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Summary

Extensive research across fields has repeatedly confirmed that early life adversity (ELA) is a major 

selective force for many taxa, in part via its ties to adult health and longevity1–3. Negative effects 

of ELA on adult outcomes have been documented in a wide range of species, from fish to birds 

to humans4. We used 55 years of long-term data collected on 253 wild mountain gorillas, to 

examine the effects of six putative sources of ELA on survival, both individually and cumulatively. 

Although cumulative ELA was associated with high mortality in early life, we found no evidence 

that it had detrimental consequences for survival later in life. Experiencing three or more forms 

of ELA was associated with greater longevity, with a 70% reduction in the risk of death across 

adulthood, driven specifically by greater longevity in males. Whilst this higher survival in later life 

is likely a consequence of sex-specific viability selection5 during early life due to the immediate 

mortality consequences of adverse experiences, patterns in our data also suggest that gorillas 

have significant resilience to ELA. Our findings demonstrate that detrimental consequences of 

ELA on later life survival are not universal, and indeed largely absent in one of humans’ closest 

living relatives. This raises important questions about the biological roots of sensitivity to early 

experiences, and the protective mechanisms that contribute to resiliency in gorillas, which could be 

critical for understanding how best to encourage similar resiliency to early-life shocks in humans.
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The eTOC blurb is a short summary that describes the context and significance of the findings for 

the broader readership. Please see the “in brief” links in the table of contents for examples. The 

blurb should be 350 characters or less.

Adverse experiences in early life are linked with poor health and shortened adult lifespans across a 

range of taxa, including humans. Morrison et al. demonstrate that, contingent upon surviving early 

adversity, negative survival consequences in adulthood are not universal and indeed are largely 

absent in gorillas, one of humans’ closest living relatives.

Graphical Abstract

Results and discussion

To examine the consequences of ELA on longevity in one of our closest evolutionary 

relatives, we (1) identified six putative sources of ELA for mountain gorillas; (2) 

examined their effect on survival during early life both independently and cumulatively; 

and (3) examined their long-term effect on survival later in life both independently and 

cumulatively. We used 55 years of prospective, longitudinal data to generate a dataset 

mapping ELA to survival outcomes in 135 male and 118 female wild mountain gorillas, 

monitored since birth in Volcanoes National Park, Rwanda.

Combining an extensive cross-species literature review of ELA with expert knowledge of 

mountain gorilla socioecology, we identified: 1. paternal loss; 2. maternal loss; 3. infanticide 

of a group member; 4. group instability; 5. few age-mates; and 6. a competing sibling, 
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as putative sources of ELA in mountain gorillas (Table 1). Most of these adversities 

were largely independent, showing no or only slight agreement with each other (Cohen’s 

Kappa <0.2). The two exceptions were paternal loss and maternal loss, which showed 

fair agreement (K=0.278), and paternal loss and group instability, which showed moderate 

agreement (K=0.585, Table S1).

We examined the effect of ELA on survival during early life (<6 years) via three time-

dependent Cox proportional hazards models, in which the adversities each gorilla had 

experienced were updated at each time point they experienced one. The first model 

used each adversity as an individual predictor. The second examined cumulative ELA 

categorically (0, 1, 2, or 3+ sources of ELA). The third examined cumulative ELA 

numerically, as the total number of ELAs experienced (0–6).

The individual-adversity model demonstrated that paternal loss and having few age-mates 

were both associated with an increased risk of death during early life. There was also a 

borderline increased risk of death associated with group instability (Figure 1A, Table. S2A). 

Examining adverse events cumulatively revealed a strong association between the number 

of ELAs experienced and death during early life. Animals that experienced two adversities 

faced a 3.1-fold increase in the risk of death, and those that experienced three or more 

faced a 26.6-fold increase in the risk of death, relative to animals that faced none (Figure 

2A; Table S2A). Overall, each additional ELA was associated with a 2.2-fold increase 

in the risk of death (Table S2A). Individual and cumulative effect models had similar 

levels of goodness-of-fit (model concordance: individual = 0.615, cumulative categorical 

= 0.610, cumulative numeric = 0.610). See Table S3 for additional analyses that examine 

the sensitivity of the results to removal of individual sources of adversity; results remain 

qualitatively similar.

To investigate long-term longevity consequences, we examined the effect of ELA on 

survival from subadulthood onwards (age six years and over, n=164, 80 females, 84 

males), via three Cox proportional hazards models structured as described above: individual 

predictors, cumulative ELA categories, and numeric cumulative ELA. These models were 

not time-dependent, as all ELAs had occurred when the animals were under the age of 6 and 

did not change during later life.

