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Abstract

Effective conservation and management should consider a species’ social dynamics, given
that resource scarcity can lead to intragroup conflict. When food is limited, the reallocation of
shared resources may incur costs for group members who depend on provisioning or for members
that provide shared food. Resident Killer Whales share prey within their stable kin-based groups
(matrilines), but little is known about how social group composition might influence allocation of
shared prey and associated individual physiological condition. Using drones, we collected aerial
images to estimate body condition of Northern Resident Killer Whales over ten years (2014-2023)
to evaluate the health of individuals, some across multiple years (n = 175 individuals from 39
matrilines), in a population of approximately 345 whales. Our first objective was to examine the
association between individual body condition and the composition of their matrilines, while
accounting for salmon availability. Our second objective was to evaluate if mothers with more
offspring had lower body condition, and if this relationship depended on their offspring sex. Using
two candidate model sets of generalized mixed effect models, we found that social variables
influenced body condition. Specifically, males showed declines in body condition as the proportion
of juveniles in the matriline increased, while females either showed no change or increased in
condition. These sex-specific patterns suggest that males may receive reduced investment through
prey sharing in families with more dependent young. Additionally, we found a negative
relationship between the body condition of adult females and the number of offspring they have,
indicating that adult females may also incur costs in provisioning offspring. Interestingly, these
patterns did not depend on salmon abundance. Our results demonstrate how sociality can influence
individual health and provides insights into intragroup conflict and parental investment in a species

with lifelong parental care and high social stability.
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Introduction

Animal social systems can become expansive, with many group members and diverse
social roles. Group living strategies vary across taxa, where group living can be a temporary
response to the environment (for example foraging aggregations), or where repeated association
and social dynamics form to create long-term social units (Parrish et al., 1997, Krause and Ruxton,
2002). However, when resource availability becomes limited, intragroup competition can limit the

extent to which an individual benefits from group living (Alexander, 1974; Rubenstein, 1978).

Social structures can mitigate competition between group members through fission-fusion
dynamics when food becomes limited (Parker & Stuart, 1976; Silk et al., 2014; Chen et al., 2022).
For example, grey wolf pack stability shifts seasonally where “extraneous” members split from
the core group due to low prey density (Jordan et al., 1967; Sells et al., 2022). For animals with
multi-tiered social structures, resource limitation can trigger fission of higher tiered groups while
lower tier structures made of related individuals remain stable (Wittemyer et al., 2005; Smith et
al., 2008; Carter et al., 2013; Sutton, 2019). This flexibility in group membership can temporarily
reduce intragroup competition. However, some social systems are less fluid and mitigate

intragroup competition by other means.

An alternative to group fission is to actively provision certain group members while
limiting the provisioning of others, particularity for groups that share prey. Decisions around who
is prioritised depend on the value and dependency of group members; and in hierarchies, it also
depends on which group members hold provisioning power (Boone, 1992; Smith & Holekamp,
2023). In hierarchal matrilines, spotted hyenas share access to carcasses with those that have higher

status (Hofer & East, 2003) and only share with lower ranking males when a carcass is large



enough to facilitate sharing regardless of rank (Tilson & Hamilton, 1984). This dominance-driven
sharing is demonstrated in common ravens as well (Horn et al., 2024). Relatedness between
members can also influence provisioning decisions, where close kin are provisioned over less
related group members, as seen in human and other primate societies (Jaeggi & Gurven, 2013).
Highly dependent members such as young may also be disproportionally provisioned when
resources are scarce (Malcolm & Marten, 1982; Tizo-Pedroso & Del-Claro, 2018). In addition to
a member’s relatedness, status, or dependency on shared resources, reciprocal altruism can also
drive provisioning strategies. In vampire bats, individuals are more likely to share regurgitated
food with group members that they had received food from in the past (Wilkinson, 1984; Carter &
Wilkinson, 2013). This multitude of factors influencing how resources are allocated among group
members highlights the uncertainty around how resources are divided within groups across

different social systems.

Effective conservation of social species should consider if and how resources are allocated
within groups and if providers of shared prey or dependent members incur costs when resources
are limited. In this thesis, I will examine if group composition affects prey sharing between group
members, and whether certain members incur associated physiological costs in a species with
exceptionally high social stability: the threatened Northern Resident killer whales (Orcinus orca
ater). I will do so by 1) investigating whether social group composition affects individual body
condition and 2) evaluating if a mother’s body condition depends on her offspring number and sex,
while accounting for prey availability. This work will examine the inherent challenges social
groups face in sharing resources and managing intragroup conflict, and the extent to which

resource limitation exacerbates these challenges.



Chapter One: Group composition and allocation of shared prey in Northern Resident killer

whales

Introduction

The conservation and management of wildlife requires consideration of a suite of factors
that affect population viability. Conservation efforts are often focused on resource limitation from
overharvesting, loss of habitat, and other anthropogenic threats (Lascelles et al., 2014; Arthington
et al., 2016; Johnson et al., 2017). However, intrinsic population characteristics can interact with
these stressors to influence population dynamics. Social systems strongly influence survival and
reproduction in group-living species (Chapman & Bourke, 2001; Smith et al., 2016; Brakes et al.,
2019). Conservation and management efforts focused on species with long-lasting social
connections should therefore consider their sociality and how environmental conditions influence

social dynamics.

1.0 Intragroup conflict and resource scarcity

Considering sociality in conservation efforts is particularly important for species facing
resource scarcity, including from human impacts, because it can lead to intragroup conflict.
Specifically, when resources become scarce, intragroup competition can become more pronounced
(Alexander, 1974; Rubenstein, 1978). For example, in group-living mountain ungulates, declines
in vegetation caused by climate change can lead to aggression between groupmates (Fattorini et
al., 2023). Moreover, reduced prey diversity can increase dietary overlap between group members
and promote competition (Gémez-Campos et al., 2011). For species that share food among group
members, social dynamics can be especially relevant during food limitation (Malcolm & Marten,

1982; Tilson & Hamilton, 1984; Bird, 1997; Tizo-Pedroso & Del-Claro, 2018), particularly when



the physiological health and evolutionary fitness of some members depend on provisioning
(hereafter ‘recipients’). Whereas previous work has focussed on the evolutionary benefits of prey
sharing (ie, kin selection, informational exchange, and reciprocity in primates and vampire bats
(Wilkinson, 1984; Jaeggi & Gurven, 2013)), associated costs may also be incurred for providers

and dependent recipients.

2.0 Provisioning of offspring

Conlflict around how much providers provision recipients is well illustrated in parent-
offspring relationships. Under resource limitation, conflict of interest arises between parents and
individual offspring over the degree of parental investment (described as ‘parent-offspring conflict’
(Trivers 1974)). When parents are faced with provisioning multiple offspring, they are predicted
to reduce investment in those that are highly dependent, costly to maintain, and have low
reproductive value (individuals that have lower reproductive success) (Trivers, 1972; 1974).
Investment in older offspring may be favoured because they have higher reproductive value (for
example, in species in which older males have greater mating success), have a higher probability
of surviving to reproductive age, and therefore provide higher inclusive fitness benefits (Hamilton,
1964, Trivers, 1974). Older offspring also require less time to reach independence, reducing long-
term parental investment (Dawkins & Carlisle, 1976). Greater parental investment in older
offspring relative to younger offspring has been documented in birds, particularly with regard to
predator defense (Andersson et al., 1980; Tryjanowski & Gotawski, 2004; Redmond et al., 2009;
Svagelj et al., 2012). In Galapagos fur seals (Arctocephalus galapagoensis), mothers nurse older
offspring at the cost of their younger offsprings’ survival, especially when food is limited
(Trillmich & Wolf, 2008). These patterns of parental investment highlight the balance parents must

strike to maximize their reproductive success.



Costs associated with parental investment depend not only on the age of the offspring, but
also on their sex. Theory suggests that the indirect fitness benefits of investing in offspring of one
sex over the other depends on parental condition (Trivers and Willard 1973). When resources are
limited, parental investment should be directed to daughters over sons. This is because the
reproductive success of sons is generally more variable than the reproductive success of daughters,
particularly for sexually dimorphic and polygamous species in which a few high-quality males
dominate mating (Hewison et al., 1999; Cockburn et al., 2002) Therefore, parents should only
invest in sons when there are enough resources to raise a high-quality son who can successfully
compete with other males to sire multiple offspring. Diminished investment in males during
resource limitation has been documented in precocial birds, small mammals, and wild and semi-
domesticated ungulates (Clutton-Brock et al., 1982; Holand et al., 2005; Koskela et al., 2009;

Lemons et al., 2012).

3.0 Social System of Resident Killer Whales

Resident killer whales (RKWs; Orcinus orca ater) have a rare social system, where both
sexes remain in their natal matrilines for their whole lives and persistently share their salmonid
prey. This lifelong nondispersal of both sexes has been documented in only four non-human
species (Greenwood, 1980; Bigg et al., 1990; Amos et al., 1993; Park et al., 1998; Rodrigues et al.,
2010) and offers an opportunity to examine parental investment in a highly stable animal society.
Adult females are the primary providers, sharing up to 90% of their kills (Wright et al., 2016).
Adult males share with their mothers and younger siblings but also continue to be provisioned by
their mothers throughout their lifespan (Ford & Ellis, 2006; Wright et al., 2016). RKW adult
females might be challenged by providing for offspring of varying ages and energetic needs due

to this lifelong parental investment. These challenges may be exacerbated by prey limitation, given



that RKWs are limited by the abundance of their salmonid prey (Ward et al., 2009; Ford et al.,
2010b; Vélez-Espino et al., 2015; Couture et al., 2022; Nelson et al., 2024). As a result, with
increased conflict under food limitation, adult females might allocate resources unevenly among
their dependent offspring to maximise inclusive fitness as predicted by parent-offspring conflict

theory.

It is well-established that social group composition can influence the survival of RKW
group members, which may have implications for long-term population dynamics (Foster, et al.,
2012b; Croft et al., 2017; Ellis et al., 2017; Weiss et al., 2023). Here, we assess whether social
group composition also affects shorter-term measures of health by examining the body condition
of RKWs (Fearnbach et al., 2018, 2020). Body condition is affected by the amount and quality of
prey consumed, regardless of whether those prey are obtained directly by foraging or is provided
by mothers or other group members. Regarding provisioning, we reason that low body condition
may reflect both the cost of providing shared prey to others and a lack of receiving from others.
Although body condition measures physiological markers of health rather than individual fitness,
these short-term markers could serve as yearly proxies for fitness because they are associated with
annual survivorship in RKWs (Stewart et al., 2021). Given that such a metric integrates
provisioning, evaluating body condition under various individual, social, and environmental (i.e.
prey) contexts could not only shed light on parent-offspring and intragroup conflict but also

provide timely management-relevant information on killer whales.

4.0 Research Aims

To examine how the composition of matrilines influences the body condition of matriline
members, we analyzed a 10-year data set of aerial images of Northern Resident Killer Whales

(NRKW), a population of approximately 350 individuals ranging from Southern British Columbia
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to Southeastern Alaska (Alert Bay Cetological Society, 2022; Ford, 2006). Specifically, we
investigated how matriline composition by age-sex class may influence the body condition of their
members, especially recipients, while accounting for salmon abundance. Because RKWs share
prey among group members, we hypothesized that an individual’s health depends on the social
composition of their matriline. We predicted that individuals in matrilines with a higher proportion
of juveniles and higher proportion of adult males have lower body condition due to the high
dependency on provisioning and caloric needs of these members (Noren, 2011; Wright et al.,
2016). Moreover, we predicted that individuals in matrilines with higher total caloric requirement
and more group members exhibit lower body condition. We also hypothesized that when groups
have many dependent members, provisioning is reduced to individuals that are most dependent,
most costly to provide for, and have the lowest reproductive value. Accordingly, we predicted that
the body condition of juveniles and adult males would be negatively associated with the proportion
of dependents in the matriline, given that both are heavily provisioned by their mothers, juveniles
have low reproductive value, and that adult males have high caloric requirements (Noren, 2011;
Wright et al., 2016,). As an additional prediction, older adult males won’t not show lower
condition, given that they have high reproductive success and their high inclusive fitness value to
mothers could outweigh costs from provisioning them (Barrett-Lennard, 2000; Ford et al., 2011,
2018). Finally, we expected that any negative associations between body condition and matriline
composition to be more pronounced during years of lower salmon abundance, especially for male

offspring (Trivers and Willard, 1973, Clutton Brock et al., 1985).

Methods

1.0 Field Data Collection



We sampled coastal British Columbia, Canada, along Northeastern Vancouver Island
within Kwakwaka’wakw territories, and the Central Coast within Gitga’at, Kitasoo/Xai’xais,
Heiltsuk, and Wuikinuxv territories (Figure 1). These are key summer foraging locations for

NRKWs and within their critical habitat (Nichol & Shackleton, 1996; Ford, 2006).

Figure 1. Central coast (left) and Northeastern Vancouver Island (right) study areas. Blue dots indicate
location of encounters with Northern Resident killer whales from 2014 to 2023. Locations denote

coordinates from position during the start of an encounter

Each summer from 2014 to 2023, we conducted approximately three to five-week field
seasons in Johnstone Strait (August and September). We added two-week field seasons on the
Central Coast in June 2019, July 2022, and July 2023. We conducted field work during summer
months to avoid potentially confounding seasonal effects on body condition (Fearnbach et al.,
2020) and to capture annual snapshots when body condition is likely highest (Stewart et al., 2021).
All field activities were carried out under research permits XMMS-6-2014 (2014-2017), SARA
permit held by Thomas Daniol-LaCroze (2018), XMMS-4-2019 (2019-2021) and XMMS-2-2022

(2022-2023) from Fisheries and Oceans Canada.



