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SUMMARY

Understanding the evolution of menopause presents a long-standing scientific challenge1–3—why should fe-

males cease ovulation prior to the end of their natural lifespan? In human societies, intergenerational

resource transfers, for example, food sharing and caregiving, are thought to have played a key role in the evo-

lution of menopause, providing a pathway by which postreproductive females can boost the fitness of their

kin.4–6 To date however, other late-life contributions that postreproductive femalesmay provide their kin have

not been well studied. Here, we test the hypothesis that postreproductive female resident killer whales (Or-

cinus orca) provide social support to their offspring by reducing the socially inflicted injuries they experience.

We found that socially inflicted injuries, as quantified by tooth rake marks, are lower for male offspring in the

presence of their postreproductive mother. In contrast, we find no evidence that postreproductive mothers

reduce rake marking in their daughters. Similarly, we find no evidence that either reproductive mothers or

grandmothers (reproductive or postreproductive) reduce socially inflicted injuries in their offspring and

grandoffspring, respectively. Moreover, we find that postreproductive females have no effect on reducing

the rake marks for whales in their social unit who are not their offspring. Taken together, our results highlight

that directing late-life support may be a key pathway by which postreproductive females transfer social ben-

efits to their male offspring.

RESULTS

Classic life-history theory predicts there should be no selection

for survival following the cessation of reproduction.7 In humans

and five species of toothed whales, however, females continue

to live well beyond their reproductive years.3,8,9 In hunter-gath-

erer societies, for example, females that reach sexual maturity

can expect to live for 26 years followingmenopause,8 and in killer

whales (Orcinus orca), females can expect to live 22 years

(southern-resident ecotype;10). Unraveling the evolutionary ori-

gins of menopause is a long-standing interdisciplinary chal-

lenge.1–3 In human societies there is overwhelming evidence

that mothers can provide significant fitness benefits to their

offspring and grandoffspring via intergenerational resource

transfers in the form of food sharing and caregiving.4,11–13 Simi-

larly, in resident killer whale societies, postreproductive females

act as repositories for ecological knowledge of when and where

to find food14 and directly share 57% of fish they catch.15

Furthermore, these females have been shown to provide a sur-

vival advantage to not only their offspring (particularly adult

males16) but also their grandoffspring.17

Resource transfer is not the only way postreproductive fe-

males may benefit their kin and they may take on other social

roles in family groups. For example, in human societies, women

can play an important role in conflict management18 and older

women may have greater social influence.19 Evidence from

some small-scale human societies also suggests that women

occupy key leadership roles in the context of within-group

conflict resolution.20,21 However, the extent to which such social

roles have shaped the evolution of menopause remains

unknown.

We used tooth rake marks—the thin, white, parallel lines that

appear as the result of the teeth of another animal puncturing

the skin22—to quantify socially inflicted injuries (Figure 1). Where

direct observations of behavior inmarinemammals are difficult to

observe, tooth rake markings on the skin’s surface provide clear

indirect evidence of social interactions.22–27 Killer whales are the

ocean’s apex predator and have no natural predators other than

humans. Moreover, resident killer whales are exclusively fish-

eating,28 and thus do not prey on species that could inflict rake

marks, meaning that all observed rakes are acquired through

intraspecific social interactions.29 Killer whales, like many other

3250 Current Biology 33, 3250–3256, August 7, 2023 ª 2023 The Author(s). Published by Elsevier Inc.
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cetacean species, exhibit tooth rake marks across all age clas-

ses,29–34 with male resident killer whales typically displaying a

higher average number of these marks than females.29 Biting

has been found to be closely associated with aggressive

behavior in several species of toothed whales,35,36 and rake

marks have commonly beenused to assess relative rates of intra-

specific aggression in a range of cetacean species.22,23,25,35

Rake marks also likely occur as the result of rough play in killer

whales29 and interactions that start playful can often turn aggres-

sive in toothed whales,25 resulting in physical injury.