Examined as individual predictors, only group instability was associated with increased 

mortality in later life (hazard ratio=5.326; 95% CI=(1.089,26.049); p=0.039; Figure 1B; 

Table S2B). However, this relationship disappeared if paternal loss (with which group 

instability showed overlap; Table S1) was removed from the model (Table S3). This 

finding should therefore be interpreted with caution. Two individual sources of adversity 

predicted a lower risk of mortality later in life: suffering paternal loss (hazard ratio=0.126; 

95% CI=(0.026,0.622); p=0.011) and having a competing sibling (hazard ratio=0.342; 95% 

CI=(0.124, 0.942); p=0.038). While having a competing sibling represents a likely source 

of competition for young animals6, it is also true that having a competing sibling may 

be indicative of a healthy, high-quality mother, faster development, and/or greater social 

support14–17, potentially helping to explain the observed relationship to longer lifespans.
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Examined cumulatively, ELA was not associated with increased mortality in later life 

(Figure 2B; Figure 3; Table S2B). In fact, experiencing three or more ELAs was associated 

with a 70% reduction in the risk of death in later life relative to those experiencing none 

(Figure 2B). However, this effect was no longer significant if paternal loss, competing 

sibling or both were excluded as sources of adversity (Table S3). Furthermore, analysis 

of ELA numerically found no change in the risk of death with each additional adversity 

experienced (hazard ratio=0.798; 95% CI=(0.605,1.054); p=0.110; Table S2B). Individual 

and cumulative models again had similar levels of goodness-of-fit (model concordance: 

individual = 0.656, cumulative categorical = 0.599, cumulative numeric = 0.593).

Power analyses indicated that the cumulative numeric model had a >99.9% probability of 

detecting an effect size equivalent to that identified in previous similar analyses in baboons6 

(Figure S2). The smallest effect detectable with 80% power through our analysis was a 

hazard ratio of 1.38 (i.e. a 38% increase in the risk of death with each additional ELA). 

Thus, it is unlikely we did not detect an ELA – later life longevity relationship due to 

insufficient power.

Survival curves plotted separately for each sex (Figure 3) suggested that the possible 

decreased risk of death effect that we observed was driven particularly by males. To examine 

this possibility quantitatively, we reran both cumulative models and added an interaction 

between sex and ELA. For later life survival, there was a significant interaction between 

experiencing two sources of ELA and sex in the categorical model (z=−2.25 p=0.025), but 

no significant interaction between other ELA categories and sex, and no interaction between 

number of ELAs and sex in the numeric model. For comparison, in early life survival 

models, neither categorical nor numeric models identified such an interaction.

In order to address whether our selected age cut-off for ELA influenced our results, we ran 

sensitivity analyses, varying the age before which an individual must have experienced an 

adverse event to classify as ELA between 3 and 6 years in steps of 0.1 years. We ran both 

individual and cumulative numeric models for survival in early and later life across the range 

of age cut-offs. All model findings remained highly consistent except for the effects of some 

individual ELAs on survival later in life (Figure S1). Maternal loss was associated with 

reduced survival in later life only when it occurred before the age of 3.3 years (very close 

to the age at which animals are typically weaned16), whilst group instability was associated 

with reduced survival only when it included individuals that experienced this ELA after the 

age of 5.2 years. The positive relationship between paternal loss and later life survival was 

also only statistically significant when including individuals that experienced paternal loss 

after the age of 5.2 years.

Our findings demonstrate that detrimental consequences of ELA on survival in later life, 

believed to be a significant selective force in large-bodied, long-lived mammals1,6–12, are 

perhaps less universal than is often assumed. Whilst we detect considerable consequences 

of ELA for survival in the short-term, we find no negative effect of cumulative ELA on 

later life survival in gorillas, one of the most evolutionarily-relevant models for human 

aging13. This is despite having more than adequate power to detect the sizes of ELA 

effects found in other wild mammals6,10, and examining ELAs that are both ecologically 

Morrison et al. Page 4

Curr Biol. Author manuscript; available in PMC 2024 June 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



relevant to mountain gorillas and have clear parallels to those examined in other species. In 

gorillas, depending on the ELAs examined and models used, we find either no relationship 

or a positive relationship between ELA and adult survival. This contrasts dramatically with 

substantial evidence linking ELA to key sources of adult mortality in humans1, as well 

as consistent support for a relationship between ELA and adult mortality in a variety of 

wild mammals, including baboons6, chimpanzees7, bighorn ewes8,9, spotted hyenas10,11 and 

elephants12. The fact that ELA appears to have such different consequences in gorillas than 

in other mammals who share key life history characteristics begs interesting questions about 

the ecological and social factors that permit ‘escape’ from this evolutionarily consequential 

force.