We searched for NRKWs via continuous visual and intermittent acoustic scans during
daylight hours. From 2014 to 2022, we used an 8.2m motor vessel with a 2.5m top deck viewing
platform, and in 2023 we used a 20m sailing vessel with a 5Sm viewing platform. We performed
acoustic scans using a hydrophone with a ~10 nautical mile acoustic range during visual scans
when weather conditions allowed. Our search efforts were guided by sightings information
received via radio from local mariners, including whale watch operators, ecotour operators, coastal
First Nation stewards, research outposts, and lighthouse keepers. Once we encountered NKRWs,
we obtained lateral images by approaching the whales at 30-100 meters. While a vessel operator
matched the speed and direction of whales, a photographer used a DSLR camera with a telephoto
lens (300mm and 400mm maximum range) to capture high resolution photographs of the whale’s
flank and dorsal fin. These lateral photographs served the dual purpose of confirming which whales
were present during the encounter and aiding in identification from same-day aerial images of
whales during RPAS operations. Both these identification processes cross-referenced photo
identification images from Department of Fisheries and Oceans Canada catalogues (Bigg, 1982;

Towers et al., 2015, 2020)

To evaluate body condition of NRKWs from aerial photographs, we used Remotely Piloted
Aircraft Systems (RPAS or ‘drones’) following protocols established by Durban et al. (2015).
Aerial photographs were captured using several equipment systems as technology evolved over
the study duration: an Aerial Imaging Solutions APH-22 hexacopter and Olympus E-PM2 camera
with a 25mm F1.8 lens from 2014 to 2017, a DJI Matrice 200 quadcopter and Zenmuse X5S
camera with a 25mm F1.8 lens from 2018 to 2022, and a DJI Inspire 3 quadcopter and Zenmuse
X9-8K camera with a 24mm F2.8 lens in 2023. Our approach involved a dual controller system in

which a camera operator captured images and directed the pilot with verbal commands to position



the RPAS above the whales, while the pilot maneuvered the RPAS and maintained visual line of
sight. The RPAS flew at 30 to 40 meters above the whales, with a gimbaled camera oriented at 90
degrees and parallel to the surfacing whales. A polarized filter was used to reduce glare from the
sea’s surface and camera settings ranged from F2.8 to 5.6 aperture, 400 to 3200 shutter speed, and
200 to 3200 ISO, depending on RPAS camera model and light conditions. Over the ten years of
field work, the research team conducted 789 RPAS flights during 177 encounters with NRKWs.
We photographed 219 individual whales from 42 matrilines during the study, with 133 whales
sampled in multiple years and an average of 63 whales sampled in each year.

Our procedure was designed to minimize potential disturbance to whales. To our
knowledge, killer whales have not demonstrated avoidance responses to RPASs, but other
delphinids have shown evasive behaviours when approached by drones flying at less than 23
meters altitude (Aubin et al., 2023). Accordingly, we took precautions following recommendations
from Durban et al. (2015), Raoult et al. (2020) and (Aubin et al., 2023): maintaining RPAS altitude
at a minimum of 30m and monitoring for avoidant behaviours. 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 one hour per
encounter. During RPAS operations, the vessel remained within 400 meters of the whales, moving
slowly behind or parallel to them. To reduce vessel noise and disturbance, we minimized

acceleration and sudden changes in direction.

2.0 Photogrammetry Analysis

We selected aerial images suitable for photogrammetric analysis based on clarity,
resolution, and whale position. These criteria included images where the whale’s eye patches were

in focus, each end of the eye patches was visible above the water surface, and the whale had no
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discernable tilt in body axis or head. We assigned image quality on a graded scale from 1 (low
quality) to 3 (high quality), considering the clear distinction of the edge of the whale’s eye patches

and any water distortion.

We estimated each whale’s body condition by measuring the whale’s eye patch ratio
(Fearnbach et al., 2020). The eye patch ratio has been used as a proxy for the nutritional status of
killer whales and reflects seasonal changes in body condition. Lower values indicate less fat behind
the cranium, which is associated with increased probability of mortality (Fearnbach et al., 2020;
Stewart et al., 2021). Using the software ImageJ (2023), we measured the distance in pixels
between 1) the anterior tips of the whale’s eyepatches and 2) the eyepatches at 75% of their length

toward the posterior end (Figure 2). We then calculated the eyepatch ratio using the formula:

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

Distance between anterior edges of eye patches

We calculated the annual mean eye patch ratio for a whale using all suitable images from
that sampling year. For whales with images from both study areas, we pooled images from both
areas to calculate their annual mean eye patch ratio, as study area had no effect on eye patch ratio

(See Supplementary Methods, Supplementary Figure 1).
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Figure 2. Example image of a high quality (scale 3) eye patch photograph of Northern Resident, 151.
Measurements include 1) the distance between the anterior tips of the eye patch, and 2) the distance
between the inner edges, 75% along the eye patch length towards the posterior end (methods from

Fearnbach et al., 2020)

Eye patch ratio values tend to vary between 1.0 to 1.3 for RKWs (Stewart et al., 2021), so
we accounted for uncertainty in these fine scale measurements. We measured each image twice,
and the resulting values were averaged to calculate an eye patch ratio. Repeat measurements on an
individual whale in a given year yielded an average coefficient of variation of 0.0112, ranging
between 0.0002 and 0.0310. To examine potential outliers, we plotted raw eye patch ratio
measurements for each whale per year. If an outlier was measured from a quality grade 1 image,

we removed the value before calculating a whale’s annual mean eye patch ratio.

Four people performed photogrammetric measurements depending on the year of data
processing. To ensure that eye patio measurements were consistent across measurers, we tested

between-measurer repeatability. Each measurer measured the same set of 30 aerial images. Using
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the Inter-class correlation coefficient (ICC) (Revelle, 2024) to compare observer measurement
results. An ICC value of 1.0 and a p-value < 0.05 indicates perfect similarity between observers.
We found high repeatability across observers (ICC = 0.97, p < 0.001), suggesting that differences

between measurers were negligible.

3.0 Covariate Data

For each year of data collection, we obtained age, sex, matriline membership, birth year,
and death year (if applicable) for every whale in our dataset from historical Department of
Fisheries and Oceans Canada catalogues of NRKWs (Towers et al., 2015; 2020; Alert Bay
Cetological Society, 2022). We designated matriline membership based on matriline classification
from Department of Fisheries and Oceans Canada catalogues (Towers et al., 2015; 2020). Matriline
members typically consisted of living descendants of one matriarch (dead or alive), with
occasional exceptions where whales left their natal matriline to travel with others. If a whale was
repeatedly observed travelling exclusively outside their natal matriline for over a year with another
matriline (seemingly their adoptive matriline), we used the adoptive matriline as their matriline ID
(Jared Towers, personal communication, November 10, 2023). In cases where a whale changed
matrilines during the study period (n = 2; A94 and C31), the matriline assignment was adjusted for

the year of the switch and thereafter.

To evaluate the potential role of matriline size and group composition, we calculated the
following covariates: the number of whales in the matriline, the proportion of juveniles (age 3 to
11), the proportion of adult males (age 12 and above), and the proportion of adult females (age 12
and above) within the matriline according to age-sex class assignments from Olesiuk et al. (2005)
and Wright et al. (2016). We used these covariates to account for varying levels of dependency on

prey sharing or the likelihood of sharing within the matriline based on age-sex class from Wright
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et al., (2016). We did not include the proportion of calves as a covariate (age 3 and under) as these
members are energetically dependent on nursing, not only on provisioning through prey sharing.
We decided to evaluate candidate models without this covariate to simplify our model set and only
include models that addressed costs of provisioning through prey sharing. We also considered the
total caloric requirement of each matriline as a social variable. We used daily caloric requirement
estimates (kcal/day) of NRKW from (Noren, 2011) based on age and sex of a whale. We then
summed the caloric requirements of individual matriline members to calculate the total daily

caloric requirement of a matriline during a given year of the study.

We accounted for prey availability using abundance estimates of the primary prey of
NRKWs, Chinook salmon (Oncorhynchus tshawytscha) (Ford and Ellis, 2006). We used the
Pacific Salmon Commission’s annual ocean catch abundance indexes from 2014 to 2023 (Chinook
Technical Committee, 2023), which estimates salmon abundance relative to levels measured in
1979-1982. This metric has been show to correlate with NRKW mortality and fecundity (Ward et
al., 2009; Ford et al., 2010b). Additionally, interactions between the abundance index and social
factors have been found; lower social connectivity and lack of matriline leadership results in higher
mortality when salmon abundance is low (Foster et al., 2012; Brent et al., 2015; Ellis et al., 2017).
We averaged the annual abundance indexes across three areas, Southeastern Alaska, Northern
British Columbia, and West Coast Vancouver Island, as the NRKW range includes all three areas

(Ford, 2006).

Harvest data do not directly measure prey available for NRKW; instead, they measure the
amount harvested and thus no longer available to NRKWs to forage. However, the premise of the

index is that the quantity of fish harvested by ocean fisheries is proportional to the abundance of
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fish in the environment (Chinook Technical Committee, 2023), and thus is likely proportional to

the abundance of fish available for NRKW.

4.0 Statistical Analysis

Using the programming software R 4.2.3 (R Core team, 2023), we conducted statistical
analysis to investigate how NRKW body condition might be associated with group composition
(while accounting for salmon). We constructed a set of 10 candidate models (n = 596) based on a
priori hypotheses (Supplementary Table 1). For each model we fit the data with linear mixed
effects models and a Gaussian distribution using the R package glmmTMB (Brookes et al., 2017).

To address how individual body condition is associated with matriline composition, we
competed models with social covariates and individual level covariates. The social covariates
included the proportion of juveniles in the matriline, proportion of adult males, proportion of adult
females, matriline size, and the estimated daily caloric requirement of the matriline. Each model
included an age term fit with a cubic natural spline (df = 3) (R core team, 2023) to address non-
linear allometric patterns in eye patch ratio (Stewart et al., 2021). We also fit our matriline size
covariate with a cubic natural spline (df = 2) as functions of killer whale group size can be non-
linear (Baird & Dill, 1996). For individual level covariates, our models included the whale’s age
and sex to account for variation in body condition as males and females mature (Stewart et al.,
2021). We included interactions between age, sex, and all social variables, as the relationship
between social covariates and body condition may depend on the whale’s age-sex class due to
distinct age and sex-specific social roles within the matriline. We only included whales with known
sex for this analysis (removed n = 39 observations). We also included models with a salmon and
social covariate interaction term to address the potential influence of food availability on social

factors. We used whale identity and matriline identity as random effects to account for individual
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and group level variation and included an autoregressive term to account for correlation between

measurements of the same individual from successive years (Pinheiro et al., 2023).

We evaluated model selection using the Akaike Information Criteria (AIC; Anderson &
Burnham, 2002), considering models within 2 AIC points of the top performing model (lowest
AIC) as competitive, unless simpler models had lower AAIC (the difference in AIC between each
model and the best model) than more complex models (Anderson & Burnham, 2002; Arnold,
2010). We validated model performance using the R package DHARMa (Hartig, 2022), and
assessed covariate strength by evaluating coefficients and their 95% confidence intervals within
our top models. We also computed relative variable importance (RVI) values for each term in our

top models to understand which variables had the strongest predictive influence on body condition.

Results

From the 10 sampled years of NRKW body condition data, we analyzed 557 observations
from 175 individuals (0.99 — 1.29 range in eye patch ratio). At the individual level, males had
higher eye patch ratios than females, and older individuals had higher eye patch ratios than younger
ones (Figures 3-4). After accounting for these individual level variables, we found evidence that
social covariates influenced body condition. Our analysis indicated the proportion of juveniles in
the matriline was the most important social predictor (inferred by AIC and RVI values). The
influence of our salmon covariate on body condition was minimal; we observed a slight but
negative association (the smallest among all variables with coefficients for which the 95%
confidence intervals did not overlap zero; Figure 3, Supplementary Figure 2), and no interaction

term that included salmon was significant (Supplementary Figure 3).
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Multi-model inference suggested that a simple model, containing only the proportion of
juveniles as a social correlate, performed the best (AIC weight 0.58, Table 1). This model
accounted for 85% of the variation in the data, with 42% of the variation explained by fixed effects.
Across models, the proportion of juveniles was four times more important in predicting eye patch
ratio (RVI = 0.39) than the proportion of adult males (RVI = 0.09), and at least 39 times more
important than the proportion adult females (RVI = 0.01), matriline caloric requirement (RVI =

0.00), and matriline size (RVI = 0.00) (Supplementary Table 2).

While our top model indicated that the proportion of juveniles in the matriline predicted eye
patch ratio, this relationship depended on the whale’s age and sex (Figures 3, 4). The proportion
of juveniles in the matriline was positively associated with body condition for older adult females
(age 32, slope = 0.035, 95% CI: 0.004 to 0.066) This relationship was weaker and nonsignificant
for young females (age 5, slope = 0.012, 95% CI: -0.019 to 0.043) and mid-aged females (age 18,
slope = 0.005, 95% CI: -0.021 to 0.032; Figure 4). For males, the proportion of juveniles was
negatively associated with body condition for all age groupings. The strongest negative association
was found in mid-aged males (age 18, slope = -0.048, 95% CI: -0.075 to -0.021), then juvenile
males (age 5, slope = -0.042, 95% CI: -0.072 to -0.011), with the weakest association for older

males (age 32, slope =-0.018, 95% CI: -0.054 to 0.017) (Figure 4).

