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The role of sociality in the demography of animals has become an intense
focus of research in recent decades. However, efforts to understand the
sociality–demography nexus have hitherto focused on single species or
isolated taxonomic groups. Consequently, we lack generality regarding
how sociality associates with demographic traits within the Animal
Kingdom. Here, I propose a continuum of sociality, from solitary to
tightly social, and test whether this continuum correlates with the key
demographic properties of 152 species, from jellyfish to humans. After
correction for body mass and phylogenetic relationships, I show that the
sociality continuum is associated with key life history traits: more social
species live longer, postpone maturity, have longer generation time and
greater probability of achieving reproduction than solitary, gregarious,
communal or colonial species. Contrary to the social buffering hypothesis,
sociality does not result in more buffered populations. While more social
species have a lower ability to benefit from disturbances, they display
greater resistance than more solitary species. Finally, I also show that
sociality does not shape reproductive or actuarial senescence rates. This
cross-taxonomic examination of sociality across the demography of 13
taxonomic classes highlights key ways in which individual interactions
shape most aspects of animal demography.

This article is part of the discussion meeting issue ‘Understanding age
and society using natural populations’.

1. Introduction
Quantifying the links between sociality and demography is crucial to
understand and forecast the dynamics of animal wildlife populations [1,2].
Indeed, social structures can influence various aspects of an organism’s life,
including its survival [3,4] and reproduction [5,6]. As such, the links between
sociality and the demography of animal species have gained increasing
attention in recent years [7–9], as we strive to unravel the mechanisms
underlying population fluctuations and viability [10,11].

Social interactions within a group can influence the key rates that shape
organismal fitness: the survival and reproduction of individuals in the group.
For instance, cooperative breeding, where individuals assist in the care and
rearing of offspring, occurs in many animal species, from meerkats (Suricata
suricatta [12]) to fairy-wrens (Malurus cyaneus; [13]). This behaviour may
enhance reproductive success by optimizing resource allocation [14] and
providing protection against predators [15]. Conversely, in some species,
competition for mates within social groups can result in skewed reproductive
success [16,17]. Survival patterns within a population can also be intricately
linked to sociality. Indeed, social animals often experience reduced predation
risk through group vigilance [18] and cooperative defence mechanisms [19].
However, social hierarchies can also increase competition [20], and lower
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survival [21,22]. As such, sociality has the potential to drastically affect the demography of animal species. Understanding how
these contrasting factors interact is essential for predicting and managing population dynamics in socially structured species
[23].

Our understanding of how sociality shapes the demography of animals is lacking generality. Specifically, we lack a compre-
hensive overview of how sociality associates with various demographic attributes of animal populations across a wide range
of taxonomic classes—but refer [24] for a cross-taxonomic examination of reproductive monopolization across ca 300 species
of wasps, ants, birds and mammals. Most social comparative studies have focused on birds and mammals [25–28]. In these
studies, sociality has been linked to enhanced reproductive success [29], and only weakly with reproductive senescence [27].
Within primates, the impacts of sociality are modulated through complex group hierarchies, where dominance influences access
to resources, mating opportunities and reproductive success [30–32]. Among the carnivora, social species like lions (Panthera
leo) and spotted hyenas (Crocuta crocuta) display complex group structures that influence demographic patterns. In them,
cooperative hunting and communal care of young enhance the survival and overall fitness of individuals within the social
group [33]. In eusocial insects (e.g. ants, bees and termites), the within-colony division of labour affects demographic traits
through resource allocation, colony defence and reproduction [34,35]. In certain fish species, such as the clownfish (Amphiprion
spp.) and cleaner wrasses (Labroides spp.), sociality is linked to improved foraging efficiency, reduced predation risk and
increased reproductive success [36].

Sociality is multi-faceted. As such, different authors define the degree of sociality depending on the taxonomic group
under examination. I argue that the lack of cross-taxonomic categorization of sociality, together with the historical scarcity
of demographic data across the Tree of Life explains why a broader examination of sociality across the demographies of the
Animal Kingdom does not exist. However, taking inspiration from the Plant Kingdom, one could think about the individuals in
a group of animals as an analogous organization to the xylem vessels that connect the roots and shoots in an individual vascular
plant. The degree of integration-modularity of these individuals (vessels) within the animal group (individual plant) provides
a framework to categorize sociality across the Animal Kingdom. Indeed, the degree of integration-modularity across 138 plant
species strongly correlates with their longevity and rate of actuarial senescence [37].

Here, I propose a continuum of animal sociality to examine whether sociality, the way individual organisms organize
themselves within a population and interact, shape their demography. My sociality continuum contains five categories: (i)
solitary: individuals spend their time alone, except to breed (e.g. tigers (Panthera tigris), cheetahs (Acinonyx jubatus), some
wasps); (ii) gregarious: individuals spend time in groups but social interactions are loose (e.g. wildebeests, zebras, flock-forming
birds); (iii) communal: individuals live together in close proximity and often share a common nesting or dwelling area, but
do not engage in cooperative breeding (e.g. purple martin (Progne subis)); (iv) colonial: individuals live in close proximity and
always share a common nesting or living area (e.g. nesting birds, some wasps, coral polyps); and (v) social: individuals live in
close proximity and form stable, organized groups, engaging in social behaviours such as cooperative breeding and hierarchical
structures (e.g. African elephant (Loxodonta africana), most primates, dolphins, meerkat, honeybee (Apis mellifera)).

I apply this sociality continuum to 152 species across 13 taxonomic classes, from cnidarians to mammals (figure 1), and
carry out phylogenetic comparative analyses to examine the demographic correlates of sociality across their life history traits
[39], vital rates and impacts on population growth rate [40] and metrics of long-term and short-term performance [41]. My
multi-level examination of the demographic traits of these species allows me to test expectations regarding the expected impacts
of sociality on longevity and senescence [42] and the ‘social buffer’ hypothesis [43], whereby more social organisms should be
able to better mitigate environmental stochasticity while also displaying lower temporal oscillations in population growth rate.