Though there has been considerable speculation that male mammals may experience greater 

viability selection than female mammals18,19, concrete evidence for this has remained 

scarce. In stark contrast to previous studies, we detected a slight increase in adult survival 

for gorillas that experienced more sources of ELA, which appeared to be driven particularly 

by males. We do not think that it is plausible that such adversity truly provides survival 

benefits to those individuals. Though more research will be needed, sex-specific viability 

selection is a plausible explanation for this finding and the wider lack of negative 

adult survival consequences associated with ELA. Gorillas that reach adulthood despite 

experiencing multiple sources of ELA may be of higher quality than the population 

average5, and thus show higher survivorship through adulthood. Males show marginally 

higher mortality in early life (Figure S3) and face greater risk of infectious disease20 and 

injury during inter-group violence21 in later life than females do. Higher quality males 

that survived multiple sources of ELA may be better equipped to avoid these sources of 

mortality.

The potential presence of viability selection is supported by the finding that paternal loss, 

the strongest predictor of increased mortality during early life, is also the only form of ELA 

associated with increased adult survival when examined individually (Figure 1). Gorillas that 

are able to avoid the particularly strong mortality risks associated with paternal loss in early 

life, might be of especially high-quality, resulting in increased adult survival relative to those 

that did not experience paternal loss and its associated mortality risk in early life. However, 

whilst viability selection likely contributes to the lack of long-term survival consequences, 

it is unlikely to be the only contributor. Although further research is needed, there is no 

clear reason why viability selection would be occurring to a far greater extent in gorillas 

when compared to other mammals with slow life histories, especially given how relatively 

benign their environment is compared to that of many other mammals in which this has been 

studied23–25. There are also forms of ELA for which viability selection does not appear to be 

present. For example, previous research found that maternal loss under the age of 2.45 years 

resulted in 100% mortality, whilst maternal loss above this age had no detectable effect on 

survival22, effectively ruling out any strong viability selection and suggesting that the lack 

of influence of maternal loss on adult survival has its roots in the species’ resiliency to early 

experiences.

What could be responsible for this greater resiliency to early life effects in gorillas, 

relative to other long-lived mammals? Two aspects of mountain gorillas’ socioecology 
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represent potential sources of resiliency: their high-resource habitat, with minimal feeding 

competition23–25, and their highly cohesive, affiliative “family” groups22. These potential 

drivers of resiliency are also likely to be linked, given the tendency for patterns of resource 

distribution to shape patterns of competition both within and between groups, and ultimately 

individuals’ social relationships26.

If the later life consequences of ELA in other species are rooted in the immediate 

energetic constraints imposed following an adverse event, e.g. stunting growth, restricting 

organ development, etc.27,28, mountain gorillas’ stable availability of food may buffer 

these detrimental consequences. The sources of ELA we identified for this species were 

predominantly social, as no environmental variables, such as drought or group size (as a 

proxy for feeding competition), represented plausible sources of adversity in this system 

within the 55-year timeframe of the study. Arguably, the only time a young gorilla may 

face a sudden change in food availability could be if they lose their mother prior to being 

weaned. We therefore find preliminary support for an energetic constraints hypothesis in our 

sensitivity analysis, which found that maternal loss was only associated with significantly 

lower survival in later life when it occurred under the age of 3.3 years. This is the mean age 

at being weaned in mountain gorillas16.

Gorillas’ resiliency to ELA may also stem from their capacity for social buffering. In 

humans, close family relationships are suggested to buffer developmental stress29, whilst 

in baboons, strong social relationships can buffer some of the negative consequences of 

maternal loss on survival30. In mountain gorillas, social relationships with fellow group 

members strengthen following maternal loss, resulting in motherless immature gorillas 

becoming more central in their groups’ social networks22. The current findings provide 

some support for this theory given that group instability (i.e. the breakdown of these stable 

affiliative relationships) was the only ELA associated with increased risk of mortality in 

later life (Figure 1). This effect only became significant when individuals that experienced 

group instability over the age of 5.2 years were included, suggesting these broader social 

relationships may become more important as young gorillas age and become less reliant on 

their closest relatives31. Further research is needed to examine whether the level of social 

buffering occurring in gorillas is considerably greater than that in other long-lived mammals, 

to determine whether this could be responsible for the very different consequences of ELA 

for later life survival.