Table 1. Model selection results (n = 557 observations, 175 individuals). Models varied by which social
covariate was included (indicated in ‘social covariate’ column), and whether salmon abundance was also
considered in interaction terms with the social covariate (denoted by an x). For each model, the social
covariate it contained was also considered in interaction terms with age and sex. See Supplemental Table 1
for full list of terms for each model in the model set. The top performing models and any competitive

models (see Methods) are indicated in bold font. K indicates the number of terms in the model including
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each degree of any natural spline covariate and interactions with natural spline covariate, as well as the

autoregression term for temporal autocorrelation in year body condition measurements (K = 2)

Model #

Social
covariate

K

AlCc

A AlCc

AlICc Weight

Proportion
juveniles

18

894.88

0.00

0.58

Proportion
juveniles x
salmon

19

896.96

2.08

0.20

Proportion
adult males

18

897.73

2.85

0.14

Proportion
adult males x
salmon

19

899.86

4.98

0.05

Proportion
adult females

18

901.69

6.82

0.02

Proportion
adult females
X salmon

19

903.65

8.78

0.01

Matriline
caloric
requirement

18

905.73

10.86

0.00

Matriline
caloric
requirement x
salmon

19

907.81

12.93

0.00

Matriline size

23

915.32

20.44

0.00

10

Matriline size
x salmon

25

918.79

2391

0.00

Null

None

1063.86

168.98

0.00
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Figure 3. Coefficients (dots) and 95% confidence intervals (lines) for fixed effects in the top performing
model (model #3) for predicting eye patch ratio among all age sex classes. Symbols denote P values (***
=0.0001, **=0.001, *=0.01, - = 0.05). Blue values indicate positive associations and red values indicated
negative associations between predictors and eye patch ratios. Categories denoted by °;’ represent level of
the predictor variable compared to the base case level. Brackets around age terms represent the degree of

natural spline function for age
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Figure 4. Top performing model in the model set (model #3) for all age and sex classes. A) Predicted eye
patch ratio values by age and sex as a function of the proportion of juveniles in matriline. All other model
terms are held at mean values. Age is represented visually as three categories: the mean age of NRKW in

the data set (18.5), mean age plus one standard deviation (31.7), and mean age minus one standard deviation
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(5.4). Lines represent model predicted values and shaded areas represent 95% confidence intervals. B) Raw
data showing range of eye patch ratio values for NRKWs in association with the proportion of juveniles in

matriline, according to age and sex of whales

Discussion

Our results illustrate how group composition can influence the nutritional status of
individuals living in groups. Specifically, we found that males within matrilines with a high
proportion of juveniles showed lower body condition than males within matrilines with few
juveniles, a pattern not observed in females. Immature and teenage males showed the strongest
negative associations. Contrary to our expectations, these relationships did not appear to be
influenced by chinook salmon abundance during the years of this study. These results suggest that
the composition of killer whale matrilines could influence individual health regardless of prey
abundance, particularly when groups have many dependent members. The contrasting
relationships between body condition and the proportion of juveniles in the matriline in males and
females could indicate that, when providers have many dependents to feed, they decrease

provisioning of males, but not females.

1.0 Limitations

Our approach carries several limitations. For one, our interpretation is constrained by the
inability to distinguish the relative contribution of prey sharing and foraging ability of recipients
in shaping their nutritional condition. Low body condition could reflect insufficient provisioning
of recipients, over expenditure of provisioning by providers, or poor foraging ability. We reason,
however, that low condition could indicate that the provisioning a whale received did not
compensate for any shortcomings in foraging. Using a whale’s eye patch ratio to reflect individual

body condition and health also presents challenges. While these measurements have been linked
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to the survival and nutritional status of killer whales (Fearnbach et al., 2020; Stewart et al., 2021),
morphometric data reflecting blubber loss along a whale’s entire body might have more predictive
power (Christiansen et al., 2016, 2019; Hogg et al., 1992; Castrillon & Bengtson Nash, 2020;

Arranz et al., 2022).

2.0 Effects of group composition on body condition depend on sex and age

Despite these limitations, our results suggest that males, particularly immature and teenage
males, may receive reduced provisioning when there is a high proportion of dependents in the
matriline. In mammals, higher costs of provisioning males begin at the onset of post-parturition
maternal investment because nursing rates are often higher in males (Clutton-Brock et al., 1981;
Hogg et al., 1992; Birgersson et al., 1998). In killer whales, which receive life-long maternal
investment through prey sharing, these costs may peak when males grow rapidly during their
teenage years (Noren, 2011). Our results align with this interpretation because teenage males had
the strongest negative association between body condition and the proportion of juveniles in their
matriline. The pronounced long-term costs of sons is evident in RKWs; a female’s lifetime
reproductive output is limited if she has a son (Weiss et al., 2023). Our results support the idea that
NRKW sons are costly to maintain, given that providers (mainly adult females, Wright et al., 2016)
might reduce investment in immature and teenage males under more challenging social group

composition.

In contrast to patterns observed among younger males, we found that in older adult males,
body condition had little association with the proportion of juveniles in their matriline. Such a
pattern could arise via two non-exclusive pathways. One pathway is that older males are better
foragers and less dependent on prey sharing than younger males. Older males could be more

experienced at finding prey, making them less dependent on provisioning. Moreover, the larger
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size of older males allows them to dive deeper and expand their foraging niche (Beerman et al.,
2016), although their size could reduce the agility required to catch salmon (Blanckenhorn, 2000).
As an additional pathway, older males might show weaker association between body condition and
the proportion of juveniles in their matriline because they continue to be provisioned irrespective
of the number of juveniles. Evidence suggests that older adult males are provisioned by adult
females (Wright et al., 2016) and those without mothers spend more time foraging than those with
mothers (Tennessen et al., 2023). If older males are provisioned despite social constraints while
younger males receive reduced investment, the higher reproductive value of adult males may
explain why. In many mating systems, older males often have higher mating success (Fiske et al.,
1998; Alonso et al., 2010; Brooks & Kemp, 2001), including in RKWs (Barrett-Lennard, 2000;
Ford et al., 2011, 2018). Investing in older males might incur greater inclusive fitness benefits
because they have less variable mating success, have already survived to sexual maturity, and

therefore are of higher reproductive quality (Trivers, 1972, 1974).

Interestingly, older adult females showed a positive association between body condition
and the proportion of juveniles in their matriline. We expected a weak or negative association,
depending on whether females reduced provisioning to recipients or incurred costs from providing
for many dependent juveniles. We note that the proportion of one age sex class within a matriline
is inherently correlated with the proportion of another (although our candidate model set did not
consider these variables together in any model). Accordingly, this unexpected positive association
for older adult females might be due to a negative correlation between the proportion of juveniles
and proportion of adult males in a matriline. Our lower ranking models indicated that older adult
females had lower body condition in matrilines with more adult males, suggesting confounding

effects might explain the unexpected positive association. The proportion of juveniles was also
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negatively correlated with the proportion of calves in the matriline. Therefore, adult females might
have higher body condition in matrilines with more juveniles because they are less likely to be
nursing their own calf, which reduces their body condition (Amy Rowley, unpublished data).
However, if this release from nursing explains why adult females have higher body condition in
matrilines with more juveniles, we would also expect mid-aged females to show a negative

relationship, but they showed no association.

3.0 Proportion of adult males in the matriline and salmon abundance are not strong predictors of

body condition

Contrary to our expectations, the proportion of adult males in a matriline was not a strong
predictor of individual body condition. Our modeling approach might in part explain why. We
combined the proportion of teenage and older adult males into one variable (proportion adult
males) to reduce model complexity, a scenario that may obscure their different social roles and
abilities. As previously stated, older adult males might not be as costly to maintain through
provisioning as initially thought (Wright et al., 2016; Stredulinsky et al., 2021). However, the
proportion of teenage males could be an important predictor of body condition, given our results
suggesting they are most sensitive to group composition and possible reduction in provisioning.
Younger adults still require skill development, need to search wider ranges for prey, and are less
successful at capturing larger prey compared with older adults (Desrochers, 1992; Sand et al.,
2006; Penteriani et al., 2013). Additionally, older males might even support their matrilines by
babysitting their younger siblings (Waite, 1988, Bisther and Vongraven, 1993), a role teenage
males may not perform. Therefore, future studies could examine teenage and older males
separately when considering social interactions with RKW sex classes, should statistical

opportunity permit.
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We found a weak relationship between salmon abundance and NRKW body condition
(alone or in any interaction), which has at least two possible non-exclusive explanations. One,
there might have been abundant salmon to meet the needs of NRKWs during the years of this
study. Despite considerable variation in salmon abundance, the lowest abundance during our study
was 37% higher than the lowest recorded during Ford et al.’s (2010b) study that indicated NRKW
survival is negatively associated with chinook salmon abundance. Possibly, the minimum salmon
abundance during the 10 years of our study was sufficient for the whales to avoid adverse effects
on body condition. As an alternative, the Pacific Salmon Commission’s chinook abundance index
may not accurately reflect the availability of prey for NRKWs. Measures of body condition can be
sensitive to seasonal shifts in prey abundance (Fearnbach et al., 2020), and the annual abundance
index’s temporal scale may not reflect seasonal variation in chinook abundance. Additionally, the
index’s geographic range may not adequately measure the abundance of specific salmon stocks
important to NRKWs (Ford & Ellis, 2006, Ford et al., 2010a). Finer geographic measures of
chinook abundance have been related to NRKW survival and fecundity during years prior to our
study (Vélez-Espino et al., 2015). However, during our study period, the cumulative trend of these
fine scale estimates paralleled the abundance index trend and might similarly predict body

condition.

Other social and ecological considerations about salmon abundance might also be relevant.
Given that males showed lower condition in matrilines with more juveniles independently of
salmon abundance, our results suggest that salmon is not being adequately shared when providers
are challenged by provisioning many dependent members. This suggests that the abundance or
quality of salmon might be limited since certain recipients are not receiving consistent provisioning

under certain group compositions. Finally, in addition to abundance, the quality and size of
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individual salmon might limit RKWs (Couture et al., 2022), and further studies might consider

prey size when examining effects of prey limitation.

4.0 Implications

Our findings indicate that matriline composition can significantly influence the body
condition of certain NRKW age-sex classes, which suggests that social factors should be
considered in their conservation and management. While we cannot change the group composition
of NRKW matrilines, understanding the conditions that might mitigate these negative effects is
important. If females are challenged with provisioning their many dependent group members,
particularly young males, conditions that promote more cooperative provisioning could reduce
these costs. Post-reproductive matriarchs continue to provision group members, particularly their
adult sons (Wright et al., 2016) and are less likely to have their own juvenile offspring to care for.
When matrilines are faced with provisioning many dependent members, these older females might
help cooperatively provision dependent matriline members given that nonbreeding helpers are
primary providers in other cooperative species (Clutton-Brock et al., 2004; Forssman et al., 2018).
As well, older individuals promote reproductive and foraging success among their relatives, as
demonstrated in African elephants (Loxodona africana), and importantly, resident killer whales
(McComb et al., 2001; Brent et al., 2015). Therefore, promoting longevity in NRK'W matriarchs
by increasing prey availability in conjunction with reduced noise pollution and chemical
contaminants (Williams et al., 2024) could facilitate more cooperative and effective prey sharing
throughout matrilines. Additionally, the RKW Recovery Strategy emphasizes that the presence of
intact RKW matrilines allows for “cultural continuity” and is an important factor in population

recovery (Fisheries and Ocean’s Canada, 2018). Results from this work supports this notion, as
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promoting conditions that support intact matrilines with long-lived members could reduce

competition for their limited prey.

More broadly, our work highlights how conflict over parental investment can occur in a
system with nondispersal of offspring from their natal groups. We show that young males may
receive less provisioning than females of the same age when social groups have many dependent
members. We also find that maternal providers may invest preferentially in older adult males rather
than younger males when social group composition challenges adequate prey sharing. This
suggests that the reproductive value of a group member can outweigh the cost of fulfilling its high
caloric needs. In conclusion, our study reveals complex patterns of resource allocation in a stable
social system and suggests that the health of group members depends on not only ecological

factors, but also their social environment.
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Supplementary Material: Chapter One

Evaluating effect of area on body condition

As our field work on the Central Coast was conducted earlier in the summer than field work in
Johnstone Strait, we considered the possibility of confounding seasonal differences in body
condition between the two sites. To evaluate the effect of study area on body condition, we
analysed the body condition of whales that were observed in both study areas in the same year (n
= 80 observations, 36 individuals). We visualized the effect of area by plotting the raw data from
whales with observations in the Central Coast and Northeastern Vancouver Island. We then
evaluated the effect of study area using a generalized mixed effects model, which included the
study area as a fixed effect, and matriline ID and whale ID as random effects. We fit the model

with a Guassian distribution, following protocols from our main analyses.

We found area had little effect on body condition (Supplementary Figure 1). Our model indicated
that body condition was not significantly different between areas (Coefficient = 0.004, Z value =

1.45, p value = 0.15).
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Supplementary Figure 1. Eye patch ratio by study area (Central Coast and Northeastern Vancouver Island),
n = 80 observations, 36 individuals. Box boundaries indicate the interquartile range (IQR) of values,
between the 1% and 3" quartile (Q1, Q3). Horizontal lines within the IQR represent the median value.