We used a unique dataset including nearly 50 years of multi-

generational demographic records for 103 wild resident-ecotype

(fish-eating) killer whales, 6,934 photos quantifying socially in-

flicted injuries, and comprehensive resource (salmon) abun-

dance data to test the hypothesis that postreproductive females

reduce socially inflicted injuries in their offspring and grandoff-

spring. Specifically, we analyzed the relationship between the

composition of the social unit and socially inflicted injuries in

the presence or absence of (1) an individual’s postreproductive

mother or grandmother or (2) their reproductive mother or grand-

mother. To determinewhether postreproductive females provide

general support to all members of their social unit, not just their

offspring and grandoffspring, we also examined the rake mark

patterns of individuals who did not have their mother in their so-

cial unit but had a postreproductive female present who was not

their mother or grandmother.

Weuse ‘‘rakedensity’’ asourmeasureofsocial injury,whichwas

definedas theproportionofpixelsofan individual’sskin (visible ina

photograph) thatwere raked at a given time.29This is expressed in

all models as a binomial draw of the number of rake pixels, given

the number of pixels visible (see STARMethods).

Do mothers reduce socially inflicted injuries in

offspring?

We first examine the direct causal effects of maternal presence

on rake marks, observing that males exhibit lower rake density

when their postreproductive mother is in their social unit,

compared with males with their reproductive mother (post.

mean =�0.55, 95%CI = [�0.83,�0.26], Figure 2A) or no mother

within their social unit (post. mean = �0.76, 95% CI = [�1.24,

�0.28], Figure 2A). This provides strong evidence that postre-

productive females lower the rake density their male offspring

receive. No difference in rake density was observed between

males whose reproductive mother was present in their social

unit and males with no mother in their social unit (post. mean =

0.16, 95% CI = [�0.20, 0.54], Figure 2A). In contrast, no differ-

ence in rake density was observed between females with their

postreproductive mother in their social unit and females with

their reproductive mother (post. mean = 0.016, 95% CI =

[�0.26, 0.32], Figure 2B), or with no mother in their social unit

(post. mean = �0.17, 95% CI = [�0.56, 0.21]). Similarly, our re-

sults indicate no difference in rake density between females

whose reproductive mother was present in their social unit and

those whose mother was not present in their social unit (post.

mean = �0.21, 95% CI = [�0.54, 0.10], Figure 2B).

Do grandmothers reduce socially inflicted injuries in

grandoffspring?

In contrast to the mother effects, we find no evidence that the

presence of grandmothers is associated with a lower rake den-

sity for their male or female grandoffspring, regardless of her

reproductive status. We observed no difference in rake density

between males with their postreproductive grandmother in their

social unit and males with their reproductive grandmother (post.

mean = �0.25, 95% CI = [�0.77, 0.32], Figure 3A) or with no

grandmother in their social unit (post. mean = �0.18, 95% CI =

[�0.59. 0.22], Figure 3A). Females exhibit the same patterns,

with no difference in rake density observed between females

with their postreproductive grandmother, reproductive grand-

mother (post. mean = �0.43, 95% CI = [�1.24, 0.44]), or no

grandmother present in their social unit (post. mean = �0.34,

95% CI = [�0.78, 0.07], Figure 3B).

Is social support directed to offspring or do

postreproductive females benefit other social unit

members?

To establish if postreproductive females are directing their sup-

port to male offspring, or if the presence of a postreproductive

female in a social unit provides general benefits to other group

members—for example, by mediating social conflict across the

social unit as a whole—we examined the effect of the presence

of a postreproductive female, who was not the mother or grand-

mother of the focal individual, on rake density. We found no ev-

idence that the presence of a postreproductive female affects

the rake density exhibited by non-offspring or grandoffspring

of either sex in the social unit (males: post. mean = �0.01,

95% CI = [�0.37, 0.33], Figure 2A, and females: post. mean =

0.03, 95% CI = [�0.31, 0.34], Figure 2B).

DISCUSSION

Here, we show that socially inflicted injuries are lower for male

offspring in the presence of their mother, but only when she is

postreproductive. We find that this social support does not

extend to female offspring, grandoffspring, or non-offspring so-

cial unit members, demonstrating that postreproductive mothers

direct their support toward male offspring, and there is not a

Figure 1. Image on left shows tooth rakemarks on the dorsal fin and

anterior peduncle of a male killer whale and close-up image of the

dorsal fin (right) shows damage from rake marks resulting in open

wounds

Photograph courtesy of the Center for Whale Research.
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general effect of postreproductive females modulating the

behavior of their social group as a whole.