Overall, our findings demonstrate that the link between ELA and increased mortality in 

later life is not universal, and indeed is largely absent in one of humans’ closest living 

relatives. Gorillas may provide valuable insight into the mechanisms through which early 

life conditions shape the life course. Further detailed studies examining how early life 

experiences shape health, reproduction, and sociality across the life course in a species 

in which cumulative ELA does not reduce adult survival will provide a new angle with 

which to understand the biological roots of sensitivity to early experiences. In particular, 

the potential resiliency found in such a close evolutionary relative suggests the presence of 

protective mechanisms that, if identified, could inform our understanding of how best to 

encourage resiliency to ELA in humans.
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STAR Methods

Lead contact

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Robin E. Morrison (rmorrison@gorillafund.org).

Materials availability

This study did not generate new unique reagents.

Data and code availability

• Demographic data have been deposited at Zenodo and are publicly available as 

of the date of publication. DOIs are listed in the key resources table.

• All original code has been deposited at Zenodo and is publicly available as of the 

date of publication. DOIs are listed in the key resources table.

• 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

We conducted this study on a population of Virunga mountain gorillas in Volcanoes National 

Park, Rwanda, which have been monitored by the Karisoke Research Center of the Dian 

Fossey Gorilla Fund (Fossey Fund) since 1967. Gorillas in this study population are 

individually known by physical characteristics and habituated to the presence of human 

observers. They have been visited on a near daily basis across the last 55 years, enabling 

detailed demographic and behavioural data to be collected. This data collection is approved 

by the Rwanda Development Board and conducted in accordance with the ethical standards 

of the Dian Fossey Gorilla Fund and the International Primatological Society’s Code of Best 

Practices for Field Primatology. Our study uses data collected between September 1967 and 

December 2021, on 135 male and 118 female gorillas across their lifespans.

Method details

Identifying sources of early life adversity (ELA)—We conducted an extensive 

literature review to identify commonly-studied sources of ELA in other species, including 

humans. Our goals were to 1) maximize comparability to existing literature; 2) identify 

sources of adversity that were relevant to mountain gorillas given the specifics of their 

socioecology, and 3) identify sources of adversity that could be quantified using the long-

term data of the Fossey Fund (Table 1). We deliberately did not check any relationships 

between potential sources of adversity and survival in our data until after the sources 

of adversity were settled on (with the exception of maternal loss, which had already 

been studied22, in order to avoid basing our choices on our expected conclusions. We 

defined early life in mountain gorillas as less than six years of age. This is prior to 

female menarche, which typically occurs between the age of 6.0–7.5 years49. From six 

onwards, mountain gorillas are considered subadults or adults50. Commonly studied sources 

of ELA that could not be satisfactorily quantified or did not seem ecologically valid 
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for mountain gorillas included psychological, physical or sexual abuse; mental illness of 

parents; domestic violence; natural or man-made disasters; maternal dominance rank; and 

extreme temperatures or drought. Feeding competition or meaningful caloric restriction, e.g. 

due to drought, did not represent likely sources of ELA for the mountain gorillas followed 

during the study. This is because Virunga mountain gorillas feed on resources that are 

highly abundant year round. Prior studies have found little evidence for within group feeding 

competition23–25 or any sustained periods of low food availability51,52.

ELA in the study population—We used information on all gorillas born into the 

study population by the end of 2021, for whom date of birth was known to within an 

accuracy of ± 6 months (85.3% known to the week ± 4 days, 11.1% known to the month 

± 15 days, 2.4% known ± 3 months and 1.2% known ± 6 months). Dates of transfer 

out of the study population and death were extracted from the demographic database. 

Transfers between habituated groups within Rwanda were confirmed by discussion with the 

Rwanda Development Board, who monitor all other habituated gorilla groups within the 

country. Transfers across the border into the Democratic Republic of Congo were confirmed 

where possible using genetic samples during census work53,54. Deaths were confirmed 

by observation of recovered corpses after extensive searches carried out following the 

disappearance of any studied gorilla. Any disappearances in which transfer or death could 

not be determined were excluded from analyses (n=3). The only exceptions were when the 

individual was severely ill prior to their disappearance, in which case death was assumed 

(n=2).