Whiskers represent the minimum (Q1 — 1.5 x IQR) and maximum values (Q3 + 1.5 x IQR). Black does

denote outliers

Additional Supplementary Material

Supplementary Table 1. List of non-abbreviated (i.e., all terms) candidate models (n = 557). All models
included an additional autoregression term to account for temporal autocorrelation between measures of

the same whale in subsequent years. Models 1-10 include random effect of whale ID and matriline ID

Null Model

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

Proportion of adult females in matriline models

1 Proportion adult females x age + proportion adult females x sex + salmon +
reproductive status + age + sex
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2 Proportion adult females x salmon + proportion adult females x age + proportion
adult females x sex + salmon + reproductive status + age + sex

Proportion of juveniles in matriline models

3 Proportion juveniles x age + proportion juveniles x sex + salmon + reproductive
status + age + sex

4 Proportion juveniles x salmon + proportion juveniles x age + proportion juveniles x
sex + salmon + reproductive status + age + sex
Proportion of adult males in matriline models

5 Proportion adult males x age + proportion adult males x sex + salmon +
reproductive status + age + sex

6 Proportion adult males x salmon + proportion adult males x age + proportion adult
males x sex + salmon + reproductive status + age + sex

Matriline caloric requirement models

7 Matriline caloric requirement x age + matriline caloric requirement x sex + salmon
+ reproductive status + age + sex

8 Matriline caloric requirement x salmon + matriline caloric requirement x age +
matriline caloric requirement x sex + salmon + reproductive status + age + sex

Matriline size models

9 Matriline size x age + matriline size x sex + salmon + reproductive status + age +
sex
10 Matriline size x salmon + matriline size x age + matriline size x sex + salmon +

reproductive status + age + sex

Supplementary Table 2. Relative Variance Importance factor (RVI) of social covariates and associated
interaction terms our model set (n = 557). Individual level covariates such as age, sex, reproductive status,
as well as salmon abundance are not shown because these terms were included in every model and thus

their associated RVI is uninformative

Predictor Variable RVI
Proportion juveniles 0.39
Age x proportion juveniles 0.39
Sex x proportion juveniles 0.39
Salmon x proportion juveniles 0.22
Proportion adult males 0.09
Age x proportion adult males 0.09
Sex x proportion adult males 0.09
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Salmon x proportion adult males 0.05
Proportion adult females 0.01
Age x proportion adult females 0.01
Sex x proportion adult females 0.01
Salmon x proportion adult females 0.01
Matriline caloric requirement 0.00
Age x matriline caloric requirement 0.00
Sex x matriline caloric requirement 0.00
Salmon x matriline caloric requirement 0.00
Matriline size 0.00
Age x matriline size 0.00
Sex x matriline size 0.00
Salmon x matriline size 0.00
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Supplementary Figure 2. Effect of salmon abundance on predicted eye patch ratio from top model. All other

model terms are held constant at their mean. Blue line and shaded blue area indicate model predicted eye

patch ratios with associated 95% confidence interval. Blue dots indicate raw data values of eye patch ratio

across salmon abundance.
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Supplementary Figure 3. Second ranking model (A AIC = 2.08) from model set on all age sex classes
revealing the effect of proportion juveniles and salmon interaction term. A) Top panels indicate model
predicted eye patch ratio values by sex and salmon abundance as a function of the proportion of juveniles
in the matriline. The y axis scale is reduced compared to panel B to help visualize the lack of effect of
salmon abundance and interaction with proportion of juveniles. Salmon abundance is represented visually
as three categories (the mean abundance (1.10), mean abundance plus one standard deviation (1.35), and
mean abundance minus one standard deviation (0.84). All other model terms are held constant at their mean.
Lines represent model predicted values and shaded areas represent 95% confidence intervals. B) Bottom
panels indicate raw data showing range of eye patch ratio values for NRKWs in association with the
proportion of juveniles in matriline, according to sex and salmon abundance. Salmon abundance is
categorized into three groupings; low, mid, and high, according to mean abundance +/- one standard

deviation
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Chapter Two: Cost of parental investment from life-long provisioning in Northern Resident

killer whales

Introduction

1.0 Costs and strategies of parental care

Identifying the factors that limit reproduction and survival of breeding individuals is a
critical goal in the conservation management of wildlife. Among the limitations are costs
associated with parental care. Breeding individuals must successfully rear their offspring
(increasing their reproductive success) at the cost of the parent’s ability to invest in additional or
future offspring, described as ‘parental investment’ (Trivers, 1972). Investment can start before
conception through pre-emptive resource gathering (Boutin et al., 2000) and in some social taxa,
continue even after offspring mature (Clutton Brock 1991). Early studies on parental investment
showed that the degree of investment depends on offspring quality and independence (Trivers,
1972, 1974; Haig, 1990). Notably, greater investment is needed as offspring number and size
increase, but excessive investment per offspring can reduce fitness for both parents and offspring,
suggesting an optimal brood size for maximum fitness (Smith & Fretwell, 1974; Morris, 1987).
Empirical evidence shows that increased brood size has trade offs such as reduced offspring mass,
offspring survival, and may compromise a parents' future reproductive success, body condition,
and survival (Hegner & Wingfield, 1987; Dijkstra et al., 1990; Olssen & Shine, 1997; Tarof et al.,
2011; Koch & Meunier, 2014). These costs can be pronounced when resources are scarce, leading
parents to produce smaller broods (Wiehn & Korpiméki, 1997; Beekey & Karlson, 2003). Much
research on parental investment stems from work on birds and their yearly clutch (i.e., brood) sizes.

Mammals, however, can incur unique costs and be burdened with longer investment periods.
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In mammals, parental care during early offspring development can impose considerable
investment costs. Pregnancy not only imposes energetic costs (Mover et al., 1988; Speakman,
2007), but can also require costly behavioural shifts. For example, pregnant northern elephant seals
(Mirounga angustirostris ) reduce their foraging dive depths, likely to allocate oxygen to their
developing fetus (Hiickstidt et al., 2018). Post-parturition investment can be even greater due to
the high physiological costs of lactation (Clutton-Brock et al., 1989; Clutton-Brock, 1991).
Nursing costs can be especially pronounced for mothers with sons, given the higher nutritional
demand of males in species with male-biased sexual dimorphism (Clutton-Brock et al., 1981,
1985). The apparent higher cost of sons is supported by studies on maternal fitness, demonstrating
that a mother’s health and future reproductive output decline after raising an energetically costly
son (Berube et al., 1996; Douhard et al., 2020; Weiss et al., 2023). Whereas some species only
incur costs during these initial periods of investment, others continue to invest in their offspring

up to and even beyond maturity.

In some social systems, parental investment is extended to the scale of lifetimes. This can
take various forms. For example, the geographic range of offspring can overlap with their parents
(Greenwood, 1980). Investment in this context can be modest, given that philopatric offspring gain
access to local resources but independently garner them (Wasser, 1988; Moses & Millar, 1994).
However, in some social systems, offspring continue to receive high levels of parental investment
after nutritional independence, including predator defence, grooming, and even direct provisioning
with shared food (Thiel, 2003, Noordwijk, 2012). In short, for highly social species with life-long

parental investment, costs from parental care may be considerable to a parent’s fitness.

2.0 Parental investment in Resident Killer Whales
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Resident killer whales (RKW; Orcinus orca ater) invest in extensive parental care past
weaning and even sexual maturity of their offspring, which may incur long lasting costs. At the
onset of care, RKW females demonstrate a long reproductive investment period, with gestation
lasting approximately 17 months (Walker et al., 1988) followed by approximately two to three
years of nursing (Oftedal, 1997, Olesiuk et al., 1990, 2005). After weaning, parental care continues
through lifelong sharing of their salmonid prey (Ford & Ellis, 2006; Wright et al., 2016). While
adult daughters receive less provisioning as they age and raise their own offspring, adult males
continue to be provisioned by their mothers throughout their lives (Wright et al., 2016). RKW
mothers face especially pronounced costs from bearing male offspring due to this lifelong
investment. Weiss et al., (2023) found that a mother’s annual probability of producing a viable calf
in subsequent years is reduced by 70% when she has a son compared to having only daughters,
suggesting there are costs to provisioning sons with higher growth rates and nutritional demands.
RKWs are further challenged in provisioning offspring as they are limited by their salmonid prey,
as their fecundity, survival, and social structure depends on chinook salmon (Oncorhynchus
tshawytscha) abundance (Ward et al., 2009; Ford et al., 2010b; Vélez-Espino et al., 2015; Foster

et al., 2012; Stredulinsky et al., 2021; Couture et al., 2022; Nelson et al., 2024).

3.0 Research Aims

Given the potentially costly nature of RKW maternal care, we reason that a mother’s body
condition is influenced by the physiological costs associated with parental investment. Evaluating
individual body condition has revealed the effect of reproductive costs in cetaceans (Christiansen
et al., 2016; Vermeulen et al., 2023; Pirotta et al., 2024), and has been associated with nutritional
status and survivorship in killer whales (Fearnbach et al., 2018, 2020; Stewart et al., 2021).

Accordingly, our objective was to investigate how parental investment, including post-weaning
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care through the life-long provisioning of offspring, affects the body condition of RKW mothers.
Specifically, we investigated the relationship between adult females’ body condition and the
number and sex of their offspring. To achieve this goal, we analyzed a ten-year data set of aerial
images from which the body condition of Northern Resident Killer Whale (NRKW) individuals
was measured yearly. We hypothesized that adult females incur costs from provisioning their
nondispersing offspring and that male offspring incur larger costs to mothers than daughters (Weiss
et al, 2023). We predicted that females with more offspring have lower body condition, and that
mothers with sons have lower condition than those with only daughters (Weiss et al. 2023). Given
the increased caloric requirements and continued dependency on parental provisioning of older
males (Noren, 2011; Wright et al., 2016), we also predicted that mothers with an adult sons have
lower body condition compared to mothers with only subadult sons. Because NRKWs are limited
by prey abundance (Ward et al., 2009; Ford et al., 2010; Vélez-Espino et al., 2015), we predicted
that any negative associations between a mother’s body condition and her offspring’s

characteristics are be more pronounced during years of lower salmon abundance.

Our study provides new insights into the costs of parental care in species with long-term
investment. Given the Threatened status of our study population (Species at Risk Act, 2003), we
consider this applied research; our work will investigate whether prey abundance exacerbates these
intrinsic costs, which has important implications for the conservation of NRKWs. In species with
prolonged parental investment, the ability of females to care for their offspring is critical for their
survival. Understanding how prey limitation affects the condition of mothers caring for multiple
offspring will therefore be useful in determining what social and environmental factors influence

survival in adult females and their offspring.
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Methods

For detailed methods on field collection and photogrammetric analysis, see methods described in

Chapter 1.

1.0 Covariates

Our analysis on the effects of provisioning costs to adult NRKW females, included
demographic data, and annual estimates of salmon abundance. We complied demographic data
from historical Department of Fisheries and Oceans Canada catalogues of Northern Residents
(Towers et al., 2015; 2020; NRKW App, 2023). For each year of data collection, we derived age,
sex, mother ID, birth year, and death year (if applicable), for every whale in our dataset. Using this
demographic data, we constructed social covariates based on mother and offspring characteristics
to investigate effects of provisioning demands on NRKW mothers. This included the number of
living offspring an adult female had in a given year, whether her living offspring included at least
one son (henceforth “has son”), and if her son was an adult male (henceforth “has adult son”). We
also included annual chinook salmon abundance to account for how social covariates may interact

with salmon abundance (see chapter 1 for methods on salmon abundance estimates).

2.0 Statistical modelling

Using the programming software R 4.2.3 (R Development Core team, 2023), we conducted
statistical analysis to investigate how the body condition of NRKW adult females might be
associated with demands due to provisioning offspring (while accounting for salmon). We
constructed a set of six candidate models on only adult females (age 12 or greater, n = 229) based
on a priori hypotheses (Supplementary Table 4). We then fit the data with linear mixed effects

models and a Gaussian distribution using the R package glmmTMB (Brookes et al., 2017).
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To evaluate which characteristics of adult females and their offspring were associated with
body condition, we competed models including individual level covariates and covariates relating
to a whale’s offspring. Offspring covariates included the number of offspring an adult female had,
and whether the whale had a son. To evaluate whether the effect of a son on a mother’s body
condition depended on the son’s age, we introduced another model considering whether an adult
female had an adult son. Each model included the adult female’s age, fit with a cubic natural spline
(df = 3) to address non linear allometric patterns in body condition (Stewart et al., 2021). Our
models included interactions between age and all offspring covariates as the relationship between
offspring covariates and adult female’s body condition may depend on the female’s age. We also
included models with a salmon and offspring covariate interaction term to address the potential
influence food availability may have on maternal provisioning. Finally, we used whale identity

and matriline identity as random effects to account for individual and group level variation.

We evaluated model selection using the Akaike Information Criteria (AIC; Anderson &
Burnham, 2002), considering models within 2 AIC points of the top performing model (lowest
AIC) as competitive, unless simpler models had lower AAIC (the difference in AIC between each
model and the best model) than more complex models (Anderson & Burnham, 2002; Arnold,
2010). We validated model performance using the R package DHARMa (Hartig, 2022), and
assessed covariate strength by evaluating coefficients and their 95% confidence intervals within
our top models. We also computed relative variable importance (RVI) values for each term in our

top models to understand which variables had the strongest predictive influence on body condition.
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Results

We observed variation in eye patch ratio (0.99-1.26 range, n = 229 observations, 75
individuals), much of which related to individual and offspring-related covariates. Broadly, eye
patch ratio increased with age, and eye patch ratio varied with reproductive status (Figure 5). After
accounting for these individual level variables, we found evidence that offspring covariates were
associated with body condition. Our analysis indicated that the number of offspring a female had
was the most important offspring predictor of body condition (indicated by AIC and RVI values).
The influence of our salmon covariate on body condition was modest; we observed a slight but
negative association (Figure 5, Supplementary Figure 4), and no interaction term that included

salmon was significant (Supplementary Figure 5).

Multi-model inference suggested that a simple model containing the number of offspring
as the only offspring covariate was the best predictor of body condition (AICc weight = 0.64, Table
2), and was the only competitive model in the model set (See Methods). The top model explained
89% of the variation, with fixed effects explaining 19% of the variation. The number of offspring
an adult female had was 12 times more important in explaining variation in eye patch ratio (RVI =
0.47) compared with whether a female had a son (RVI = 0.04). The effect of whether a mother had
a son was not influenced by the age of the son (Table 2, A AIC = 12.63, RVI = 0.00, P = 0.82,

Supplementary Table 3).

An adult female’s eye patch ratio was negatively associated with the number of offspring
she had (Figure 5, 6). There was no significant interaction between number of offspring and age,
but there was considerable uncertainty in this relationship among younger adult females (age 17),
given that whales of this age are unlikely to have more than two offspring (Figure 6). For the
average age of adult females in the data set (age 28), there was a negative association between
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body condition and number of offspring (slope =-0.007, 95% CI: -0.014 to -0.001), with a similar

pattern among older adult females (age = 40, slope =-0.010, 95% CI: -0.017 to -0.004).

Table 2. Model selection results (n =229 observations, 75 whales). Models varied by which social covariate
was included (indicated in ‘social covariate’ column), and whether salmon abundance was also considered
in interaction terms with the social covariate (denoted by an x). For each model, the social covariate it
contained was also considered in interaction terms with age and sex. See supplemental table 4 for full list
of terms for each model in the model set. The top performing models and any competitive models (See
Methods) are indicated in bold font. K indicates the number of terms in the model including each degree of

any natural spline covariate and interactions with natural spline covariate.