Menopause is hypothesized to have evolved, in part, through

the inclusive fitness benefits associated with ceasing reproduc-

tion and assisting offspring to survive and reproduce.1 In human

societies, there is strong evidence that postreproductive females

can benefit the reproductive success of their offspring4–6 and

survival of grandoffspring.37 Like humans, a prominent feature

of resident killer whale societies is the indirect fitness contribu-

tions females make in late life toward the survival and reproduc-

tion of their kin.14,16,17 Previous research in resident killer whales

has established that resource transfer is a key mechanism by

which postreproductive females help their kin—directly via

food sharing15,38 or indirectly through leadership in group

foraging.14 Here, we provide the first evidence that postrepro-

ductive females also benefit their male offspring by reducing

their socially inflicted injuries.

An unusual feature of resident killer whale societies is that

male killer whales remain in close association with their mothers

for the duration of their lives,39which may enable them to benefit

in a number of ways from the social support provided by their

postreproductive mothers. First, damage to the skin provides a

route of infection for pathogens that could lead to increasedmor-

tality.40,41 Resident killer whales are regularly exposed to envi-

ronmental pathogens via the sea surface layer.42,43 Infectious

diseases have been found to cause mortality across all age clas-

ses in wild killer whales,40 and necropsies of killer whales from

the west coast of the USA and Canada indicate that pathogens

introduced through wounds can lead to mortality.40 Second,

the reduction in injuries of sons with postreproductive mothers

maybe due to postreproductive females providing agonistic sup-

port to sons during aggressive interactions with other males,

which could provide reproductive benefits. In Bigg’s (mammal-

eating) killer whales, for example, although both sexes disperse

from the natal group as they mature, postreproductive females

often travel with their adult sons44,45 and have been observed

to aid their sons in intergroup agonistic interactions.46 In bono-

bos (Pan paniscus), mothers support their sons during conflict

with other males, which translates to a higher paternity success

of their son.47,48 Female resident killer whales may be able to

provide this support without directly engaging in aggressive

Figure 2. Violin plots derived from posterior

distributions of a model examining maternal

presence effects on rake density for males

and females

Plots show the difference in expected rake density

between (A) males and (B) females in different so-

cial conditions. Repro. denotes reproductive and

Postrepro./PR denotes postreproductive. Distri-

butions show the model-derived predicted rake

density of a hypothetical 12-year-old whale, with

all other covariates held to their mean. Boxes span

the first to third quartiles, the horizontal line inside

the boxes represents the median, and the thin

vertical lines represent the upper and lower adja-

cent values.

interactions. In human hunter-gatherer

societies, for example, women use vocal

and behavioral gestures to mediate group

conflict,49 rather than physically involving themselves as a third

party in conflict. In resident killer whales, postreproductive fe-

males exhibit the lowest rake density of all age classes,29 poten-

tially reflecting a lack of direct physical involvement in conflict.

Though tooth rake marks are an indication of socially inflicted

wounds, injuries may be obtained in other ways that are more

difficult to quantify. Severe injuries resulting from trauma, such

as ramming and blunt force, have been reported in other species

of dolphin35,36,50 and in Bigg’s killer whales.46More direct obser-

vations of these behaviors are required in the resident killer whale

population in order to determine which behavioral strategies are

employed during social interactions. Future work using high-res-

olution video collected from unoccupied aerial vehicles51 pro-

vides an exciting opportunity to quantify the type of social sup-

port postreproductive females provide their offspring and how

sons benefit from this support.

Our finding that old (postreproductive) but not young (repro-

ductive) mothers provide social support to their sons raises the

question of what role social support has played in the evolution

of menopause in killer whales? In resident killer whales neither

sons nor daughters disperse, which results in an increase in a fe-

male’s relatedness to her local group as she ages. Females are

initially born into a group without their father, however, as they

start to reproduce they recruit male offspring to their group,

increasing their local relatedness to males and the group as a

whole.52–54 These patterns of kinship dynamics will select for

increased helping and decreased harming in older females as

compared with younger females.54,55 Reproduction is a form of

generalized harm because it increases within-group resource

competition.56,57 Kinship dynamics in resident killer whales

means that older females are under increased selection not to

harm by reproducing than are younger females. This reproduc-

tive conflict hypothesis55 is supported in resident killer whales

where, as predicted by theory, older females lose out in repro-

ductive competition with younger females.53 Intergenerational

reproductive conflict provides a mechanism to help explain

why females terminate reproduction well before the end of their

expected adult lifespan.55 However, for a prolonged postrepro-

ductive lifespan to evolve there needs to be a pathway by which

postreproductive females can help their kin.58 Previous evi-

dence, combined with the results presented here, suggests
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that in resident killer whales this pathway is via increasing the