2. Methods
To test the aforementioned hypotheses, I ran a series of comparative phylogenetic analyses based on high-resolution demo-
graphic, body mass, sociality and phylogenetic data of animal species across multiple taxonomic classes.

(a) Demographic data
To obtain demographic data across a wide range of animal species, I used the COMADRE Animal Matrix Database [44].
COMADRE is an open-access database that contains high-resolution demographic information of animal species, mostly from
peer-reviewed publications. In its current version, COMADRE (v. 4.32.1) contains 3488 matrix population models (MPMs; [45])
from 429 animal studies across 415 studies. An MPM is a numerical array that describes the demography of a species at a given
location, time period and environmental conditions, in discrete time and along discrete life cycle stages [45]. Specifically, in an
MPM, the life cycle of a given population is discretized into stages (e.g. age, discrete size ranges, developmental stages), such
that the rates that are then stored in the MPM describe individual-level, stage-specific survival (σ), growth/development (γ),
shrinkage/de-development (ρ) and reproduction (φ) from time t to t + 1.

To ensure comparability across the thousands of MPMs available in COMADRE, I imposed the following series of selection
criteria using the Rcompadre R package [46]: (i) unmanipulated MPMs from wild populations, so that the derived demographic
traits reflect the dynamics of the population under natural conditions, rather than under experimental treatments or in
captivity; (ii) MPMs with dimension equal to or greater than 4 × 4 (i.e. 4 or more stages in the life cycle), so as to allow
for enough resolution in the life cycle to successfully discern age-specific patterns of survivorship and reproduction [47,48] and
avoid mortality and fertility plateaus [49]; (iii) MPMs where the rates of survival and reproduction had been separated into
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sub-matrices (such that the overall MPM A = U + F, where U and F represent the sub-matrices of survival and reproduction,
respectively) to facilitate the calculation of life history traits and vital rates and their elasticities to population growth rate; (iv)
MPMs whose stage-specific survival values ≤1, to prevent erroneous calculations of inflated longevity and actuarial senescence
[48]; and (v) MPMs corresponding to extant species (e.g. a study successfully passed through selection criteria 1–4, above, but in
fact corresponds to an extinct porcupine, Hystrix refossa [50]). These criteria resulted in 154 animal species, for which 23 species
had at least two available studies in COMADRE.

Next, for those 23 species with multiple studies available, I manually chose the single study per species that provides
highest representativity of the demography of the species of interest by retaining the longest-term study, the MPM with greatest
dimensionality and/or the study where the rates of survival and/or reproduction in adults were not assumed constant. For each
of the resulting 154 animal species, I retained the ‘grand mean’ MPM, which describes the dynamics of the population across
the length of the study by calculating the element-by-element arithmetic mean MPM, thus resulting in one MPM per species.
In addition, I supplemented my dataset with a recent study on meerkat demography [51] that has not yet been incorporated
in COMADRE. For the 10 years of seasonal MPMs available in this study, I retained the MPMs corresponding to 1998–2002,
corresponding to normal environmental conditions (M. Paniw 2024, personal communication) and then again estimated the
element-by-element arithmetic grand mean MPM. This addition increased the count to 155 animal species. The vast majority
of MPMs were parameterized with data collected once per year (n = 130, 84%; electronic supplementary material, figure S1).
However, to make sure that all demographic traits derived from the MPMs (below) were on the same time units, MPMs not on
an annual periodicity were rescaled accordingly by elevating each MPM element ai,j in A to the power of 1 /P, where P is the
projection interval of the MPM, which is also archived in COMADRE [44]. The original sources of the individual demographic
studies used in this paper are shown in electronic supplementary material, table S1.
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Figure 1. Geographic and phylogenetic representation of the 152 animal species used in this study to examine the correlates of sociality and demographic traits.
Species sociality is represented along a discrete continuum, from solitary (blue), gregarious (green), communal (yellow), colonial (orange), to social (red). (a) World
map depicting the geographic location of the examined studies [38] from the COMADRE Animal Matrix Database, when GPS coordinates were available (n = 98
species). (b) Phylogenetic representation of the 152 study species. Numbered arcs represent the taxonomic classes (from left to right): 1: Scyphozoa (n = 1 species); 2:
Anthozoa (n = 4); 3: Malacostraca (n = 1); 4: Insecta (n = 4); 5: Gastropoda (n = 4); 6: Bivalvia (n = 5); 7: Thaliacea (n = 1); 8: Elasmobranchii (n = 1); 9: Actinopterygii
(n = 28); 10: Amphibia (n = 1); 11: Reptilia (n = 18); 12: Aves (n = 26); and 13: Mammalia (n = 58). Silhouette source: http://phylopic.org.
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For each species’ grand MPM, I derived a series of demographic traits that inform the life history traits, vital rates and
their relative impacts on population growth rate, as well as metrics of asymptotic (i.e. long-term) and transient (i.e. short-term)
performance. To do so, I used the R packages Rage [46], popdemo [52] and popbio [53].

Life history traits are key metrics that define specific moments and periods of time along the life cycle of a species [39].
Previous examinations have demonstrated that the chosen life history traits describe approx. 60–80% of the variation in the life
history strategies of animals [54–58]. The 11 chosen life history traits are:

(1) Generation time (T): the average age of reproductive individuals in a population [56].
(2) Net reproductive output (R0): the total number of offspring produced by the average individual in the population during its

lifespan [45].
(3) Mean life expectancy (ηe): mean lifespan of a cohort [45].
(4) Variance in life expectancy (Δηe): variance of lifespan in a cohort [45].
(5) Maximum longevity (Lmax): time elapsed until 99% of a cohort has died [59].
(6) Age at maturity (Lα): age at which the first individual in a cohort reproduces [60].
(7) Reproductive window (Lα – ω): the average duration of reproduction of individuals in the population [38].
(8) Maturity probability (pR): the probability of achieving reproduction before dying [45].
(9) Actuarial senescence (slx): the shape (s) of age-specific survivorship lx [61,62]. The value of this shape ranges between

−0.5 and +0.5: slx = 0 indicates negligible actuarial senescence (i.e. constant survival with age), slx< 0 indicates negative
actuarial senescence (generally increasing survival with age) and slx > 0 indicates (positive) actuarial senescence (generally
decreasing survival with age).