Model # Social K AlCc A AlCc AlCc
covariate Weight

1 Number of 14 315.99 0.00 0.64
offspring

2 Number of 15 317.29 1.30 0.33
offspring x
salmon

4 Has son x 20 323.22 7.23 0.02
salmon

3 Has son 18 326.26 10.27 0.00

5 Has adult 18 328.62 12.63 0.00
son

6 Has adult 20 328.84 12.85 0.00
son X salmon

Null None 4 377.60 61.61 0.00
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Figure 5. Coefficients (dots) and 95% confidence intervals (lines) for fixed effects in the top performing
model (model #1) for predicting eye patch ratio among all adult females. Symbols denote P values (*** =
0.0001, ** =0.001, * = 0.01, - = 0.05). Blue values indicate positive associations and red values indicated
negative associations between predictors and eye patch ratios. Categories denoted by °;’ represent level of
the predictor variable compared to the base case level. Brackets around age terms represent the degree of

natural spline function for age.
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Figure 6. Top performing model (model #1) predicting body condition of adult females. A) Predicted eye
patch ratio values by age as a function of the number of offspring and adult female had. All other model
terms are held constant at their mean. Age is represented visually as three categories: the mean age of adult
females in the data set (28.8), mean age plus one standard deviation (40.7), and mean age minus one
standard deviation (16.9). Lines represent model predicted values and shaded areas represent 95%
confidence intervals. B) Raw data showing range of adult female eye patch ratio values in association with

number of offspring a female has, according to age.

Discussion

Our analysis showed that NRKW mothers incur physiological costs from investing in their
nondispersing offspring. Specifically, an adult female’s body condition was negatively associated
with the number of offspring, regardless of her age. Contrary to our predictions, offspring sex did
not influence a mother’s condition. Additionally, neither these patterns nor female body condition
were influenced by chinook salmon abundance, suggesting that social factors are important

regardless of prey abundance during the time of this study. Our results suggest that nondispersal
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and continual provisioning of offspring may limit a mother’s ability to provision herself, and these
physiological costs might impose further costs to maternal fitness and population dynamics by

limiting future reproduction.

1.0 Limitations

While our analysis found significant patterns in the body condition of NRKW adult
females, several limitations should be considered in interpretation. Our sample size was modest,
with multiyear samples from 75 individuals. This dataset, however, represented approximately
60% of the populations’ reproductive females in 2024 (Alert Bay Cetological Society, 2022).
Furthermore, our ability to detect a relationship between body condition and salmon abundance
(or any interactions with offspring covariates) may have been limited by our measure of chinook
salmon abundance (see Chapter 1 for further discussion). More broadly, our analysis cannot
definitively link lower body condition to costs of provisioning offspring. For example, lower body
condition in adult females could also result from reduced or ineffective foraging, not solely from
provisioning offspring. For example females capture less prey if they have a calf (Tennessen et al.,
2023) and the presence of many young offspring might reduce foraging and therefore body
condition. We reason, however, that this explanation alone is unlikely, given the high dependency
of offspring on provisioning (Wright et al., 2016), and lack of evidence that group size limits a
female’s foraging ability (See Chapter 1). Additionally, the cumulative effect of multiple
pregnancies and lactation periods over a female’s lifetime could negatively influence her body
condition. Future studies could investigate whether lower condition in mothers represents the

effects of costs from post-lactational care of offspring or simply reproductive costs alone.

2.0 Adult female body condition depends on offspring number but not offspring sex
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With these limitations in mind, our results suggest that NRKW females with more offspring
consume less prey due to higher parental care demands. Similar patterns are described in
semelparous spiders (Stegodyphus lineatus), where mothers show a smaller decrease in body
condition when provisioning experimentally reduced broods (Salomon et al., 2005). Lower
condition in NRK'W mothers with more offspring highlights the potential cost of nondispersal and
lifelong parental care, especially as mothers are challenged by provisioning their adult male
offspring in addition to younger offspring. While nondispersal in RKWs may offer social benefits
such as alloparental care, kin-directed prey sharing, and intergenerational learning (Waite, 1988;
Brent et al., 2015; Wright et al., 2016), we demonstrate that it can also impose physiological costs
for mothers. Cooperation from other mature matriline members could alleviate these costs and
improve offspring provisioning, as observed in meerkats (Suricata suricatta) and African hunting
dogs (Lycaon pictus) (Clutton-Brock et al., 2004; Marneweck et al., 2019; Jordan et al., 2023).
Sharing in NRKWs is not limited to mother and offspring; post reproductive females share prey
with other adult females and increase the probability of survival of their grandoffspring (Wright et
al., 2016; Nattrass et al., 2019), suggesting cooperative provisioning could reduce costs from
parental care. Moreover, adult males sometimes babysit their younger siblings while mothers
forage (Waite, 1988). These processes, however, do not to seem to buffer declines in adult female

body condition in association with provisioning their multiple offspring.

Contrary to our expectations, adult females with sons did not have lower body condition
than those with only daughters. This result is surprising, given that caring for sons can reduce the
future reproductive output of Southern Resident killer whale (SRKW) females (Weiss et al., 2023).
Potentially, 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 big horn sheep (Berube et al., 1996).
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Alternatively, NRKWs comprise a growing population compared to the endangered SRKWs
(Vélez-Espino et al., 2014); suggesting that stressors facing the NRKWs are lower and mothers
are able to raise energetically demanding sons with fewer consequences to their fitness. 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 populations (Tennessen et al., 2023).
However, NRKW males appear to be more dependent on maternal provisioning, spend less time
foraging than SRK'W males, and have a lower prey capture rate (Tennessen et al., 2023), suggesting
that NRKW males may in fact be more costly. This pattern aligns with the recent evidence that
immature and teenage males might receive less provisioning when their matriline has more
dependent juveniles to provision (Chapter 1). Therefore, the costs of increased care requirements
might be reflected in a son’s body condition rather than a mother’s body condition if mothers divert

investment from costly sons to meet the demands of additional offspring.

3.0 Future research and implications

Our study highlights the costs associated with lifelong provisioning of offspring, but further
research is needed to understand how these observed physiological costs might influence the
survival of offspring and parents. While our findings suggest that adult females provide less for
themselves or expend more energy as they have more offspring, it is unclear if their offspring also
receive reduced provisioning as their number of siblings increases. Larger broods can promote
sibling competition (Godfray & Parker, 1992; Neuenschwander et al., 2003), and examining how
the number and sex of siblings influence a whale’s body condition could reveal if offspring with
more siblings receive less maternal provisioning. Examining costs of sibling competition could
also help decipher if mothers reduce offspring provisioning when they have more offspring to feed

(as suggested in Chapter 1), or if they continue to provision their offspring at their own expense
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and the expense of future reproductive opportunities (Weiss et al. 2023). Additionally, it remains
unclear if the physiological costs demonstrated here impact survival or future reproductive output
in NRKWs. Given body condition estimates from eye patch ratios are associated with survivorship
in RKWs (Stewart et al., 2021), it is likely that the number of offspring could influence survival
in mothers. That being said, yearly survival rates in NRKW adult females high (0.88-0.99; V¢lez-

Espino et al., 2014), suggesting that the cost of parental care to mothers is unlikely affect survival.

Our work illustrates the importance of considering the health of breeding individuals in the
conservation of at-risk species and offers insights on parental investment in a system with unusual
nondispersal of both sexes. Uncertainty remains around whether our measure of salmon abundance
accurately reflects prey availability for NRKWs. However, our study shows that NRKW females
face intrinsic costs from provisioning their offspring throughout their lives, even if limited prey
does not exacerbate these costs. Furthermore, our results indicate that, although female RKW can
produce a new calf approximately every three years (Olesiuk et al., 2005), the costs of maintaining
multiple offspring maylimit lifetime reproductive output. Conservation management should
consider these inherent challenges faced by NRKWs, given that environmental changes including
increased noise pollution, containments, and reduced prey availability could cumulatively burden
reproductively valuable members of this threatened population (Clarke Murray et al., 2019).
Importantly, investigating the physiological costs of parental care in the Endangered SRKWs
should be examined given that their population is declining and face greater environmental and
genetic stressors compared to NRKWs. Since SRKW body condition and survival are influenced
by current salmon abundance (Stewart et al., 2020), contrary to our finding on NRKW body
condition, we could expect similar recovery prospects for SRKWs if their prey availability was in

alignment with conditions experienced by NRKWs. More broadly, our study shows that mothers
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incur costs from nondispersal of male and female offspring, facing challenges in provisioning
offspring of different ages and cumulative costs from the simultaneous care of multiple offspring.
Finally, applying well-studied behavioural concepts like parental investment to social systems with
extreme sociality can reveal the complexity and variety of reproductive behaviour and life history

strategies.
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Supplementary Material: Chapter 2

Supplementary Table 3. Relative Variance Importance factor (RVI) of social covariates and associated
interaction terms (adult females only, n = 229). Individual level covariates such as age and reproductive
status, as well as salmon abundance are not shown because these terms were included in every model and

thus their associated RVI is uninformative

Predictor Variable RVI
Number of offspring 0.47
Age X number of offspring 0.47
Salmon X number of offspring 0.35
Salmon X Has son 0.04
Has son 0.03
Age X Has son 0.03
Salmon X Has adult son 0.00
Has adult son 0.00
Age X has adult son 0.00

Supplementary Table 4. List of candidate models for analysis on adult female body condition (n = 229).

Models 1-6 include random effects of whale ID and matriline ID

Null Model

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

Number of offspring models

1 Number of offspring x age + salmon + reproductive status + age

2 Number of offspring x age + number of offspring x salmon + salmon + reproductive

status + age

Has son models

3 Has son x age + salmon + reproductive status + age

4 Has son x age + has son x salmon + salmon + reproductive status + age

Has adult son models

5 Has adult son x age + salmon + reproductive status + age

6 Has adult son x age + has son x salmon + salmon + reproductive status + age
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Supplementary Figure 5. Second ranking model (A AIC = 1.30) from model set revealing the effect of
number of offspring and salmon interaction term. A) Top panels indicate model predicted eye patch ratio
values by age and salmon abundance as a function of number of offspring. Salmon abundance is represented
visually as three categories (the mean abundance (1.10), mean abundance plus one standard deviation
(1.35), and mean abundance minus one standard deviation (0.84). All other model terms are held constant
at their mean. Lines represent model predicted values and shaded areas represent 95% confidence intervals.

B) Bottom panels indicate raw data showing range of eye patch ratio values for adult female NRKWs in
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association with number of offspring, according to age and salmon abundance. Salmon abundance is

categorized into three groupings according to mean abundance +/- one standard deviation.
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Conclusion

What has studying the sociobiology of RKWs taught us about how animals manage
intragroup conflict and allocate resources and parental investment? Research on these topics has
spanned decades and expanded from early studies on bird clutch size to more recent work on a
variety of mammals (Clutton-Brock, 1991; Godfray & Parker, 1992; Hudson & Trillmich, 2008;
Geary, 2015). However, to our knowledge, much of our understanding is limited to species where
offspring eventually disperse and parental care is relatively short-term. Our work on RKWs
generates questions around how conflict over parental investment and resource allocation occurs

in highly social systems that often mirror our own.

Sharing resources with close relatives over a lifetime poses unique challenges compared to
systems where kin eventually disperse. Conflict between kin can result in fitness costs even to
winners, as their inclusive fitness is tied to the survival of their rival kin (Hamilton, 1964). In
African wild dogs (Lycaon pictus), packs are kin-based, and aggression is rare, occurring only
among unrelated males (Jordan et al., 2023). Similarly, aggressive displays and overt physical
competition over shared prey are not documented in RKWs (Ford & Ellis, 2006; Wright et al.,
2016) despite evidence for aggression among conspecifics (Robeck et al., 2019; Grimes et al.,
2022). Potentially, in systems with nondispersing kin, conflict may be limited to providers and
recipients rather than between competing recipients. This conflict might take a passive form

through diminished investment via shared prey rather than direct aggression.

In many social species, intragroup conflict is mitigated through fission-fusion dynamics,
where groups disperse and rejoin based on environmental or social conditions. For example,
African lions (Panthera leo), adjust their social group size according to savanna productivity
(Palmer et al., 2023). RKWs also exhibit social group splitting in response to lower food

53



availability and changes in matriline demographics (Stredulinsky et al., 2021). However,
emigration of natal family members is rare (Bigg et al., 1990) and the probability of matrilines
reuniting is low (Stredulinksy et al., 2021). This pattern is similar to African elephants (Loxodonta
Africana), where higher tier social groups split but natal group stability is maintained during
resource limitations (Wittemyer et al., 2005). Perhaps for societies with nondispersing kin, reduced
provisioning of recipients or increased cooperation could mitigate intragroup competition when

resources are scarce, in lieu of dispersal.

Set hierarchies can also mitigate conflict in social groups, but to our knowledge, such a
system is not apparent in RKWs. Species with high social stability often distribute resources based
on hierarchies (Tilson & Hamilton, 1984; Gese et al., 1996; Smith & Holekamp, 2023), including
ranking among non-kin members (Clutton-Brock et al., 1998). Due to the nondispersal of kin in
RKWs, hierarchy might be based on relatedness, with provisioners holding power over shared
resources and favouring close relatives (Wright et al., 2016) or those with the highest reproductive
value. African lions (Panthera leo) do not allocate resources by dominance hierarchies, even in
male groups where individuals less related (Palmer et al., 2023). However, Asiatic lions (Panthera
leo persica) (Chakrabarti et al., 2023) which have access to smaller prey, do have hierarchies for
sharing prey among male groups. In RKWs, if hierarchies are established by sharing prey with
close relatives, an abundance of prey might weaken these hierarchies and promote sharing with

non-kin.