survival (and thus reproductive success) of their adult sons,16

which carries a significant cost to mothers.59 In addition to

food sharing, knowledge transfer is likely to have played a key

role in the evolution of menopause in both killer whales and hu-

mans,60 andwe have shown previously that postreproductive fe-

males act as repositories for ecological knowledge of when and

where to find food.14 It is also likely that knowledge is important

in providing social support and that older postreproductive fe-

males have knowledge and experience that younger (reproduc-

tive) females lack. Killer whales live in a multi-level society where

all individuals in the population can interact39 and postreproduc-

tive mothers may have knowledge of other social groups that

helps navigate and avoid conflict.61 For example, in African ele-

phants (Loxodonta africana) older females in the social group

have superior knowledge of other social groups that can reduce

intergroup aggression.61 Future research examining the role that

postreproductive females play during intergroup interactions in

killer whales would be particularly valuable.

Why is support directed to sons rather than daughters? This

pattern of maternal care can be explained by kinship dynamics

theory, which predicts that females should preferentially direct

helping behavior toward their sons.54 Outgroup mating means

that when a daughter reproduces, the calf is reared within the so-

cial group, which is costly for the local group. In contrast, when a

son reproduces another social group carries the cost of rearing

the calf and thus mothers can maximize their inclusive fitness

benefits by preferentially helping their sons over their daugh-

ters.54Consistent with this prediction and our findings presented

here, previous work has found that mothers provide a greater

survival benefit to their male over their female offspring16 and

that mothers show lifelong investment in their male offspring.59

Given the matrilineal, philopatric structure of resident killer

whale societies39 and the survival benefits postreproductive

grandmothers provide to their grandoffspring,17 multigenera-

tional influences on patterns of social conflict might be expected

in this population. However, we find no evidence that grand-

mothers provide social support to their grandoffspring, irrespec-

tive of their reproductive state. Postreproductive females may

provide survival benefits to their grandoffspring in other ways,

for example, through sharing ecological knowledge of when

and where to find food.14 Our results show that directed social

support is, however, focused on their sons.

Taken together, our findings provide strong evidence that so-

cial support and mediation of participation in risky behavior is

likely to be a key pathway by which postreproductive females

contribute to the reproductive success and survival of their

male offspring and, when taken together with our previous find-

ings,14,16,53 can help explain why killer whales have evolved the

longest postreproductive lifespan of all non-human animals.
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for methods and materials should be directed to and will be fulfilled by the lead contact, Charli

Grimes (cg565@exeter.ac.uk).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d All original data has been deposited at Zenodo and is publicly available as of the date of publication. The DOI is listed in the key

resources table.

d All original code has been deposited at Zenodo and is publicly available as of the date of publication (https://zenodo.org/

deposit/8026912).

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study is based on demographic and social data collected from the southern resident killer whale population, a genetically distinct

ecotype whose core habitat in the summer months are the coastal waters of Washington State, USA and British Columbia, Canada.

Permits to conduct photographic surveys of the population were granted by the USA National Oceanic and Atmospheric Adminis-

tration (NOAA/NMFSP33,GA14A,532-1822,15569,21238) and the Department of Fisheries and Oceans Canada (DFOSARA388).

METHOD DETAILS

Study population: Southern resident killer whales

Southern resident killer whales (Orcinus orca) are a genetically distinct ecotype whose core habitat in the summer months are the

coastal waters of Washington State, USA and British Columbia, Canada. The Center for Whale Research, based on San Juan Island,

USA, has been monitoring the southern residents since 1976 via a photographic census using photo-ID techniques.39,66,67 There is

no natal dispersal and all individuals in the population can be identified based on the natural variability in shape and size of the dorsal

fin and their unique saddle patch. Since 1976, all whales in the population have been observed each year, allowing all births and

deaths to be reliably inferred from data collected by the census. Female resident killer whales are generally considered to be repro-

ductive between the ages of 12 and 40,39 and beyond this enter their postreproductive lifespan. As such, we consider any female

above the age of 40 to be postreproductive.