(10) Reproductive senescence (smx): the shape of age-specific reproduction mx [63] describes the symmetry of reproduction over
age by comparing the area under a cumulative reproduction curve over age with the area under constant reproduction,
and it ranges between −0.5 and +0.5: smx = 0 indicates negligible reproductive senescence (i.e. constant reproduction with
age), smx > 0 indicates (positive) reproductive senescence (decreasing reproduction with age) and smx< 0 indicates negative
reproductive senescence (increasing reproduction with age).

(11) Degree of parity (S): quantifies the degree of semelparity (individuals in the population reproduce once; S = 0) versus
iteroparity (reproduce multiple times; S ≫ 0) [64] (electronic supplementary material, figure S2).

To further characterize the potential associations between sociality and the demography of different animal species, I examined vital
rates and their relative impacts on population growth rate. Using the Rage R package [46], I estimated an average value of survival
(σ), growth (γ), shrinkage (ρ) and reproduction (φ), weighted by the stationary distribution of individuals in the population [38].
Next, I calculated the elasticities of population growth rate (λ) to these vital rates. These elasticities quantify the effect that a relative,
infinitesimally small change in a vital rate would have on the long-term asymptotics of the population [40,65], quantified as the
dominant eigenvector of the MPM A, λ [45] (not to be confused with Pagel’s λ [66]—an estimate of phylogenetic signal—below). Next,
I also quantified the population growth rate (λ) and the deviance of population growth rate from λ = 1 as |1 – λ|, at which point the
population is neither increasing (λ > 1) nor declining (λ > 1). Deviance from λ = 1 was of particular interest here, as the social buffer
hypothesis [43] predicts the canalization of λ towards demographic stability (λ ≈ 1) with increased sociality.

Finally, I also calculated the metrics of transient dynamics. Transient dynamics in a structured population model, such as
an MPM, quantify the short-term responses of a population to potential disturbances across the structure of said population
[41,67]. The full range of potential responses to disturbances creates a so-called transient envelope [41], from which one can
calculate the rate of recovery to the stationary equilibrium (damping ratio, ζ), the number of oscillations that the population
undergoes before achieving said equilibrium (period of oscillation, Pi), the maximum increase in size that the population can
undertake following a disturbance (reactivity, ρ−1) and the maximum decrease in size that the population can display after a
disturbance (first-step attenuation, ρ1). I note that many other transient metrics can be used to define the transient envelope
of an MPM [41], but the four I chose here tend to be uncorrelated [68,69], and together they inform the inherent ability of a
population to respond to disturbances, that is, their demographic resilience [70].

The vital rate elasticities and metrics of asymptotic and transient performance were only calculated for MPMs that are
reducible, primitive and ergodic, thus guaranteeing the existence of a single dominant eigenvalue, λ1 [41,45].

(b) Adult body mass data
Most life history traits scale with adult body mass [54–57]. As such, to explore the relationships between sociality and life
history traits beyond the confounding effect of body mass, I first obtained adult body mass data for each species. For mammals,
I used information archived in AnimalTraits [71]; for birds, AVONET [72]; for fish, FishBase [73] through rFishBase [74]; for
mammals, birds and reptiles and amphibians, AMNIOTE [75]; and for remaining groups, MOSAIC [76] and data from [55].
For 18 remaining species for which adult body mass data were not available from these online databases (mostly insects,
bivalves and corals), I obtained body mass information from peer-reviewed publications using the keywords ‘body mass’ OR
‘weight’ and the name of the species in ISI WoS. Data were transformed to grams across all sources. The final variable was
log-transformed to fulfil the assumptions of the statistical analyses employed below.
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Table 1. The degree of sociality correlates with key demographic traits across 152 animal species. The pgls models of sociality and different demographic traits. The
demographic traits are classified into five general types: A. Life history traits; B. Vital rates; C. Elasticities of population growth rate (λ) to vital rates; D. Metrics of
asymptotic (i.e. long-term) performance; and E. Metrics transient (i.e. short-term) performance. Bold values indicate p < 0.05. Pagel’s λ quantifies the phylogenetic
signal in the model, and it ranges from 0 (i.e. no phylogenetic signal) to 1 (i.e. pattern completely explained by phylogenetic relationships).

type demographic
trait

R2 F d.f. p Pagel’s λ 95% CI

(a) life history
traits

generation time
(T)

0.077 3.080 5, 147 0.018 0.469 0.126–0.753

net reproductive
output (R0)

0.019 0.694 5, 147 0.597 0.000 0.000–0.197

mean life
expectancy (ηe)

0.022 1.820 5, 147 0.014 0.745 0.496–0.882

variance in life
expectancy (Δηe)

0.065 2.563 5, 147 0.041 0.481 0.076–0.765

maximum
longevity (Lmax)

0.009 1.511 5, 147 0.044 0.559 0.259–0.802

age at maturity
(Lα)

0.004 0.146 5, 147 0.965 0.759 0.404–0.912

reproductive
window (Lα – ω)

0.047 1.808 5, 147 0.013 0.759 0.507–0.895

actuarial
senescence (slx)

0.036 1.359 5, 147 0.251 0.167 0.000–0.541

probability of
reproduction (pR)

0.006 2.237 5, 147 0.017 0.515 0.199–0.781

reproductive
senescence (smx)