Finally, other species also exhibit nondispersal of both sexes (Amos et al., 1993; Park et
al., 1998; Rodrigues et al., 2010) and investigating conflict and resource allocation in these social
systems could reveal similar patterns. Do these systems also show that young males receive less

provisioning under more challenging social group composition, while provisioning of females is
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maintained? Are older males provisioned despite their high caloric requirements, or are they better
independent foragers? Are the costs of bearing and continuously caring for multiple philopatric
offspring reflected in other systems or does cooperation from more mature offspring help alleviate
these costs? Exploring these complex behaviours in social systems often akin to our own can

further our understanding and appreciation of how animals live together.

55



References

Alert Bay Cetological Society. 2022. NRKW ID V1.29 (mobile application software)

Alexander, R. D. (1974). The Evolution of Social Behavior. Annual Review of Ecology and
Systematics, 5(1), 325-383. https://doi.org/10.1146/annurev.es.05.110174.001545

Alonso, J. C., Magafia, M., Palacin, C., & Martin, C. A. (2010). Correlates of male mating
success in great bustard leks: The effects of age, weight, and display effort. Behavioral
Ecology and Sociobiology, 64(10), 1589—1600. https://doi.org/10.1007/s00265-010-0972-
6

Amos, B., Schlétterer, C., & Tautz, D. (1993). Social Structure of Pilot Whales Revealed by
Analytical DNA Profiling. Science, 260(5108), 670—-672.
https://doi.org/10.1126/science.8480176

Anderson, D. R., & Burnham, K. P. (2002). Avoiding Pitfalls When Using Information-Theoretic
Methods. The Journal of Wildlife Management, 66(3), 912-918.
https://doi.org/10.2307/3803155

Andersson, M., Wiklund, C. G., & Rundgren, H. (1980). Parental defence of offspring: A model
and an example. Animal Behaviour, 28(2), 536-542. https://doi.org/10.1016/S0003-
3472(80)80062-5

Arnold, T. W. (2010). Uninformative Parameters and Model Selection Using Akaike’s
Information Criterion. The Journal of Wildlife Management, 74(6), 1175-1178.
https://doi.org/10.1111/1.1937-2817.2010.tb01236.x

Arranz, P., Christiansen, F., Glarou, M., Gero, S., Visser, F., Oudejans, M. G., Aguilar De Soto,

N., & Sprogis, K. (2022). Body Condition and Allometry of Free-Ranging Short-Finned

56



Pilot Whales in the North Atlantic. Sustainability, 14(22), 14787.
https://doi.org/10.3390/su142214787

Arthington, A. H., Dulvy, N. K., Gladstone, W., & Winfield, I. J. (2016). Fish conservation in
freshwater and marine realms: Status, threats and management. Aquatic Conservation:
Marine and Freshwater Ecosystems, 26(5), 838—857. https://doi.org/10.1002/aqc.2712

Aubin, J. A., Mikus, M.-A., Michaud, R., Mennill, D., & Vergara, V. (2023). Fly with care:
Belugas show evasive responses to low altitude drone flights. Marine Mammal Science,
39(3), 718-739. https://doi.org/10.1111/mms.12997

Baird, R. W., & Dill, L. M. (1996). Ecological and social determinants of group size in transient
killer whales. Behavioral Ecology, 7(4), 408—416. https://doi.org/10.1093/beheco/7.4.408

Barrett-Lennard, L. G. (2000). Population structure and mating patterns of Killer Whales
(Orcinus orca) as revealed by DNA analysis. University of British Columbia.
https://doi.org/10.14288/1.0099652

Beekey, M. A., & Karlson, R. H. (2003). Effect of food availability on reproduction and brood
size in a freshwater brooding bivalve. Canadian Journal of Zoology, 81(7), 1168—-1173.
https://doi.org/10.1139/z03-103

Beerman, A., Ashe, E., Preedy, K., & Williams, R. (2016). Sexual segregation when foraging in
an extremely social killer whale population. Behavioral Ecology and Sociobiology, 70(1),
189-198. https://doi.org/10.1007/s00265-015-2038-2

Berube, C. H., Festa-Bianchet, M., & Jorgenson, J. T. (1996). Reproductive costs of sons and
daughters in Rocky Mountain bighorn sheep. Behavioral Ecology, 7(1), 60—68.

https://doi.org/10.1093/beheco/7.1.60

57



Bigg, M. (1982). An assessment of killer whale (Orcinus orca) stocks off Vancouver Island,

British Columbia. Report of the International Whaling Commission, 32(65), 655-666.

Bigg, M. A., Olesiuk, P. F., Ellis, G. M., Ford, J. K. B., & Balcomb, K. C. (1990). Social
organization and genealogy of resident killer whales (Orcinus orca) in the coastal waters
of British Columbia and Washington State. Report of the International Whaling

Commission, 12, 383-405.

Bird, D. W. (1997). Delayed Reciprocity and Tolerated Theft: The Behavioral Ecology of Food-
Sharing Strategies. Current Anthropology, 38(1), 49-78. https://doi.org/10.1086/204581

Birgersson, B., Tillbom, M., & Ekvall, K. (1998). Male-biased investment in fallow deer: An
experimental study. Animal Behaviour, 56(2), 301-307.
https://doi.org/10.1006/anbe.1998.0783

Bisther, A., & Vongraven, D. (1993). Presence of" baby-sitting" males among Norwegian killer
whales (Orcinus orca): alloparenting behavior as an indicator of social complexity. In 7¢4

European Cetacean Society Conference, Inverness, Scot/and (pp. 18-21).

Blanckenhorn, W. U. (2000). The Evolution of Body Size: What Keeps Organisms Small? The
Quarterly Review of Biology, 75(4), 385-407. https://doi.org/10.1086/393620

Boone, J. L. (1992). Competition, Conflict, and The Development of Social Hierarchies. In
Evolutionary Ecology and Human Behavior. Routledge.

Boutin, S., Larsen, K. W., & Berteaux, D. (2000). Anticipatory parental care: Acquiring
resources for offspring prior to conception. Proceedings of the Royal Society of London.

Series B: Biological Sciences. https://doi.org/10.1098/rspb.2000.1252

58



Brakes, P., Dall, S. R. X., Aplin, L. M., Bearhop, S., Carroll, E. L., Ciucci, P., Fishlock, V., Ford,
J. K. B., Garland, E. C., Keith, S. A., McGregor, P. K., Mesnick, S. L., Noad, M. J., Di
Sciara, G. N., Robbins, M. M., Simmonds, M. P., Spina, F., Thornton, A., Wade, P. R., ...
Rutz, C. (2019). Animal cultures matter for conservation. Science, 363(6431), 1032—
1034. https://doi.org/10.1126/science.aaw3557

Brent, L. J. N., Franks, D. W., Foster, E. A., Balcomb, K. C., Cant, M. A., & Croft, D. P. (2015).
Ecological Knowledge, Leadership, and the Evolution of Menopause in Killer Whales.
Current Biology, 25(6), 746—750. https://doi.org/10.1016/j.cub.2015.01.037

Brooks, R., & Kemp, D. J. (2001). Can older males deliver the good genes? Trends in Ecology &
Evolution, 16(6), 308-313. https://doi.org/10.1016/S0169-5347(01)02147-4

Carter, G. G., & Wilkinson, G. S. (2013). Food sharing in vampire bats: Reciprocal help predicts
donations more than relatedness or harassment. Proceedings of the Royal Society B:
Biological Sciences, 280(1753), 20122573. https://doi.org/10.1098/rspb.2012.2573

Carter, K. D., Seddon, J. M., Frére, C. H., Carter, J. K., & Goldizen, A. W. (2013). Fission—
fusion dynamics in wild giraffes may be driven by kinship, spatial overlap and individual
social preferences. Animal Behaviour, 85(2), 385-394.
https://doi.org/10.1016/j.anbehav.2012.11.011

Castrillon, J., & Bengtson Nash, S. (2020). Evaluating cetacean body condition; a review of
traditional approaches and new developments. Ecology and Evolution, 10(12), 6144—
6162. https://doi.org/10.1002/ece3.6301

Chakrabarti, S., Banerjee, K., & Jhala, Y. V. (2023). The Role of Food and Mates in Shaping

Asiatic Lion Societies. In M. Srinivasan & B. Wiirsig (Eds.), Social Strategies of

59



Carnivorous Mammalian Predators: Hunting and Surviving as Families (pp. 47-88).
Springer International Publishing. https://doi.org/10.1007/978-3-031-29803-5 3

Chapman, R. E., & Bourke, A. F. G. (2001). The influence of sociality on the conservation
biology of social insects. Ecology Letters, 4(6), 650—662. https://doi.org/10.1046/j.1461-
0248.2001.00253.x

Chen, R., Spiegel, O., Bartan, Y., & Nathan, R. (2022). Resource limitation drives fission—fusion
dynamics of group composition and size in a social bird. Animal Behaviour, 191, 15-32.
https://doi.org/10.1016/j.anbehav.2022.06.003

Christiansen, F., Dujon, A. M., Sprogis, K. R., Arnould, J. P. Y., & Bejder, L. (2016).
Noninvasive unmanned aerial vehicle provides estimates of the energetic cost of
reproduction in humpback whales. Ecosphere, 7(10), €01468.
https://doi.org/10.1002/ecs2.1468

Christiansen, F., Sironi, M., Moore, M. J., Di Martino, M., Ricciardi, M., Warick, H. A., Irschick,
D. J., Gutierrez, R., & Uhart, M. M. (2019). Estimating body mass of free-living whales
using aerial photogrammetry and 3D volumetrics. Methods in Ecology and Evolution,
10(12), 2034-2044. https://doi.org/10.1111/2041-210X.13298

Clarke Murray, C., Hannah, L., Doniol-Valcroze, T., Wright, B., Stredulinsky, E., Locke, A., &
Lacy, R. (2019). Cumulative Effects Assessment for Northern and Southern Resident
Killer Whale (Orcinus orca) Populations in the Northeast Pacific.

Clutton-Brock, T. H. (1991). The Evolution of Parental Care. Princeton University Press.

Clutton-Brock, T. H., Albon, S. D., & Guinness, F. E. (1981). Parental investment in male and
female offspring in polygynous mammals. Nature, 289(5797), 487—-489.

https://doi.org/10.1038/289487a0

60



Clutton-Brock, T. H., Albon, S. D., & Guinness, F. E. (1982). Competition between female
relatives in a matrilocal mammal. Nature, 300(5888), 178—180.
https://doi.org/10.1038/300178a0

Clutton-Brock, T. H., Albon, S. D., & Guinness, F. E. (1985). Parental investment and sex
differences in juvenile mortality in birds and mammals. Nature, 313(5998), 131-133.
https://doi.org/10.1038/313131a0

Clutton-Brock, T. H., Albon, S. D., & Guinness, F. E. (1989). Fitness costs of gestation and
lactation in wild mammals. Nature, 337(6204), 260-262.
https://doi.org/10.1038/337260a0

Clutton-Brock, T. H., P. N. M., B., Smith, R., Mcllrath, G. M., Kansky, R., Gaynor, D., O’Riain,
M. J., & Skinner, J. D. (1998). Infanticide and expulsion of females in a cooperative
mammal. Proceedings of the Royal Society of London. Series B: Biological Sciences,
265(1412), 2291-2295. https://doi.org/10.1098/rspb.1998.0573

Clutton-Brock, T. H., Russell, A. F., & Sharpe, L. L. (2004). Behavioural tactics of breeders in
cooperative meerkats. Animal Behaviour, 68(5), 1029-1040.
https://doi.org/10.1016/j.anbehav.2003.10.024

Cockburn, A., Legge, S., & Double, M. C. (2002). Sex ratios in birds and mammals: Can the
hypotheses be disentangled? In I. C. W. Hardy (Ed.), Sex Ratios: Concepts and Research
Methods (pp. 266-286). Cambridge University Press.
https://doi.org/10.1017/CBO9780511542053.014

Couture, F., Oldford, G., Christensen, V., Barrett-Lennard, L., & Walters, C. (2022).
Requirements and availability of prey for northeastern pacific southern resident killer

whales. PLOS ONE, 17(6), €0270523. https://doi.org/10.1371/journal.pone.0270523

61



Croft, D. P., Johnstone, R. A., Ellis, S., Nattrass, S., Franks, D. W., Brent, L. J. N., Mazzi, S.,
Balcomb, K. C., Ford, J. K. B., & Cant, M. A. (2017). Reproductive Conflict and the
Evolution of Menopause in Killer Whales. Current Biology, 27(2), 298-304.
https://doi.org/10.1016/j.cub.2016.12.015

Dawkins, R., & Carlisle, T. R. (1976). Parental investment, mate desertion and a fallacy. Nature,
262(5564), 131-133. https://doi.org/10.1038/262131a0

Desrochers, A. (1992). Age and foraging success in European blackbirds: Variation between and
with individuals. Animal Behaviour, 43(6), 885—894. https://doi.org/10.1016/S0003-
3472(06)80002-3

Dijkstra, C., Bult, A., Bijlsma, S., Daan, S., Meijer, T., & Zijlstra, M. (1990). Brood Size
Manipulations in the Kestrel (Falco tinnunculus): Effects on Offspring and Parent
Survival. Journal of Animal Ecology, 59(1), 269-285. https://doi.org/10.2307/5172

Douhard, M., Festa-Bianchet, M., & Pelletier, F. (2020). Sons accelerate maternal aging in a wild
mammal. Proceedings of the National Academy of Sciences, 117(9), 4850—4857.
https://doi.org/10.1073/pnas.1914654117

Durban, J. W., Fearnbach, H., Barrett-Lennard, L. G., Perryman, W. L., & Leroi, D. J. (2015).
Photogrammetry of killer whales using a small hexacopter launched at sea. Journal of
Unmanned Vehicle Systems, 3(3), 131-135. https://doi.org/10.1139/juvs-2015-0020

Ellis, S., Franks, D. W., Nattrass, S., Cant, M. A., Weiss, M. N., Giles, D., Balcomb, K. C., &
Croft, D. P. (2017). 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(1865), 20171313.

https://doi.org/10.1098/rspb.2017.1313

62



Fattorini, N., Lovari, S., Franceschi, S., Chiatante, G., Brunetti, C., Baruzzi, C., & Ferretti, F.
(2023). Animal conflicts escalate in a warmer world. Science of The Total Environment,
871, 161789. https://doi.org/10.1016/j.scitotenv.2023.161789

Fearnbach, H., Durban, J., Elliftit, D., & Balcomb, K. (2018). Using aerial photogrammetry to
detect changes in body condition of endangered southern resident killer whales.
Endangered Species Research, 35, 175—180. https://doi.org/10.3354/esr00883

Fearnbach, H., Durban, J. W., Barrett-Lennard, L. G., Ellifrit, D. K., & Balcomb, K. C. (2020).
Evaluating the power of photogrammetry for monitoring killer whale body condition.
Marine Mammal Science, 36(1), 359-364. https://doi.org/10.1111/mms.12642

Fisheries and Oceans Canada. (2018). Recovery Strategy for the Northern and Southern Resident
Killer Whales (Orcinus orca) in Canada. Species at Risk Act Recovery Strategy Series,

Fisheries & Oceans Canada, Ottawa, x + 84 pp.