During census observations, photographswere taken fromboats of all individual whales present, when conditionswere suitable for

photo identification, i.e., sea state of less than Beaufort 4. Photographs of the whales were taken at a position perpendicular to the

whales’ direction of travel as the whales’ surfaced and, where possible, both sides of the whales were photographed.

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Raw data This paper https://zenodo.org/deposit/

8026912

Software and algorithms

R R Core Team62 https://www.r-project.org

Brms Bürkner et al.63 https://cran.r-project.org/

web/packages/brms/

RStan Stan Development Team64 https://cran.r-project.org/

web/packages/rstan/

Stan Stan Development Team65 https://mc-stan.org
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Tooth rake mark coding

Photographs taken from the Center for Whale Research’s annual census were assessed for the presence of new, often white, tooth

rake marks (see Grimes et al.29 for detailed methodology). At least one photo of each side of the whale was available for each whale,

each year, andwheremultiple photographs of awhale were available each year, the two highest quality images (one from each side of

the whale) were selected for analysis. Photographs were analysed using reference images from the previous year to ensure that the

same rake was not coded twice and that all new tooth rakes were captured. All image analysis was carried out in GNU Image Manip-

ulation Programme version 2.8.

Two values from every photograph of each whale were recorded. The first was the number of pixels that the entire visible surface of

the whale in the image occupied, and the second was the number of pixels that each new tooth rake occupied which was totaled

cumulatively. In each image, rake pixels were considered in relation to the number of pixels occupied by the entire visible surface

of the whale in order to standardize for the variation in total exposed surface area in each photograph and for variation in the pixel

density of photos, particularly for photos from earlier years compared to later digital years. Rake mark pixels and total surface area

pixels were calculated annually for each year and used in our analysis.

Social unit membership and estimated relatedness

Since we are interested in patterns of tooth rake marks, which can only be created by direct contact with other whales, we used

observed patterns of social association within the population to define the social units of each whale. For the purpose of this study,

social groups are defined as ‘‘social units’’, based on social associations calculated from photographs and videos collected by the

Center forWhale Research between 1979 and 2013. There is no dispersal from social groups in this population39 andmatrilines travel

together into inshore waters to forage, but when foraging actively, individuals and groups will regularly spread out over a number of

kilometers to forage.38 These groups, however, are coordinated and dynamic, with subgroups regularly undergoing fission and

fusion. For the current analysis we want to capture the longer time social associations of individuals at the larger social unit, rather

than these short-term foraging dynamics, thus we use a broad scale definition of social association as individuals observed within

acoustic range (10km68) which provides a meaningful measure of long-term stable social units in this population.69

Binomial mixture models were then used to classify all social bonds in the population by their association strength70,71 and from

this, determine the social unit of a given whale in each year, which we consider to be the social partners with whom they share the

strongest category of social association in that year.52 Binomial mixture models can be used to classify the social bonds present in

the population into distinct classes based on their strength,70,71 and facilitates accurate examination of how social bonds between

individuals respond to demographic end ecological changes over time. For every pair of whales in the population, we calculated the

number of times they are observed in association, and the number of times they were observed separately (while both are alive) over

all years of the study. A series of k-component mixture models were then fit to these data, where k = 1–9, and we used Integrated

Completed Likelihood72 to select the best fitting model. A four-component mixture model was the most parsimonious fit and there-

fore used to define each whale’s social environment. For each whale in each year, their strongest (k4 component) social partners

were calculated, and those partners were considered to be that individual’s social unit in that year. Thismethod results in group struc-

tures that correspond well to the natural structure of matrilines, which are often referenced in the southern resident population, with

the social unit of each whale directly reflecting the social partners they associate with most commonly in a given year and are there-

fore most likely to be having close social contacts with.