0.042 1.615 5, 147 0.173 0.210 0.035–0.537

degree of parity
(S)

0.033 1.270 5, 147 0.285 0.000 0.000–0.078

(b) vital rates survival (σ) 0.016 0.613 5, 147 0.654 0.607 0.302–0.819

growth (γ) 0.046 1.760 5, 147 0.140 0.000 0.000–0.458

shrinkage (ρ) 0.031 2.162 5, 147 0.033 0.000 0.000–0.193

reproduction (φ) 0.173 7.673 5, 147 <0.001 0.000 0.000–0.188

(c) elasticities survival elasticity
(Eσ)

0.062 2.426 5, 147 0.031 0.321 0.064–0.686

growth elasticity
(Eγ)

0.142 6.066 5, 147 <0.001 0.000 0.000–0.101

shrinkage
elasticity (Eρ)

0.031 1.172 5, 147 0.326 0.405 0.216–0.607

reproduction
elasticity (Eφ)

0.014 2.523 5, 147 0.032 0.621 0.248–0.845

(d) asymptotics population
growth rate (λ)

0.021 0.792 5, 147 0.532 0.000 0.000–0.277

deviance growth
rate equilibrium
(|1 – λ|)

0.009 0.342 5, 147 0.849 0.089 0.000–0.437

(e) transients damping ratio (ζ) 0.013 0.496 5, 147 0.739 0.156 0.000–0.543

period of
oscillation (Pi)

0.067 2.652 5, 147 0.036 0.000 0.000–0.225

reactivity (ρ−1) 0.025 2.940 5, 147 0.024 0.228 0.071–0.500

first-step
attenuation (ρ1)

0.010 3.381 5, 147 0.012 0.592 0.256–0.833
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(c) Sociality data
I classified sociality following my proposed sociality continuum. In the development of this classification, my goal was to
explicitly acknowledge how sociality is not a binary category, and that it indeed has a multi-faceted nature because animals
can vary in their social interactions according to temporal and spatial dimensions [77], as well as according to group size
[78], group hierarchy [79] and type of interactions [80]. My continuum of sociality takes five ordered levels, from less to more
social, as follows: (i) Solitary: individuals spend most of their life cycles alone, except to breed; (ii) Gregarious: individuals spend
some time in groups, but their social interactions are loose and these interactions can frequently disaggregate; (iii) Communal:
individuals live in close proximity, often sharing a common nesting or dwelling area, but do not engage in cooperative breeding;
(iv) Colonial: individuals live in close proximity and always share a common nesting or living area; and (v) Social: individuals
live in close proximity and form stable, organized groups, engaging in social behaviours such as cooperative breeding and
hierarchical structures. From solitary to social, the degree of spatial and temporal interactions increases, as does the quality of
the interaction.

No centralized, open-access database exists to my knowledge offering a comprehensive categorization of the sociality of
species across the kingdom Animalia. As such, I classified species according to my continuum of sociality, drawing from
multiple sources, which allowed me to carefully cross-validate the classification for each species. I first contrasted the informa-
tion from the following online resources for each species in my dataset: Animal Diversity Web [81], Smithsonian’s National
Zoo and Conservation Biology Institute (https://nationalzoo.si.edu/), FishBase (https://www.fishbase.se/search.php), IUCN Red
List of Threatened Species [82] and chatGPT (https://chat.openai.com/)—for the latter, suggested references were cross-checked
independently and validated through ISI WoK. Next, I double-checked existing classifications in my data and complemented
missing information from peer-reviewed publications for each of the 154 animal species. Once the list was completed, I
discussed it with experts in each of the taxonomic classes and made the appropriate corrections (electronic supplementary
material, table S1).

(d) Phylogenetic data
The analyses below explicitly consider how the examined species are related phylogenetically. To that end, I obtained a
phylogeny from the Open Tree of Life [83] through the R package ROTL [84]. I first matched the scientific names of my subset
of animal species from COMADRE to the Taxonomic Name Resolution Service (https://tnrs.biendata.org/)through the function
tnrs_match_names. All species matched successfully, except for the two species from class Demospongiae (Spongia graminea and
Xestospongia muta). As the phylogenetic tree of Demospongiae is not well resolved [85], I proceeded with the analyses after
discarding these two species, and so the final analyses include 152 animal species instead of 154.

(e) Comparative phylogenetic analyses
To examine the correlates of sociality with the demographic traits examined from the MPMs in COMADRE, I first ran a
phyloANOVA through the phytools R package [86]. For each demographic trait, the response variable was its residual from
the phylogenetic generalized least square (pgls) regression [66] over adult body mass, and the explanatory variable was the
factor variable sociality continuum, with its five different levels, ordered as ‘solitary’, ‘gregarious’, ‘communal’, ‘colonial’ and
‘social’. To correct type II errors, after the tests were performed, I also implemented a Bonferroni correction with the function
p.adjust from the Stats R package. The phylogenetically corrected, body mass-corrected post hoc Tukey test that I implemented
next explicitly allowed me to test the hypothesis that the sociality continuum, which ranks species along increasing degrees of
social interactions, associates with different life history traits, vital rates and their elasticities of population growth rate, as well
as metrics of asymptotic and transient dynamics.

The phylogenetic ANOVAs performed here allowed me to examine the correlates of sociality with each life history trait
separately. However, life history traits are often correlated with life history strategies [39]. Indeed, previous works have
demonstrated that animals show two primary axes of variation: one where individuals either develop fast or live long—the
so-called fast–slow continuum [39,54,57,87]—and another one along which species differ in their reproductive strategies, the
so-called reproductive strategies continuum [10,55,87].