Fiske, P., Rintamiki, P. T., & Karvonen, E. (1998). Mating success in lekking males: A meta-
analysis. Behavioral Ecology, 9(4), 328-338. https://doi.org/10.1093/beheco/9.4.328

Ford, J. K. B. (2006). 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.

Ford, J. K. B., & Ellis, G. M. (2006). Selective foraging by fish-eating killer whales Orcinus orca
in British Columbia. Marine Ecology Progress Series, 316, 185-199.
https://doi.org/10.3354/meps316185

Ford, J. K. B., Wright, B. M., Ellis, G. M., & Candy, J. R. (2010a). Chinook salmon predation by
resident killer whales: Seasonal and regional selectivity, stock identity of prey, and

consumption. DFO Can. Sci. Advise. Sec. Reg. Doc. 2009/101. iv + 43 p.

63



Ford, J. K. B., Ellis, G. M., Olesiuk, P. F., & Balcomb, K. C. (2010b). Linking killer whale
survival and prey abundance: Food limitation in the oceans’ apex predator? Biology
Letters, 6(1), 139—142. https://doi.org/10.1098/rsbl.2009.0468

Ford, M. J., Hanson, M. B., Hempelmann, J. A., Ayres, K. L., Emmons, C. K., Schorr, G. S.,
Baird, R. W., Balcomb, K. C., Wasser, S. K., Parsons, K. M., & Balcomb-Bartok, K.
(2011). Inferred Paternity and Male Reproductive Success in a Killer Whale (Orcinus
orca) Population. Journal of Heredity, 102(5), 537-553.
https://doi.org/10.1093/jhered/esr067

Ford, M. J., Parsons, K. M., Ward, E. J., Hempelmann, J. A., Emmons, C. K., Bradley Hanson,
M., Balcomb, K. C., & Park, L. K. (2018). Inbreeding in an endangered killer whale
population. Animal Conservation, 21(5), 423—432. https://doi.org/10.1111/acv.12413

Forssman, K. R., Davies, -Mostert Harriet T., Marneweck, C., O, ’Riain M. Justin, & Mills, M.
G. L. (2018). Pup provisioning in the cooperatively breeding African wild dog, Lycaon
pictus, is driven by pack size, social status and age. African Journal of Wildlife Research,
48(1), 1-10. https://doi.org/10.3957/056.048.013005

Foster, E. A., Franks, D. W., Mazzi, S., Darden, S. K., Balcomb, K. C., Ford, J. K. B., & Croft,
D. P. (2012). Adaptive Prolonged Postreproductive Life Span in Killer Whales. Science,
337(6100), 1313—1313. https://doi.org/10.1126/science.1224198

Foster, E. A., Franks, D. W., Morrell, L. J., Balcomb, K. C., Parsons, K. M., Van Ginneken, A., &
Croft, D. P. (2012). Social network correlates of food availability in an endangered
population of killer whales, Orcinus orca. Animal Behaviour, 83(3), 731-736.

https://doi.org/10.1016/j.anbehav.2011.12.021

64



Geary, D. C. (2015). Evolution of Paternal Investment. In The Handbook of Evolutionary
Psychology (pp. 483—505). John Wiley & Sons, Ltd.
https://doi.org/10.1002/9780470939376.ch16

Gese, E. M., Ruff, R. L., & Crabtree, R. L. (1996). Foraging ecology of coyotes (Canis latrans):
The influence of extrinsic factors and a dominance hierarchy. Canadian Journal of
Zoology, 74(5), 769—783. https://doi.org/10.1139/z96-089

Godfray, H. C. J., & Parker, G. A. (1992). Sibling competition, parent-offspring conflict and
clutch size. Animal Behaviour, 43(3), 473-490. https://doi.org/10.1016/S0003-
3472(05)80106-X

Gomez-Campos, E., Borrell, A., Cardona, L., Forcada, J., & Aguilar, A. (2011). Overfishing of
Small Pelagic Fishes Increases Trophic Overlap between Immature and Mature Striped
Dolphins in the Mediterranean Sea. PLOS ONE, 6(9), €24554.
https://doi.org/10.1371/journal.pone.0024554

Greenwood, P. J. (1980). Mating systems, philopatry and dispersal in birds and mammals.
Animal Behaviour, 28(4), 1140-1162. https://doi.org/10.1016/S0003-3472(80)80103-5

Grimes, C., Brent, L. J. N., Weiss, M. N., Franks, D. W., Balcomb, K. C., Ellifrit, D. K., Ellis, S.,
& Croft, D. P. (2022). The effect of age, sex, and resource abundance on patterns of rake
markings in resident killer whales (Orcinus orca). Marine Mammal Science, 38(3), 941—
958. https://doi.org/10.1111/mms.12908

Haig, D. (1990). Brood Reduction and Optimal Parental Investment when Offspring Differ in
Quality. The American Naturalist, 136(4), 550-556. https://doi.org/10.1086/285113

Hamilton, W. D. (1964). The genetical evolution of social behaviour. II. Journal of Theoretical

Biology, 7(1), 17-52. https://doi.org/10.1016/0022-5193(64)90039-6

65



Hegner, R. E., & Wingfield, J. C. (1987). Effects of Brood-Size Manipulations on Parental
Investment, Breeding Success, and Reproductive Endocrinology of House Sparrows. The
Auk, 104(3), 470—480. https://doi.org/10.2307/4087546

Hewison, A. J. M., Gaillard, J.-M., Hewison, A. J. M., Gaillard, J.-M., Hewison, A. J. M., &
Gaillard, J.-M. (1999). Successful sons or advantaged daughters? The Trivers—Willard
model and sex-biased maternal investment in ungulates. Trends in Ecology & Evolution,
14(6), 229-234. https://doi.org/10.1016/S0169-5347(99)01592-X

Hofer, H., & East, M. L. (2003). Behavioral processes and costs of co-existence in female
spotted hyenas: A life history perspective. Evolutionary Ecology, 17(4), 315-331.
https://doi.org/10.1023/A:1027352517231

Hogg, J. T., Hass, C. C., & Jenni, D. A. (1992). Sex-biased maternal expenditure in Rocky
Mountain bighorn sheep. Behavioral Ecology and Sociobiology, 31(4), 243-251.
https://doi.org/10.1007/BF00171679

Holand, @., Mysterud, A., Reed, K. H., Coulson, T., Gjestein, H., Weladji, R. B., & Nieminen,
M. (2005). Adaptive adjustment of offspring sex ratio and maternal reproductive effort in
an iteroparous mammal. Proceedings of the Royal Society B: Biological Sciences,
273(1584), 293-299. https://doi.org/10.1098/rspb.2005.3330

Horn, L., Bugnyar, T., & Massen, J. J. M. (2024). Testing the effects of kinship, reciprocity and
dominance on prosocial food provisioning in azure-winged magpies (Cyanopica cyana),
carrion crows (Corvus corone) and common ravens (C. corax). Ethology, 130(4), e13420.
https://doi.org/10.1111/eth.13420

Hiickstadt, L. A., Holser, R. R., Tift, M. S., & Costa, D. P. (2018). The extra burden of

motherhood: Reduced dive duration associated with pregnancy status in a deep-diving

66



mammal, the northern elephant seal. Biology Letters.
https://doi.org/10.1098/rsbl.2017.0722

Hudson, R., & Trillmich, F. (2008). Sibling competition and cooperation in mammals:
Challenges, developments and prospects. Behavioral Ecology and Sociobiology, 62(3),
299-307. https://doi.org/10.1007/s00265-007-0417-z

Jaeggi, A. V., & Gurven, M. (2013). Natural cooperators: Food sharing in humans and other
primates. Evolutionary Anthropology: Issues, News, and Reviews, 22(4), 186—195.
https://doi.org/10.1002/evan.21364

Johnson, C. N., Balmford, A., Brook, B. W., Buettel, J. C., Galetti, M., Guangchun, L., &
Wilmshurst, J. M. (2017). Biodiversity losses and conservation responses in the
Anthropocene. Science, 356(6335), 270-275. https://doi.org/10.1126/science.aam9317

Jordan, N. R., Golabek, K. A., Marneweck, C. J., Marneweck, D. G., Mbizah, M. M., Ngatia, D.,
Rabaiotti, D., Tshimologo, B., & Watermeyer, J. (2023). Hunting Behavior and Social
Ecology of African Wild Dogs. In M. Srinivasan & B. Wiirsig (Eds.), Social Strategies of
Carnivorous Mammalian Predators: Hunting and Surviving as Families (pp. 177-227).
Springer International Publishing. https://doi.org/10.1007/978-3-031-29803-5 6

Jordan, P. A., Shelton, P. C., & Allen, D. L. (1967). Numbers, Turnover, and Social Structure of
the Isle Royale Wolf Population. American Zoologist, 7(2), 233-252.
https://doi.org/10.1093/icb/7.2.233

Koch, L. K., & Meunier, J. (2014). Mother and offspring fitness in an insect with maternal care:
Phenotypic trade-offs between egg number, egg mass and egg care. BMC Evolutionary

Biology, 14(1), 125. https://doi.org/10.1186/1471-2148-14-125

67



Koskela, E., Mappes, T., Niskanen, T., & Rutkowska, J. (2009). Maternal investment in relation
to sex ratio and offspring number in a small mammal — a case for Trivers and Willard
theory? Journal of Animal Ecology, 78(5), 1007—1014. https://doi.org/10.1111/5.1365-
2656.2009.01574.x

Krause, J. & Ruxton, G.D. (2002). Living in groups. Oxford University Press.

Lascelles, B., Notarbartolo Di Sciara, G., Agardy, T., Cuttelod, A., Eckert, S., Glowka, L., Hoyt,
E., Llewellyn, F., Louzao, M., Ridoux, V., & Tetley, M. J. (2014). Migratory marine
species: Their status, threats and conservation management needs. Aquatic Conservation:
Marine and Freshwater Ecosystems, 24(S2), 111-127. https://doi.org/10.1002/aqc.2512

Lemons, P. R., Sedinger, J. S., Nicolai, C. A., & Oring, L. W. (2012). Sexual dimorphism,
survival, and parental investment in relation to offspring sex in a precocial bird. Journal
of Avian Biology, 43(5), 445—-453. https://doi.org/10.1111/j.1600-048X.2012.05715.x

Malcolm, J. R., & Marten, K. (1982). Natural selection and the communal rearing of pups in
African wild dogs (Lycaon pictus). Behavioral Ecology and Sociobiology, 10(1), 1-13.
https://doi.org/10.1007/BF00296390

Marneweck, D. G., Druce, D. J., & Somers, M. J. (2019). Food, family and female age affect
reproduction and pup survival of African wild dogs. Behavioral Ecology and
Sociobiology, 73(5), 65. https://doi.org/10.1007/s00265-019-2676-x

McComb, K., Moss, C., Durant, S. M., Baker, L., & Sayialel, S. (2001). Matriarchs As
Repositories of Social Knowledge in African Elephants. Science, 292(5516), 491-494.
https://doi.org/10.1126/science.1057895

Morris, D. W. (1987). Optimal Allocation of Parental Investment. Oikos, 49(3), 332-339.

https://doi.org/10.2307/3565769

68



Moses, R. A., & Millar, J. S. (1994). Philopatry and mother-daughter associations in bushy-tailed
woodrats: Space use and reproductive success. Behavioral Ecology and Sociobiology,
35(2), 131-140. https://doi.org/10.1007/BF00171503

Mover, H., Hellwing, S., & Ar, A. (1988). Energetic Cost of Gestation in the White-Toothed
Shrew Crocidura russula monacha (Soricidae, Insectivora). Physiological Zoology, 61(1),
17-25. https://doi.org/10.1086/physzool.61.1.30163732

Nelson, B. W., Ward, E. J., Linden, D. W., Ashe, E., & Williams, R. (2024). Identifying drivers of
demographic rates in an at-risk population of marine mammals using integrated
population models. Ecosphere, 15(2), e4773. https://doi.org/10.1002/ecs2.4773

Neuenschwander, S., Brinkhof, M. W. G., Kélliker, M., & Richner, H. (2003). Brood size, sibling
competition, and the cost of begging in great tits (Parus major). Behavioral Ecology,
14(4), 457-462. https://doi.org/10.1093/beheco/arg025

Nichol, L. M., & Shackleton, D. M. (1996). Seasonal movements and foraging behaviour of
northern resident killer whales (Orcinus orca) in relation to the inshore distribution of
salmon (Oncorhynchus spp.) in British Columbia. Canadian Journal of Zoology, 74(6),
983-991. https://doi.org/10.1139/z96-111

Noren, D. P. (2011). Estimated field metabolic rates and prey requirements of resident killer
whales. Marine Mammal Science, 27(1), 60—77. https://doi.org/10.1111/j.1748-
7692.2010.00386.x

Oftedal, O. T. (1997). Lactation in Whales and Dolphins: Evidence of Divergence Between
Baleen- and Toothed-Species. Journal of Mammary Gland Biology and Neoplasia, 2(3),

205-230. https://doi.org/10.1023/A:1026328203526

69



Olesiuk, P. F., Bigg, M. A., & Ellis, G. M. (1990). Life history and population dynamics of
resident killer whales (Orcinus orca) in the coastal waters of British Columbia and
Washington State. Report of the International Whaling Commission, Special, 12, 209-
243.0lssen, M., & Shine, R. (1997). The Limits to Reproductive Output: Offspring Size
Versus Number in the Sand Lizard (Lacerta agilis). https://doi.org/10.1086/285985

Olesiuk, P. F., Ellis, G. M., & Ford, J. K. (2005). Life history and population dynamics of
northern resident killer whales (Orcinus orca) in British Columbia (pp. 1-75). Ottawa,

ON, Canada: Canadian Science Advisory Secretariat.