For each individual, their exposure to each of the six putative sources of ELA (Table 

1) was categorized as a binary variable (1=exposed, 0=not exposed) using the following 

classifications:

1. Paternal loss32–34: the male which held the highest dominance rank during 

the individual’s first year of life died or left the group when the individual 

was less than six years old. We used the dominant male of the group rather 

than the genetic father of the individual because dominance has been found 

to be a better predictor of relationships between males and immatures than 

genetic paternity in this mountain gorilla population55. In single-male groups, 

this was the only adult male present within their group. In multi-male groups, 

from 2003 onwards, dominant males were classified as the highest ranking 

male based on displacements and avoidances using the Elo-rating method and 

the R package ‘EloRating’56–58. Prior to 2003, dominant males in multi-male 

groups were identified based solely on observations by researchers as the data 

required to calculate Elo-ratings was not consistently recorded. However, there is 

strong agreement between current Elo-rating scores and researcher observation, 

suggesting that this limitation is unlikely to considerably alter classifications of 

the dominant male.

2. Maternal loss6,7,59,10,12,33–38: the mother of the individual either died or 

transferred out of the social group without them, when the individual was under 
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six years of age. Mothers of all individuals born into the study population are 

known from observation due to near-daily monitoring of all individuals.

3. Infanticide34,39–41: one or more other group member(s) died by infanticide 

when the individual was under six years of age. This adversity is included 

as a potential parallel to exposure to violence and threat early in life in 

humans39,40, and also likely captures information about the individual’s own 

risk of death by infanticide. Whilst direct measures of violent inter-group 

encounters could provide a more precise estimate of exposure to violence and 

threat, comprehensive data on these events only dates back to 2003, and as 

such infanticide was instead used as a proxy. Infanticide of a group member 

was extracted from the infanticide database which includes all known cases of 

infanticide, the group it occurred in, and the identity of the infant that died, 

since observations began in 1967. This was cross-referenced with individual age 

and group memberships to verify whether these occurred within a group an 

individual was present in while they were under the age of six. If this occurred at 

least once, the individual was classified as having experienced the infanticide of 

a group member.

4. Group instability12,33,34,42: a substantial proportion of group members (> 1/3rd) 

changed from the previous year, when the individual was under six years of age. 

This was calculated for each individual in each year they were under the age of 

six, by extracting all gorillas that were present in the group for at least half of 

the previous year, and all gorillas present in the group for at least half of the data 

year in question. The similarity in group composition, based on all individuals 

over the age of one in the previous year and over the age of two in the data year, 

was then calculated using the Jaccard Similarity Index60. Excluding the youngest 

individuals meant that changes in group composition due to births or deaths of 

individuals under the age of one did not influence group stability estimates. The 

Jaccard Similarity Index (JSI) was calculated as the number of gorillas present 

in the group in both consecutive years divided by the total number of gorillas 

present in either year, resulting in an index between zero and one. Zero meant 

that all group members changed, and one meant that no group members changed. 

We extracted the lowest JSI that occurred in each individual’s group when they 

were under the age of 6 years. Individuals were classified as having experienced 

group instability early in life if this JSI value was in the bottom quartile for all 

individuals in the ELA dataset (JSI scores of <0.64). This meant that more than 

one third of group members had changed, e.g. 9 group members leaving a group 

of 24. These incidents of group instability were primarily the result of group 

disintegrations or group fissions.

5. Few age-mates22,44–46,59: the individual had a mean of fewer than two fellow 

group members within two years age difference during early life. This is a 

measure of social isolation for young gorillas, who typically spend extensive 

time in ‘play groups’ with similar-aged peers, which are often centered around 

adult males rather than mothers61,62. In other studies, maternal social isolation 

has been used as a form of ELA6, but we contend that our measure is more 
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relevant for this species given the specifics of their social dynamics. This was 

calculated by extracting the number of other group members born within two 

years of the individual, from annual group composition data and taking the mean 

across all years they were present in the population and between the age of two 

and six. Values were not calculated when individuals were under the age of 2, 

as they would be biased by potential age-mates not yet born. For individuals that 

died before reaching the age of two, their expected mean number of age-mates 

was estimated based on that of the closest-in-age group member. The two-year 

age gap for classification of age-mates was consistent with previous studies on 

this population22.

6. Competing sibling6,38,47,48: the age difference between the individual and their 

younger maternal sibling was in the bottom quartile of individuals in the ELA 

dataset (<3.5 years difference). This was calculated by extracting the age of each 

individual when their mother gave birth to her next offspring.

Data on all six putative sources of ELA were available from September 1967 to December 

2021 due to consistent daily long-term monitoring of the population. The only breaks to 

consistent monitoring occurred in April-July 1994 and June 1997-December 1998, due to 

political instability. Following these breaks, the dates of any deaths, births or changes in 

group composition were estimated as the midpoint of the period in which they occurred. 