To quantify the life history strategy space of the 152 study animal species, I used a phylogenetic principal component
analysis (pPCA). Briefly, PCA is a family of multivariate statistical techniques used to examine complex data by reducing
their dimensionality to highlight the main factors that explain observed variation [88]. The pPCA takes into consideration the
non-independence of life history traits owing to species relatedness [89,90]. To avoid co-linearities in the pPCA, I first examined
the pairwise correlations of the 11 life history traits defined above, and chose only one life history trait when the Spearman
correlation coefficient of a pairwise life history trait correlation was >0.70, following [91] across traits that shared the same units
(i.e. time) as discussed in [92]. These steps led me to exclude from pPCA analyses the variance in life expectancy (Δηe) and
maximum longevity (Lmax), which were highly correlated with mean life expectancy (ηe) (0.83 and 0.90, respectively; electronic
supplementary material, figure S3), as well as traits whose units are not time (R0, pR and S). Next, because PCA approaches
require a dataset with no missing values, and my data contained missing values (electronic supplementary material, figure S4),
for the PCA analyses, I carried out imputations only on life history traits for which the degree of missing data was <40%. This
step further excluded the rates of actuarial (slx) and reproductive senescence (mlx) from the pPCA analyses—I note that the
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univariate presented for these two variables is not imputed data. These steps identified four life history traits for the pPCA: T,
ηe, Lα and Lα – ω.

To implement the pPCA, I first log-transformed the aforementioned four life history traits to fulfil assumptions of error
normal distribution necessary in linear models. Next, I calculated the residuals of each life history trait as a function of species’
adult body mass through a pgls with the R package caper [66] and the phylogeny. Next, I rescaled the residuals to mean (μ) = 0
and variance (σ) = 1. This approach allowed the establishment of primary axes of variation for, in this case, life history traits, as
well as estimation of the overall strength of the phylogenetic relationships among species. For the latter, I also estimated Pagel’s
λ, a parameter that ranges between 0 (the pattern of association is not explained by the phylogenetic hypothesis) and 1 (the
pattern is entirely explained by phylogenetic inertia).

I used a well-established protocol [38,54,55,87] to recover the missing information from the four life history traits using an
iterative PCA approach. Briefly, I employed the regularized method in the function mice in the R package mice [93] with 20
sets of imputation. To draw strength across the full dataset, the imputation took into account the vital rate values, elasticities,
transient dynamics metrics (described below) and body mass (above) of each species. Here, an iterative algorithm first assigns
the mean of each life history trait to the missing values of that life history trait. Next, a regular PCA is performed and the
scores of the species with missing data are re-assigned using the orthogonal relationships of the PCA. This iteration is repeated
until convergence. As a check, I (i) re-examined the pairwise correlations of the life history traits pre- (electronic supplementary
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Figure 2. The continuum of sociality correlates with key life history traits. Boxplots of the residuals of life history traits after correction for adult body mass and
phylogenetic relationships as a function of the discrete continuum of sociality for 152 animal species. The letters above each group represent post hoc Tukey test
significance levels from the phylogenetic ANOVA. Groups with different letters are significantly different at p < 0.05. The horizontal grey dashed line indicates no effect.
See table 1 for full statistics.
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material, figure S3) and post-imputation (electronic supplementary material, figure S5), which did not qualitatively change in
their covariation structure, and (ii) implemented the same protocol using only the 85 species for which no life history trait
data were missing, and found that the results with imputed data are insensitive to the imputation (not shown). The negligible
sensitivity of the results reported here to the imputation approach is in agreement with previous comparative demographic
studies that also used COMADRE [10,55,94].
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Figure 3. The continuum of sociality correlates with key vital rates and their elasticities to population growth rate. Boxplots of the residuals of vital rates (left:
survival σ, growth γ, shrinkage ρ and reproduction Φ) and their elasticities to population growth rate λ (right) after correcting for adult body mass and phylogenetic
relationships, as a function of the discrete continuum of sociality for 152 animal species. The letters above each group represent post hoc Tukey test significance levels
from the phylogenetic ANOVA. Groups with different letters are significantly different at p < 0.05. The horizontal grey dashed line indicates no effect. Refer table 1 for
full statistics.
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Finally, to examine how the sociality continuum governs the life history strategy space of animals, I used the scores of the
pPCA (above) to run further phylogenetically corrected post hoc Tukey tests to examine whether the different levels of the
sociality continuum are clustered along the different PC axes.

3. Results
The phylogenetic signal of my sociality continuum, from solitary species, like the giant panda (Ailuropoda melanoleuca; electronic
supplementary material, table S1), to social species, like the red howler (Alouatta seniculus), across the 152 examined animal
species, was high. Indeed, the estimates of Pagel’s λ for the sociality continuum across these species is 0.907 (95% CI: 0.865–
0.945; p < 0.001). This strong signal is also visually apparent upon examining the phylogenetic tree shown in figure 1b. The
phylogenetic signal of the associations between the sociality continuum and the examined demographic traits, in contrast,
was variable (table 1). The estimates of Pagel’s λ from the performed pgls models ranged from virtually absent across some
demographic rates (e.g. degree of parity, vital rates of individual growth, individual shrinkage and reproduction, population
growth rate (also called λ [45]), period of oscillation) to high in some life history traits (age at maturity (0.759), reproductive
window (0.759) and mean life expectancy (0.745)).

