geography, the Raincoast Research 
Chair at the University of Victoria, and an Accelerate fellowship grant from Mathematic of Information Technol-
ogy and Complex Systems (grant number IT31771). Financial support provided by Ocean Wise includes funds 
received from the National Fish and Wildlife Foundation (2015–2018; NFWF Grant ID 0314.15.050641), the 
SeaWorld & Busch Gardens Conservation Fund (2015–2016 and 2019), Fisheries and Oceans Canada (DFO)’s 
Ocean and Freshwater Science Contribution Program (2018–2021), DFO’s Canada Nature Fund for Aquatic 
Species at Risk (2019–2022; CA No.: 2019-NF-PAC-039-A1), LNG Canada (2020–2022), and Ocean Wise’s Kill-
er Whale Adoption Program (2014–2022). Funding for this project was provided to the Raincoast Conservation 
Foundation by Fisheries and Oceans Canada (2023–2025), the Audain Foundation (2023–2024), and the Van-
couver Foundation (2023–2025). The views and conclusions contained in this document are those of the authors 
and should not be interpreted as representing the opinions of policies of the U.S. Government or the National 
Fish and Wildlife Foundation and its funding sources. Mention of trade names or commercial products does 
not constitute their endorsement by the U.S. Government, or the National Fish and Wildlife Foundation or its 
funding sources. The funders had no role in study design, data collection and analysis, decision to publish, or 
preparation of the manuscript.

Scientific Reports |         (2026) 16:5355 13| https://doi.org/10.1038/s41598-026-38696-0

www.nature.com/scientificreports/

https://doi.org/10.1098/rsos.160290
https://doi.org/10.13140/RG.2.2.35274.57283
https://doi.org/10.1093/beheco/arad002
https://doi.org/10.70766/32.7300
https://doi.org/10.70766/32.7300
http://www.nature.com/scientificreports


Competing interests
The authors declare no competing interests.

Compliance with ethical standards
All field activities were carried out under Fisheries and Oceans Canada marine mammal research license 
no. XMMS-6-2014 (2014–2017), XMMS-5-2018 (2018), XMMS-4-2019 (2019–2021) and XMMS-2-2022 
(2022–2023). All field procedures were approved by the Pacific Region Animal Care Committee of Fisheries 
and Oceans Canada as well as the University of Victoria Animal Care Committee (protocol 2023-005(1)) and 
complied with the standards of animal care set by the Canadian Council on Animal Care.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​6​-​3​8​6​9​6​-​0​​​​​.​​

Correspondence and requests for materials should be addressed to S.W.K.

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-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, 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 you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. 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 ​h​t​t​p​:​/​/​c​r​e​a​t​i​v​e​c​o​m​m​o​
n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​

© The Author(s) 2026 

Scientific Reports |         (2026) 16:5355 14| https://doi.org/10.1038/s41598-026-38696-0

www.nature.com/scientificreports/

https://doi.org/10.1038/s41598-026-38696-0
https://doi.org/10.1038/s41598-026-38696-0
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Costs of maternal care revealed through body condition in Northern Resident killer whales ﻿(Orcinus orca)﻿
	﻿Materials and methods
	﻿Study population and data collection
	﻿Photogrammetric analysis
	﻿Assessing body condition throughout the reproductive cycle
	﻿Assessing impacts of lifetime maternal care on body condition

	﻿Results
	﻿Influence of the reproductive cycle on female body condition
	﻿Influence of lifetime maternal investment on female condition

	﻿Discussion
	﻿References