We define local relatedness— calculated as the average pairwise relatedness from a whale to their social unit — within these pre-

viously defined individual social units.52 Matrilineal pairwise relatedness was calculated based on the pedigree, which, in this pop-

ulation, is assigned by inferred maternity, based on direct observations of infant swimming behaviour, conducted by the Center for

Whale Research39 and population genetic structure.73 This assignment has high confidence certainty, since all females were encoun-

tered every year within a 6-month period and consequently, calves born within this time frame are almost always observed when

swimming in close association with their mother.

Relatedness was calculated to a depth of two degrees while accounting for error induced by unknown relatedness. This was done

by applying the methods developed in Ellis et al.,52 implemented through the R package comparekin (github.com/samellisq/

comparekin). In brief, this method involved classifying all social partners as unrelated (r = 0), related within the second degree (r =

0.5, 0.25 etc.) or of unknown relatedness. Pairwise relatedness is unknown if, due to gaps in the pedigree, two whales could be

related in the second degree but confirmation of this is not possible. For example, if one whale’s mother is unknown an older female’s

social partner could be their mother, sister or a non-relative, we therefore considered their relatedness to be unknown. This known

and unknown relatedness was used, along with binomial theorem, to build this into a measure of estimated local relatedness, with

error around it.52 These values were calculated for every individual in the population in each year andwhales were only included in the

analysis if their pairwise local relatedness was known to greater than 20% of their group-mates. Individuals whose social unit could

not be determined or whosemother could not be identified were removed from the analysis, resulting in observations made on a total

of 130 individuals (67 males and 63 males).

Social unit composition

We constructed our first model (Equation 1), to test the hypothesis that postreproductive females direct social support towards their

offspring by reducing the conflict their offspring experience. Prior to analysis, we first established if an individual’s mother was alive or

dead. If alive, we determine her reproductive status (either reproductive or postreproductive) and assigned them to a social condition
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based on this: i. individuals with their postreproductive mother present in their social unit, (prm = 1), or ii. individuals with their repro-

ductive mother in their social unit (rm = 1). For individuals whose mother was dead/died during the study period, or those whose

mother was alive but not one of their strongest associates during the year the photograph was taken, we then determined if another

postreproductive female was in the social unit and assigned them to social conditions based on this: iii. another postreproductive

female in the social unit (opr = 1) (Figure S1). We modeled the probability p of a pixel on whale i in year t being a ‘raked pixel’ as:

xt;i � BetaBinomial
�

Nt;i;pt;i ; q
�

logit
�

pt;i

�

= b0;si
+ b1trt;i + b3;si

prmt;i + b4;si
rmt;i + b5;si

oprt;i + b6gt;i + b7qt;ib8Ct

+ b9t + b10a:st;i + di + 9ttrt;i

� Normalðrt;i; εrt;iÞd � Normalð0;sdÞ9 � Normalð0;s9Þb � Normalð0; 1Þq = 4+ 24 � Exponentialð1Þs � Studenttð3;0; 2:5Þ

(Equation 1)

As well as the social terms, in this model we also include terms for: age-sex class (a.s), sex (s), social unit size (g), chinook salmon

abundance (C), number of photos taken of a whale (g), true local relatedness (tr: modeled as drawn from a normal distribution around

observed relatedness r), and random effects for individual (d) and year (9), (see Table S1 for full list).

To determine whether the social conflict experienced by whales is influenced by the presence of their postreproductive grand-

mother, we ran a second model (Equation 2), this time using multigenerational data. During our study period, the maternal grand-

mothers of 94 whales in our population are known and thus included in this analysis (44 males and 51 females). All individuals

with no known grandmother were excluded from the analysis, regardless of if their mother was known.

Data processing prior to analysis, including determining the following: first, we established if an individual’s grandmother was alive

or dead. If alive, we determined her reproductive status (either reproductive or postreproductive) and assigned the individual to a

social condition based on this (1. individuals with their postreproductive grandmother in their social unit, (prgm = 1) or 2. individuals

with their reproductive grandmother in their social unit (rgm = 1)). For all individuals in the study whose grandmother andmother were

known, we determinedwhether their postreproductivemother was present in their social unit (regardless of her reproductive age) and

if so, assigned them to a third social condition (3. Postreproductive mother present, prm = 1). Finally, those individuals who did not

have their mother or grandmother in their social unit, we determined if an another postreproductive female was in their social unit and