Across the five different types of demographic traits examined here (table 1: life history traits, vital rates, vital rate elasticity,
asymptotics and transients), the only category where the sociality continuum did not raise some statistically significant results
was the metrics of asymptotic dynamics: population growth rate and deviance growth rate equilibrium. Moreover, in these two
metrics, the 95% confidence intervals of Pagel’s λ for the respective pgls models overlapped with 0, indicating no phylogenetic
effect in the relationship between sociality and long-term population performance. After correcting for adult body mass and
phylogenetic relationships, I found that more social species attain longer generation times, longer mean life expectancy, greater
variance in life expectancy, higher maximum longevity and are more likely to reproduce before dying (table 1a). Interestingly,
the relationships between the sociality continuum and species’ vital rates were opposed to their elasticities: more social species
have an increased ability to decrease in size and to reproduce (table 1b), but their population growth rates would increase the
most if their vital rates of survival and growth were to increase (table 1c). Finally, for the transient metrics, I found that more
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Figure 4. The continuum of sociality correlates with key attributes of transient (short-term) dynamics that predict the inherent ability of natural populations to
respond to disturbances. Boxplots of the residuals of four transient dynamics metrics after correction for adult body mass and phylogenetic relationships, as a function
of the discrete continuum of sociality for 152 animal species. Damping ratio (ζ) quantifies the speed of recovery post disturbance; period of oscillation (Pi) quantifies
the number of cycles a population goes through before achieving asymptotic dynamics; reactivity (ρ−1) quantifies how much a population can grow after one time step
following a disturbance, while first-step attenuation (ρ1) quantifies the loss of resistance after one time step. The letters above each group represent post hoc Tukey
test significance levels from the phylogenetic ANOVA. Groups with different letters are significantly different at p < 0.05. The horizontal grey dashed line indicates no
effect. Refer table 1 for full statistics.
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social species tend to display greater periods of oscillation, lower reactivity (i.e. propensity to benefit from disturbances, sensu
[70]) and higher first-step attenuation (i.e. resistance to disturbances, sensu [70]).

The phylogenetic ANOVA post hoc Tukey tests revealed important differences in the examined demographic traits as a
function of the sociality continuum. For instance, increases in sociality (solitary → gregarious → communal → colonial →
social) were associated with prolonged generation time, mean and variance of life expectancy, maximum longevity, longer
reproductive windows and higher probability of reproducing before dying, but not with net reproductive output, age at
maturity, actuarial or reproductive senescence, nor degree of parity (figure 2). It is worth highlighting that, when the pattern
was statistically significant, it did not always change monotonically. Examples include generation time and maximum longevity,
where solitary species attained the same range of values as social species, whereas the next level on sociality, gregarious
species, had lower values than those of more social species (figure 2). Social species also had higher survival as well as lower
individual-level shrinkage and reproduction compared to most other categories (figure 3). These patterns remained largely
consistent when evaluating the elasticities of population growth rate to said vital rates. Finally, for the transient metrics, overall,
as the degree of sociality increased, so did the period of oscillation and first-step attenuation, but species’ reactivity decreased
(figure 4). Here, again, we note that the range of values of solitary species do not differ from social species for the period
of oscillation and reactivity, but do differ between the next category—gregarious—and the next three categories: communal,
colonial and social.

The life history strategy space defined by the four time-based life history traits (table 1a) identified two principal components
whose associated eigenvalues > 1. Following Kaiser’s criterion [95], I retained these two axes for the next part of the analysis.
PC1 explains 44.03% of the variation in life history traits across the 152 animal species, and it separates species that live short
versus long (figure 5). Along PC1, species to the right postpone reproduction (Lα), have longer generation times (T), and live
longer (ηe) than those at the left. PC2 explains 40.02% of variation, with species towards the top having longer reproductive
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windows than those at the bottom. The emergent phylogenetic signal, after adult body mass correction, in this phylogenetic
PCA was relatively high, with an estimated Pagel’s λ of 0.610 (95% CI 0.423–0.721).

The ranking of species along the sociality continuum raised detectable differences along PC2 (the reproductive
strategies continuum; p < 0.001; figure 5). Indeed, social species like the macaque (Macaca mulatta) or the Asian elephant
(Elephas maximus) or humans (Homo sapiens), and colonial species like the common tern (Sterna hirundo) are associated with
longer reproductive life histories, compared to solitary species like the flathead catfish (Pylodictis olivaris) or the common
snapping turtle (Chelydra serpentina). I found no association between the sociality continuum and the fast–slow continuum,
PC1 (p = 0.031).

4. Discussion
Sociality—the degree to which animals engage in interactions and form cohesive structures—can shape their demography (i.e.
dynamics of population size and structure) through impacts on their rates of survival [96] and reproduction [16], the building
blocks of fitness. Animals show a wide range of social behaviours, including cooperative breeding [13], group living [3] and
hierarchical structures that may better protect their young [32], their territory [97], etc. Although much research has examined
the demographic correlates of animal sociality, these investigations are typically constrained by taxonomic siloes [98]. Indeed,
much animal sociality research focuses on single species, or single taxonomic classes, like mammals [4] or birds [27]. Here, by
proposing a sociality continuum that ranks species according to the type, spatial and temporal extent of their interactions, from
solitary, to gregarious, to communal, to colonial, to social, I show that, across 152 animal species from 13 taxonomic classes, as
the degree of these interactions increases, species' life histories attain longer, more iteroparous windows of reproduction [39],
even after accounting for the allometric effects of body mass [55,68] and potential constraints of phylogenetic inertia [89,90]. My
comparative phylogenetic analyses also show that, contrary to the ‘social buffer’ hypothesis [43], these social interactions do not
shape long-term metrics of performance, such as population growth rate, but the sociality continuum is associated with some
key attributes of demographic resilience [67].

A wealth of scientific evidence highlights the profound impacts of sociality on life history traits in animals. Indeed, social
structures often influence reproductive strategies, with cooperative breeding systems, for example, promoting delayed sexual
maturity and extended parental care [99]. In species exhibiting eusociality, such as certain bees and ants, caste systems shape
life history trajectories for individuals within the colony [100,101]. Sociality can also affect reproductive success, as observed
in the intricate mating systems of various primates [102] and birds [13,103]. Moreover, the presence of social alliances may
impact longevity and survivorship, providing advantages in terms of predation avoidance and access to resources [32,80]. Here,
I show that the sociality continuum is associated with key life history traits such as prolonged generation time, postponed age
at maturity and increased mean, maximum and variance of longevity, longer reproductive windows and greater probability
of achieving reproduction before dying. It is worth noting, however, that the interplay between sociality and life history traits
extends beyond reproduction and survival, influencing factors like dispersal patterns [104] not taken into account in the present
study. To understand this complexity, future work must consider species-specific adaptations and ecological contexts and their
dispersal/migration abilities, employing a combination of field observations, experimental manipulations [105] and modelling
approaches based on big data [106].