This therefore should not have resulted in any missed cases of paternal loss, maternal loss 

or group instability, or considerably altered estimated numbers of age-mates. Incidences of 

infanticide could feasibly have been missed. However, infanticide has been shown to be 

strongly driven by social dynamics and group density, and therefore follows broader trends 

over time63,64. The gaps in monitoring occurred during a period of low group density and 

high group stability, when no cases of infanticide were recorded between March 1987 and 

August 2005. It is therefore highly unlikely that cases of infanticide were missed. It is also 

feasible that a competing younger sibling could have been missed during these gaps if a 

younger sibling was both born and died during a break in monitoring. This is again unlikely 

but cannot be entirely ruled out. If cases of either infanticide or a competing sibling were 

missed, we are underestimating the number of adversities an individual faced in early life. 

However, this would apply to both early life and later life models and therefore could not be 

driving different patterns across different life stages.

Quantification and statistical analysis

Agreement between sources of ELA—We examined the level of agreement between 

each pair of ELAs using Cohen’s Kappa65. All pairwise comparisons showed no or only 

slight agreement (Cohen’s Kappa <0.2), except for two: paternal loss and maternal loss 

(K=0.278), and paternal loss and group instability (K=0.585, Table S1). Despite this 

agreement, we elected to keep paternal loss as a source of ELA in our study as we believe 

it represents a fundamentally different source of adversity from maternal loss and group 

instability. Previous research has demonstrated the integral role that the dominant male 

plays in buffering the social consequences of maternal loss22, such that, experiencing both 

maternal and paternal loss is likely to be considerably worse than experiencing only one 

of these events. This research also demonstrated the smaller but substantial contribution to 
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social buffering made by individuals in the wider social group. By examining both paternal 

loss and group instability, we are attempting to disentangle the effects specifically of losing 

the ‘social father’ (who is usually a key social relationship66) versus major disruption to the 

social environment more broadly. However, given the substantial overlap between paternal 

loss and other sources of adversity, all models were also run excluding paternal loss as a 

source of adversity (see below).

The effect of ELA on survival during early life—We examined the effect of all six 

sources of ELA on early life survival by modelling mortality under the age of six years using 

three models: individual predictors, cumulative ELA categories, and numeric cumulative 

ELA. These analyses included all individuals of known sex born within the population 

(n=253, 135 males, 118 females). This included gorillas born in 19 different social groups, 

with the majority of individuals born in groups containing multiple adult males (205 out of 

253). We examined the effect of each ELA individually in a cox proportional hazards model 

that included sex, to account for well-established sex differences in mortality risk67 (Figure 

S3). Each event was included as a binary, time-dependent variable accounting for when the 

event occurred, except for few age-mates which was treated as constant from birth as it was 

primarily determined by the date and group of birth.

Each row in the dataset represented an individual during a period when there was no change 

to the early life adversities they had experienced, accurate to the day (or as close as possible 

e.g., the midpoint of the period during which the adversity could have occurred, if daily 

observation was not possible). If an individual experienced no adversities, they had only 

one row beginning at age 0 and ending at either 6 years or their age when they died. An 

individual that experienced (e.g.) maternal loss at age 3.6 and group instability at age 4.4 

would have three rows: one with zero ELAs before age 3.6, one with 1 ELA from 3.6–4.4 

years, and one row with 2 ELAs from 4.4–6 years or their age when they died.

Our models included gorilla ID, birth year, mother, and natal group as random effects. The 

infanticide ELA violated the proportional hazards assumption (i.e., risk of infanticide is 

not constant across ages), so the model was rerun including a time-dependent coefficient 

for infanticide to account for this. Of 253 individuals, 85 died before age six while 

168 were right censored (i.e., they survived until at least age six or left the study 

population). Cumulative effects of ELA on survival under the age of six were then examined 

as a categorical time-dependent variable. Categories were based on whether individuals 

experienced zero, one, two, or three or more of the six putative sources of ELA, and were 

updated at each time point an individual experienced an additional adverse event. This was 

run in a cox proportional hazards model accounting for sex, with gorilla ID, birth year, 

mother, and natal group included as random effects. Cumulative effects of ELA were also 

examined numerically, based on the total number of adverse events (1–6) an individual 

experienced across early life. This was structured identically to the categorical model.