assigned them to a final social condition (4. another postreproductive female in the social unit, opr = 1) (Equation 2). We modeled the

probability p of a pixel on whale i in year t being a ‘raked pixel’ as:

xt;i � BetaBinomial
�

Nt;i;pt;i ; q
�

logit
�

pt;i

�

= b0;si
+ b1trt;i + b3;si

prmt;i + b4;si
prgmt;i+b5;si

rgmt;i

+ b6;si
oprt;i + b7gt;i + b8qt;i + b9Ct + b10t + b11a:st;i + di + 9t9ttrt;i

� Normalðrt;i; εrt;iÞd � Normalð0;sdÞ9 � Normalð0;s9Þb � Normalð0; 1Þq = 4+ 24 � Exponentialð1Þs � Studenttð3;0; 2:5Þ

(Equation 2)

For this model, we include the four social terms listed above, and see Table S1 for full list of additional terms.

Tooth rake mark density has been observed to fluctuate in response to salmon abundance in this population29 and, as such,

salmon abundance was included as an exogenous variable in our analysis to improve the estimate of rake density (Figure S2). Annual

chinook salmon abundance indices from West Coast Vancouver Island and Northern British Columbia (two areas frequented by the

southern residents) were extracted from the technical reports published by the Pacific Salmon Commission test fisheries. These

values are calculated based on test fishing results before and after commercial fishing seasons. Mean values from both areas

were calculated annually and used in our analysis. Due to the restrictions on available salmon stock data prior to 1979, photographs

used in the analysis were limited to between 1979 and 2013.

QUANTIFICATION AND STATISTICAL ANALYSIS

Generalized linear mixed models in a Bayesian framework were used to examine social condition effects on rake density for both

offspring and grandoffspring within the population. Exposure variables and covariates were computed annually for each individual

whale in the population and rake density was included as the outcome variable, passed as a success|trials (success+failure) syntax,

or in this instance ‘‘total rake pixels’’|trials (‘‘total visible pixels’’) in our models (see Equations 1 and 2). The models were fit with a

custom beta-binomial distribution (see vignette::beta_binomial274) to account for over dispersion. To control for other factors that

are potential confounders on rake density, we included the size of the social unit and the estimated relatedness (and the error sur-

rounding it) of an individual to those in their social unit. Social unit size is included to close non-causal pathways and relatedness is

included because it is a mediator and we wish to block the indirect causal effect through relatedness (Figure S2). Given the variation

in rake density observed between age-sex classes in southern resident killer whales,29 we include age-sex class as a categorical

variable in the model. Age-sex classes were defined as in Grimes et al.,29 where males were categorized as: calves (0–3 years

old), juveniles (4–12 years old), subadults (13–20 years old) and adults (21 years old and older) and for females: calves (0–3 years

old), juveniles (4–12 years old) and adults (13 years and older). Chinook salmon abundance, year and number of photos were also
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included as fixed effects and whale ID and year as random effects to account for within-group variation in behaviour and repeated

measures. To allow the interpretation of effect sizes, all non-binary predictor variables were standardized.75We set normal priors with

mean 0 and standard deviation 1 for all population level effects. Four chains were run simultaneously, each with 8000 iterations and

2000 warm-up iterations. Convergence was achieved for all four chains (�r = 1.00 for all coefficient estimates) and were checked for

and adjusted to ensure: convergence of coefficients; absence of divergent transitions; sufficient tree depths; and effective sample

sizes in both the ‘bulk’ and the tails of the distribution.

After the models, contrasts were analysed to determine whether an individual’s social condition influenced rake density using the

emmeans package in R.76 Three groups of pairwise comparisons were made, for offspring/grandoffspring sex and each of the social

conditions. All reported results are contrasts between direct causal effects and for all contrasts of interest, we report posterior mean

values and 95% credible intervals around these coefficients for each exposure variable. Since the effects of estimated relatedness

and social unit size are not a focus of this manuscript, we report these results in Tables S2 and S3.

All statistical analysis and figure generation was carried out in R (R Development Core Team 2019, version 4.0.4) using the dplyr,

ggplot2, tidyr, tidybayes and brms packages63,77,78 and we evaluated the models with Hamiltonian Markov Chain Monte Carlo algo-

rithm implemented in Stan via brms.63,78
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