In the present study, the sociality continuum does not correlate with the rate of actuarial or reproductive senescence across
a subset of examined animal species. The impacts of sociality on senescence in animals have been a subject of extensive
research, with findings offering mixed perspectives [3]. Studies on various species indicate that social interactions can either
accelerate [107] or decelerate senescence processes [108]. For instance, in certain cooperative breeding systems where individ-
uals collectively care for offspring, sociality may delay reproductive senescence owing to shared parental responsibilities
and increased chances of offspring survival [27,109,110]. Conversely, in some species with intense intrasexual competition,
the pressure to secure mates and resources may accelerate reproductive senescence [111]. Actuarial senescence, reflected in
declining survival rates with age, can also be influenced by social factors. For example, the presence of social allies may enhance
protection against predation, potentially extending lifespan [80]. However, the stress associated with social hierarchies and
conflicts can have the opposite effect, accelerating actuarial senescence [112]. The complex interplay between social dynamics
and senescence, and the multiple ways through which senescence can manifest itself [113], underscore the need for a nuanced
understanding that considers species-specific traits and environmental contexts. Ultimately, a combination of the comparative
approach used here (to identify patterns and plausible proximal mechanisms), coupled with experimental manipulations (to
identify and understand distal mechanisms), will provide the ultimate understanding of the conditions under which sociality
accelerates or slows down senescence in animals.

Similar approaches will be necessary to disentangle the direction of causality between sociality and demography. The
macroecological approach presented here identifies patterns and likely candidate species for further study (e.g. species around
the periphery of the life history strategy space presented in figure 5) but, like any macroecological exercise [114], mine cannot
pinpoint the exact mechanism nor imply causality in the relationships I report. Nonetheless, some comparative work in birds
has shown that families with high proportions of cooperation have high survival values, even in non-cooperative breeders in the
family [13], suggesting a demography → sociality directionality. Indeed, phylogenetic approaches exist to reconstruct ancestral
trait values along phylogenetic hypotheses [115], which would allow one to explore whether shifts in life history traits cause
or are followed by changes in sociality along species lineages [116]. However, I argue that these approaches bring too much
uncertainty, as both life history traits and sociality are too labile for phylogenetic reconstructions to produce accurate estimates
[89]. Instead, I propose that the best way to prove causality between degree of sociality and species’ demographies requires the
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collective effort of behavioural biologists in examining populations under the same set of control and treatment conditions and
following multiple generations.

The relationship between sociality and animals' ability to withstand environmental stochasticity has garnered substantial
attention. Numerous studies suggest that sociality can serve as a buffering mechanism [43], providing a range of benefits that
enhance fitness in stochastic environments. While the social buffer hypothesis predicts that sociality should confer adaptive
advantages in mitigating the impact of environmental stochasticity, I found that sociality is not associated with any of the
metrics of long-term population performance that are often used as population-level proxies for fitness [45,117]. For instance,
when evaluating how far the 152 species’ populations were from a population growth rate at equilibrium, there was no
detectable correlation with sociality. I did, however, find that while more social species do not take different amounts of time
to recover after a disturbance compared with less social species, the period of oscillation back to stationary dynamics for
the former is greater than in less social species, implying a potentially greater risk of extinction for social species [118,119].
This finding is at odds with the suggestion that sociality increases plasticity against climatic oscillations [120]. Further work
integrating phenotypic plasticity and demographic schedules should be key in this context [121]. In this context too, future work
should examine how the degree of sociality may vary across populations within the same species. Likewise, the reactivity of
social species was lower than in gregarious species, suggesting that when a population is hit by a disturbance, its individuals
are less likely to take advantage by increasing its population size [70]. Recent decades have witnessed the development of
indexes of demographic buffering based on structured population models [122–125]. Future research should evaluate whether
the sociality continuum is intrinsically linked to a potential demographic buffering continuum [126].

Species are more than just social or not social. Thus, a continuum to classify animal sociality is of high appeal. A previous
attempt has, however, highlighted some key challenges [24]. Indeed, sociality is shaped by multiple axes, including group
size, the kind, timing and hierarchical nature of interactions, or the partition of labour, to mention a few. The inspiration for
my proposed sociality continuum comes from work my laboratory and I carried out to examine the anatomical correlates of
actuarial senescence [37]. Finch [127] hypothesized that the ability to compartmentalize risk may allow species to postpone the
onset of senescence. Classifying the compartmentalization of 138 plants (proxied by the distance between their xylem vessels)
and 151 animals (proxied by the degree of open–closed circulatory and respiratory systems and degree of organ redundancy),
we found that modularity does predict actuarial senescence in plants but not in animals. Our work was only focused on
vascular plants, for which a standard measure of xylem distance can be obtained [128]. The classification of a continuum of
modularity–integration in animals proved difficult then because of the wide range of variation in animal anatomy. Another way
to think about animal anatomy is to examine the ‘anatomy’ of their groups and populations: how closely connected are their
individuals, how often do they come in contact and what kinds of interactions do they experience? In this regard, Albery et al.
[8] recently found that older, more senescent (i.e. likely to die) individuals of red deer (Cervus elaphus) become more isolated
in the group, perhaps as a way to contain risk too, as plants do [37]. Naturally, these findings need to be carefully evaluated
in the context of classical and current views of group adaptation [129]. Still, my proposed sociality continuum correlates with
key aspects of the demography of animals. However, further work should examine orthogonal ways in which animal societies
evolve, as the predictive power of the correlations examined here remains low (table 1).