The effect of ELA on survival during later life—We examined the effects of ELA on 

mortality in later life with three models: individual predictors, cumulative ELA categories, 

and numeric cumulative ELA, using all individuals that were monitored until they were at 

least six years old (n=164 gorillas, 84 males, 80 female). Survival models for the effect of 
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ELA in later life were not time-dependent, as all ELAs had occurred under the age of 6 

years, and thus by definition did not change during later life. Therefore, each individual was 

only present once in the dataset, with a fixed set of ELAs that they had experienced when 

they were young. We examined the effect of each ELA individually, with each event as a 

binary predictor in a cox-proportional hazards model along with sex, plus random effects 

for birth year, mother and natal group, to predict risk of mortality from the age of six years. 

Of 164 gorillas, 40 had died whilst the remaining 124 were either still alive at the end of 

the study or had transferred out of the population and were therefore right-censored in the 

model. We examined the effect of these ELAs cumulatively by summing the total number 

of adversities experienced. They were then analysed as a categorical variable (zero, one, 

two, or three or more sources of adversity) along with sex in a cox proportional hazards 

model predicting mortality from the age of six years onwards. Kaplan-Meier survival curves 

were plotted for each sex based on the cumulative number of ELAs experienced. Cumulative 

ELA was also examined numerically (as the total number of adversities an individual had 

experienced in early life), structured identically to the categorical model.

Model specification and robustness—All cox proportional hazards models were run 

and Kaplan-Meier curves fitted in R version 4.1.368 using the ‘Survival ‘ package version 

3.2–1369 and the ‘coxme’ package version 2.2–18.170. Whenever relevant the proportional 

hazards assumption was tested using the ‘cox.zph’ function in the ‘Survival’ package. All 

models were also run excluding either paternal loss, competing sibling, or both as sources 

of ELA (see Table S3). We did this because paternal loss overlapped with other sources of 

adversity, and because having a competing sibling, whilst a possible source of competition 

for food and maternal care6, may also be indicative of having a particularly healthy or 

high-quality mother, developing faster, and/or having social support from a close-in-age 

relative14–17. As Kaplan-Meier curves indicated potential sex differences in the effect of 

ELA on survival in later life, we also reran categorical and numeric cumulative models for 

both early and later life survival with the addition of an interaction term between sex and 

ELA.

Power analysis—We ran power analyses to identify the minimum effect size that 

could be detected with 80% power given our data, and our power to detect a range of 

effect sizes (hazard ratios of 1.3–1.9) across sample sizes of 20–200 individuals, using 

the ‘ssizeEpiCont.default’ and ‘powerEpiCont.default’ functions of the ‘powerSurvEpi’ R 

package version 0.1.1371. We assumed a type one error rate of 0.05. Power analyses 

were based on the model predicting mortality over the age of six from the cumulative 

numerical (i.e., not categorical) number of ELAs experienced (1–6). Analyses accounted 

for the proportion of individuals that had died (40 out of 164), the variance in cumulative 

number of ELAs experienced (1.804), and the correlation between sex and cumulative ELA 

(0.148) in our data.

Model sensitivity to age at adverse event—To examine the sensitivity of the effects 

of ELA on survival to the age at which an adverse event was experienced, we varied the 

age cut-off before which an adverse event needed to have occurred to be considered ELA, 

between 3 and 6 years in steps of 0.1 years. The categorisation of individuals as having 
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experienced few age-mates and a competing sibling in early life were not altered, as the 

number of age-mates was largely determined at birth, and competing siblings were all born 

when the individual was between the age of 2.8 and 3.5 years. For all other adversities 

(paternal loss, maternal loss, infanticide of a group member and group instability), the date 

on which these events occurred was used to determine whether the event had occurred when 

the individual was under the age cut-off. The effect of each ELA on survival in early life and 

survival in later life across the range of age cut-offs were modelled using cox proportional 

hazards as described above. The effect size and 95% confidence intervals were extracted and 

plotted for paternal loss, maternal loss, infanticide of a group member and group instability. 

The cumulative effect of ELA in early life and later life was also modelled numerically 

across the range of age cut-offs using cox proportional hazards models as above. The effect 

size and 95% confidence intervals for cumulative ELA at each age cut-off were extracted 

and plotted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Highlights are bullet points that convey the core findings of your paper. You may include 

up to four highlights. The length of each highlight cannot exceed 85 characters (including 

spaces).