Palmer, M. S., Borrego, N., & Packer, C. (2023). Social Strategies of the African Lion. In M.
Srinivasan & B. Wiirsig (Eds.), Social Strategies of Carnivorous Mammalian Predators:
Hunting and Surviving as Families (pp. 7-45). Springer International Publishing.
https://doi.org/10.1007/978-3-031-29803-5 2

Park, K. J., Masters, E., & Altringham, J. D. (1998). Social structure of three sympatric bat
species (Vespertilionidae). Journal of Zoology, 244(3), 379-389.
https://doi.org/10.1111/1.1469-7998.1998.tb00043.x

Parker, G. A., & Stuart, R. A. (1976). Animal Behavior as a Strategy Optimizer: Evolution of
Resource Assessment Strategies and Optimal Emigration Thresholds. The American
Naturalist, 110(976), 1055-1076. https://doi.org/10.1086/283126

Parrish, J. K., Hamner, W., & Hamner, W. M. (1997). Animal Groups in Three Dimensions: How
Species Aggregate. Cambridge University Press.

Penteriani, V., Rutz, C., & Kenward, R. (2013). Hunting behaviour and breeding performance of

northern goshawks Accipiter gentilis, in relation to resource availability, sex, age and

70



morphology. Naturwissenschaften, 100(10), 935-942. https://doi.org/10.1007/s00114-
013-1093-7

Pirotta, E., Tyack, P. L., Durban, J. W., Fearnbach, H., Hamilton, P. K., Harris, C. M., Knowlton,
A. R., Kraus, S. D., Miller, C. A., Moore, M. J., Pettis, H. M., Photopoulou, T., Rolland,
R. M., Schick, R. S., & Thomas, L. (2024). Decreasing body size is associated with
reduced calving probability in critically endangered North Atlantic right whales. Royal
Society Open Science, 11(2), 240050. https://doi.org/10.1098/rs0s.240050

Raoult, V., Colefax, A. P., Allan, B. M., Cagnazzi, D., Castelblanco-Martinez, N., lerodiaconou,
D., Johnston, D. W., Landeo-Yauri, S., Lyons, M., Pirotta, V., Schofield, G., & Butcher, P.
A. (2020). Operational Protocols for the Use of Drones in Marine Animal Research.
Drones, 4(4), Article 4. https://doi.org/10.3390/drones4040064

Redmond, L. J., Murphy, M. T., Dolan, A. C., & Sexton, K. (2009). Parental Investment Theory
and Nest Defense by Eastern Kingbirds. The Wilson Journal of Ornithology, 121(1), 1—
11. https://doi.org/10.1676/07-166.1

Robeck, T. R., St. Leger, J. A., Robeck, H. E., Nilson, E., & Dold, C. (2019). Evidence of
Variable Agonistic Behavior in Killer Whales (Orcinus orca) Based on Age, Sex, and
Ecotype. Aquatic Mammals, 45(4), 430-446. https://doi.org/10.1578/AM.45.4.2019.430

Rodrigues, L., Ramos Pereira, M. J., Rainho, A., & Palmeirim, J. M. (2010). Behavioural
determinants of gene flow in the bat Miniopterus schreibersii. Behavioral Ecology and
Sociobiology, 64(5), 835—-843. https://doi.org/10.1007/s00265-009-0900-9

Rubenstein, D. I. (1978). On Predation, Competition, and the Advantages of Group Living. In P.
P. G. Bateson & P. H. Klopfer (Eds.), Social Behavior (pp. 205-231). Springer US.

https://doi.org/10.1007/978-1-4684-2901-5 9

71



Salomon, M., Schneider, J., & Lubin, Y. (2005). Maternal investment in a spider with suicidal
maternal care, Stegodyphus lineatus (Araneae, Eresidae). Oikos, 109(3), 614—622.
https://doi.org/10.1111/1.0030-1299.2005.13004.x

Sand, H., Wikenros, C., Wabakken, P., & Liberg, O. (2006). Effects of hunting group size, snow
depth and age on the success of wolves hunting moose. Animal Behaviour, 72(4), 781—
789. https://doi.org/10.1016/j.anbehav.2005.11.030

Sells, S. N., Mitchell, M. S., Podruzny, K. M., Ausband, D. E., Emlen, D. J., Gude, J. A.,
Smucker, T. D., Boyd, D. K., & Loonam, K. E. (2022). Competition, prey, and mortalities
influence gray wolf group size. The Journal of Wildlife Management, 86(3), €22193.
https://doi.org/10.1002/jwmg.22193

Silk, M. J., Croft, D. P.,, Tregenza, T., & Bearhop, S. (2014). The importance of fission—fusion
social group dynamics in birds. /bis, 156(4), 701-715. https://doi.org/10.1111/ibi.12191

Smith, & Fretwell. (n.d.). The Optimal Balance between Size and Number of Offspring.
https://doi.org/10.1086/282929

Smith, H., Frére, C., Kobryn, H., & Bejder, L. (2016). Dolphin sociality, distribution and calving
as important behavioural patterns informing management. Animal Conservation, 19(5),
462-471. https://doi.org/10.1111/acv.12263

Smith, J. E., & Holekamp, K. E. (2023). Hunting Success in the Spotted Hyena: Morphological
Adaptations and Behavioral Strategies. In M. Srinivasan & B. Wiirsig (Eds.), Social
Strategies of Carnivorous Mammalian Predators: Hunting and Surviving as Families
(pp- 139-175). Springer International Publishing. https://doi.org/10.1007/978-3-031-

29803-5 5

72



Smith, J. E., Kolowski, J. M., Graham, K. E., Dawes, S. E., & Holekamp, K. E. (2008). Social
and ecological determinants of fission—fusion dynamics in the spotted hyaena. Animal
Behaviour, 76(3), 619—636. https://doi.org/10.1016/j.anbehav.2008.05.001

Speakman, J. R. (2007). The physiological costs of reproduction in small mammals.
Philosophical Transactions of the Royal Society B: Biological Sciences.
https://doi.org/10.1098/rstb.2007.2145

Stewart, J. D., Durban, J. W., Fearnbach, H., Barrett-Lennard, L. G., Casler, P. K., Ward, E. J., &
Dapp, D. R. (2021). Survival of the fattest: Linking body condition to prey availability
and survivorship of killer whales. Ecosphere, 12(8). https://doi.org/10.1002/ecs2.3660

Stredulinsky, E. H., Darimont, C. T., Barrett-Lennard, L., Ellis, G. M., & Ford, J. K. B. (2021).
Family feud: Permanent group splitting in a highly philopatric mammal, the killer whale
(Orcinus orca). Behavioral Ecology and Sociobiology, 75(3), 56.
https://doi.org/10.1007/s00265-021-02992-8

Sutton, N. (2019). Effects of food limitation on social grouping and foraging in a fission-fusion
species. http://hdl.handle.net/10092/16656

Svagelj, W. S., Magdalena Trivellini, M., & Quintana, F. (2012). Parental Investment Theory and
Nest Defence by Imperial Shags: Effects of Offspring Number, Offspring Age, Laying
Date and Parent Sex. Ethology, 118(3), 251-259. https://doi.org/10.1111/j.1439-
0310.2011.02003.x

Tarof, S. A., Kramer, P. M., Hill, J. R., III, Tautin, J., & Stutchbury, B. J. M. (2011). Brood Size
and Late Breeding are Negatively Related to Juvenile Survival in a Neotropical

Migratory Songbird. The Auk, 128(4), 716-725. https://doi.org/10.1525/auk.2011.11087

73



Tennessen, J. B., Holt, M. M., Wright, B. M., Hanson, M. B., Emmons, C. K., Giles, D. A.,
Hogan, J. T., Thornton, S. J., & Deecke, V. B. (2023). Divergent foraging strategies
between populations of sympatric matrilineal killer whales. Behavioral Ecology, arad002.
https://doi.org/10.1093/beheco/arad002

Thiel, M. (2003). Extended parental care in crustaceans: An update. Revista Chilena de Historia
Natural, 76(2). https://doi.org/10.4067/S0716-078X2003000200007

Tilson, R. L., & Hamilton, W. J. (1984). Social dominance and feeding patterns of spotted
hyaenas. Animal Behaviour, 32(3), 715-724. https://doi.org/10.1016/S0003-
3472(84)80147-5

Tizo-Pedroso, E., & Del-Claro, K. (2018). Capture of large prey and feeding priority in the
cooperative pseudoscorpion Paratemnoides nidificator. Acta Ethologica, 21(2), 109—-117.
https://doi.org/10.1007/s10211-018-0288-5

Towers, J.R., Ellis, G.M. and Ford, J.K.B. 2015. Photo-identification catalogue and
status of the northern resident killer whale population in 2014. Can. Tech. Rep.

Fish. Aquat. Sci. 3139: iv + 75 p.

Towers, J.R., Pilkington, J.F., Gisborne, B., Wright, B.M., Ellis, G.M., Ford, J.K.B., and
Doniol-Valcroze, T. 2020. Photo-identification catalogue and status of the
northern resident killer whale population in 2019. Can. Tech. Rep. Fish. Aquat.

Sci. 3371:1v + 69 p.

Trillmich, F., & Wolf, J. B. W. (2008). Parent—offspring and sibling conflict in Galapagos fur
seals and sea lions. Behavioral Ecology and Sociobiology, 62(3), 363-375.

https://doi.org/10.1007/s00265-007-0423-1

74



Trivers, R. L. (1972). Parental investment and sexual selection. Sexual Selection & the Descent

of Man, Aldine de Gruyter, New York, 136-179.

Trivers, R. L. (1974). Parent-offspring conflict. Integrative and comparative biology,14(1), 249-

264.

Trivers, R. L., & Willard, D. E. (1973). Natural selection of parental ability to vary the sex ratio

of offspring. Science, 179(4068), 90-92.

Tryjanowski, P., & Gotawski, A. (2004). Sex differences in nest defence by the red-backed shrike
Lanius collurio: Effects of offspring age, brood size, and stage of breeding season.
Journal of Ethology, 22(1), 13—16. https://doi.org/10.1007/s10164-003-0096-9

Vélez-Espino, L., Ford, J.K.B., Araujo, H.A., Ellis, G., Parken, C.K., & Balcomb, K.C. (2014).
Comparative demography and viability of northeast Pacific resident killer whale
populations at risk. Can. Tech. Rep. Fish. Aquat. Sci. 3084: v + 58 p.
https://doi.org/10.13140/RG.2.2.35274.57283

Vélez-Espino, L. A., Ford, J. K. B., Araujo, H. A., Ellis, G., Parken, C. K., & Sharma, R. (2015).
Relative importance of chinook salmon abundance on resident killer whale population
growth and viability. Aquatic Conservation: Marine and Freshwater Ecosystems, 25(6),
756-780. https://doi.org/10.1002/aqc.2494

Vermeulen, E., Thavar, T., Glarou, M., Ganswindt, A., & Christiansen, F. (2023). Decadal decline
in maternal body condition of a Southern Ocean capital breeder. Scientific Reports, 13(1),
3228. https://doi.org/10.1038/s41598-023-30238-2

Waite, J. M. (1988). Alloparental care in killer whales (Orcinus orca). University of California,

Santa Cruz.

75



Walker, L. A., Cornell, L., Dahl, K. D., Czekala, N. M., Dargen, C. M., Joseph, B., Hsueh, A. J.
W., & Lasley, B. L. (1988). Urinary Concentrations of Ovarian Steroid Hormone
Metabolites and Bioactive Follicle-Stimulating Hormone in Killer Whales (Orcinus
orchus) during Ovarian Cycles and Pregnancyl. Biology of Reproduction, 39(5), 1013—
1020. https://doi.org/10.1095/biolreprod39.5.1013

Ward, E. J., Holmes, E. E., & Balcomb, K. C. (2009). Quantifying the effects of prey abundance
on killer whale reproduction. Journal of Applied Ecology, 46(3), 632—640.
https://doi.org/10.1111/j.1365-2664.2009.01647 .x

Waser, P. M. (1988). Resources, philopatry, and social interactions among mammals. The ecology
of social behavior, 109, 130.

Weiss, M. N., Ellis, S., Franks, D. W., Nielsen, M. L. K., Cant, M. A., Johnstone, R. A., Ellifrit,
D. K., Balcomb, K. C., & Croft, D. P. (2023). Costly lifetime maternal investment in
killer whales. Current Biology, 33(4), 744-748.¢€3.
https://doi.org/10.1016/j.cub.2022.12.057

Wilkinson, G. S. (1984). Reciprocal food sharing in the vampire bat. Nature, 308(5955), Article
5955. https://doi.org/10.1038/308181a0

Wittemyer, G., Douglas-Hamilton, 1., & Getz, W. M. (2005). The socioecology of elephants:
Analysis of the processes creating multitiered social structures. Animal Behaviour, 69(6),
1357-1371. https://doi.org/10.1016/j.anbehav.2004.08.018

Wright, B. M., Stredulinsky, E. H., Ellis, G. M., & Ford, J. K. B. (2016). Kin-directed food
sharing promotes lifetime natal philopatry of both sexes in a population of fish-eating
killer whales, Orcinus orca. Animal Behaviour, 115, 81-95.

https://doi.org/10.1016/j.anbehav.2016.02.025

76



77