• Gorillas are exposed to a range of forms of adversity in early life

• Those exposed to more forms of adversity suffer greater mortality in early life

• But, unlike many other species, they do not suffer greater mortality as adults

• Experiencing three or more adversities predicts lower adult mortality for 

males
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Figure 1. The effect of individual ELAs on mortality.
Hazard ratios with 95% confidence intervals for the individual effect of ELAs and sex on 

the risk of death A) in early life and B) in later life. Confidence intervals overlapping one 

indicate no significant relationship between the predictor and the risk of death. Values less 

than one indicate a reduced risk of dying and values greater than one indicate an increased 

risk of dying. P-values are reported on the right-hand side. Survival during early life was 

modelled from 253 individuals, 85 of which died before reaching the age of six years. 

Survival in later life was modelled from 164 individuals, of which 40 died. See also Table 

S2 for full model output, Table S3 for the robustness of the models to exclusion of certain 

ELAs, and Figure S1 for the sensitivity of these effects to the age by which adversities were 

experienced.
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Figure 2. The effect of cumulative ELA on mortality.
Hazard ratios with 95% confidence intervals for the effect of cumulative ELAs (0, 1, 2 or 

3+) and sex on the risk of mortality A) during early life and B) later in life. Confidence 

intervals overlapping one indicate no significant relationship between experiencing the 

adverse event and the risk of death. Values less than one indicate a reduced risk of dying 

and values greater than one indicate an increased risk of dying. P-values are reported on the 

right-hand side. Sample sizes are the same as in Figure 1. See also Table S2 for full model 

output, Table S3 for the robustness of the models to exclusion of certain ELAs, Figure S1 for 

the sensitivity of these effects to the age by which adversities were experienced, and Figure 

S2 for the power of the numeric cumulative early life adversity model.
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Figure 3. Survival probability in later life by cumulative ELA.
Kaplan-Meier survival curves by sex for the cumulative effect of early life adversity on 

mortality over the age of six years in 164 mountain gorillas (124 right-censored and 40 

deaths). See also Figure S3, for Kaplan-Meier survival curves by sex alone.
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Table 1.

Putative sources of early life adversity in gorillas.

Sample size

Adverse event Definition Parallels in other 
species Early life (n=253) Later life (n=164)

Paternal loss
The dominant male during the individual's first 
year of life dies or leaves the group when the 
individual is <6 years old.

Humans32–34 69
35F, 34M

53
28F, 25M

Maternal loss Mother dies or leaves the group when the 
individual is under <6 years old.

Humans33,34; 
chimpanzees7,35; 
multiple primates36,37; 
baboons6,38; elephants12; 
hyenas10

54
32F, 22M

50
30F, 20M

Infanticide A group member dies by infanticide when the 
individual is under six years of age. Humans34,39,40; mice41 84

40F, 44M
70

34F, 36M

Group 
instability

A substantial proportion of group members 
change when the individual is <6 years old 
(Jaccard similarity index of group members 
<0.64).

Humans33,34,42 but see43, 
elephants12.

49
23F, 26M

41
22F, 19M

Few age-mates

A mean of fewer than two age-mates present 
within the group when the individual is between 
two and six years old. Age-mates classified as 
group members within two years age difference.

Humans44; macaques45; 
badgers46.

48
20F, 28M

19
8F, 11M

Competing
sibling

Younger sibling born when the individual is still 
an infant (<3.5 years)

Humans47, baboons6,38; 
zebra finches48.

36
26F, 10M

35
25F, 10M

Cumulative 
ELA

The total number of adverse events experienced 
in early life.

Humans1, baboons6, 
hyenas11

0: 85
33F, 52M
1: 67
32F, 35M
2: 51
28F, 23M
3+: 50
25F, 25M

0: 37
23F, 24M
1: 47
23F, 24M
2: 41
21F, 20M
3+: 39
22F, 17M

Sources of ELA examined in this study, their definitions, their parallels in other species, and their sample sizes. F indicates sample size for females, 
M indicates sample size for males. See also Table S1 for agreement between these sources of ELA.

Curr Biol. Author manuscript; available in PMC 2024 June 05.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Morrison et al. Page 22

Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental subjects

Gorilla beringei beringei
Population monitored by Dian Fossey Gorilla Fund 
in Volcanoes National Park,
Rwanda

https://gorillafund.org

Deposited data

Raw data This paper https://doi.org/10.5281/zenodo.7780540

Software and algorithms

R R core team68 www.r-project.org

survival Therneau, 202269 https://cran.r-project.org/web/packages/survival/

coxme Therneau, 202270 https://cran.r-project.org/web/packages/coxme/

powerSurvEpi Qiu et al, 202171 https://cran.r-project.org/web/packages/powerSurvEpi/

EloRating Neumann and Lars, 201458 https://cran.r-project.org/web/packages/EloRating/
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