The future of research on animal sociality and demography should prioritize interdisciplinary approaches to analyse a
large number of longitudinal studies. This approach will help us unravel the nuanced complexities of social structures and
their demographic implications. Integrating advanced technologies, such as GPS tracking [130], social network analysis [8]
and comparative genomics [131], can provide a more comprehensive understanding of the dynamic interactions within animal
societies. Embracing comparative analyses across a diverse array of taxa can uncover general principles while acknowledging
species-specific nuances. As conservation issues become increasingly urgent, linking social and demographic research to
conservation biology can inform strategies for preserving biodiversity in the face of environmental challenges [132]. This
multidimensional approach holds the key to advancing our understanding of the intricate interplay between sociality and
demography in the Animal Kingdom.

Ethics. This work did not require ethical approval from a human subject or animal welfare committee.
Data accessibility. The R script is available here at [133]. The demographic data are open access (available at www.compadre-db.org), and the
biomass and sociality data are available in the supplementary material [134].
Declaration of AI use. I have not used AI-assisted technologies in creating this article.
Authors’ contributions. R.S.-G.: conceptualization, data curation, formal analysis, funding acquisition, investigation, methodology, project
administration, resources, validation, visualization, writing—original draft, writing—review and editing.
Conflict of interest declaration. I declare I have no competing interests.
Funding. This study was supported by a NERC Pushing the Frontiers grant (NE/X013766/1).
Acknowledgements. I thank J. Firth and K. Davis for conversations regarding the interface of animal sociality in demography; J. Cant and B. Sheldon
for input into the classification of sociality of fishes and birds, respectively; the thousands of researchers who have contributed open-access data
to the COMADRE Animal Matrix Database (http://www.compadre-db.org); M. Paniw and E. Conquet for providing access to the demographic
models of Suricata suricatta; K. Davis for orthographic edits; and G. Albert, J.-M. Gaillard and two anonymous reviewers for constructive
feedback on an earlier version of this work.

References
1. Oro D. 2020 Perturbation, behavioural feedbacks, and population dynamics in social animals: when to leave and where to go. Oxford, UK: Oxford University Press.
2. Polgar S. 2011 Population, ecology, and social evolution. The Hague, The Netherlands: Walter de Gruyter.

12

royalsocietypublishing.org/journal/rstb 
Phil. Trans. R. Soc. B 379: 20220459

https://compadre-db.org/


3. Lucas ER, Keller L. 2020 The co‐evolution of longevity and social life. Funct. Ecol. 34, 76–87. (doi:10.1111/1365-2435.13445)
4. Blumstein DT, Williams DM, Lim AN, Kroeger S, Martin JGA. 2018 Strong social relationships are associated with decreased longevity in a facultatively social mammal. Proc. R. Soc. B

285, 20171934. (doi:10.1098/rspb.2017.1934)
5. Sakata JT, Gupta A, Chuang CP, Crews D. 2002 Social experience affects territorial and reproductive behaviours in male leopard geckos, Eublepharis macularius. Anim. Behav. 63,

487–493. (doi:10.1006/anbe.2001.1952)
6. Amdam GV, Csondes A, Fondrk MK, Page RE. 2006 Complex social behaviour derived from maternal reproductive traits. Nature 439, 76–78. (doi:10.1038/nature04340)
7. Albery GF, Morris A, Morris S, Pemberton JM, Clutton-Brock TH, Nussey DH, Firth JA. 2021 Multiple spatial behaviours govern social network positions in a wild ungulate. Ecol. Lett.

24, 676–686. (doi:10.1111/ele.13684)
8. Albery GF, Clutton-Brock TH, Morris A, Morris S, Pemberton JM, Nussey DH, Firth JA. 2022 Ageing red deer alter their spatial behaviour and become less social. Nat. Ecol. Evol. 6,

1231–1238. (doi:10.1038/s41559-022-01817-9)
9. Bateman AW, Ozgul A, Krkošek M, Clutton-Brock TH. 2018 Matrix models of hierarchical demography: linking group- and population-level dynamics in cooperative breeders. Am.

Nat. 192, 188–203. (doi:10.1086/698217)
10. Paniw M, Maag N, Cozzi G, Clutton-Brock T, Ozgul A. 2019 Life history responses of meerkats to seasonal changes in extreme environments. Science 363, 631–635. (doi:10.1126/

science.aau5905)
11. Paniw M, Duncan C, Groenewoud F, Drewe JA, Manser M, Ozgul A, Clutton-Brock T. 2022 Higher temperature extremes exacerbate negative disease effects in a social mammal. Nat.

Clim. Chang. 12, 284–290. (doi:10.1038/s41558-022-01284-x)
12. Groenewoud F, Clutton-Brock T. 2021 Meerkat helpers buffer the detrimental effects of adverse environmental conditions on fecundity, growth and survival. J. Anim. Ecol. 90, 641–

652. (doi:10.1111/1365-2656.13396)
13. Arnold KE, Owens IPF. 1998 Cooperative breeding in birds: a comparative test of the life history hypothesis. Proc. R. Soc. Lond. B 265, 739–745. (doi:10.1098/rspb.1998.0355)
14. Koykka C, Wild G. 2016 The association between the emergence of cooperative breeding and clutch size. J. Evol. Biol. 29, 58–76. (doi:10.1111/jeb.12762)
15. Poiani A, Pagel M. 1997 Evolution of avian cooperative breeding: comparative tests of the nest predation hypothesis. Evolution 51, 226–240. (doi:10.1111/j.1558-5646.1997.

tb02404.x)
16. Salomon M, Lubin Y. 2007 Cooperative breeding increases reproductive success in the social spider Stegodyphus dumicola (Araneae, Eresidae). Behav. Ecol. Sociobiol. 61, 1743–1750.

(doi:10.1007/s00265-007-0406-2)
17. Poethke HJ, Liebig J. 2008 Risk-sensitive foraging and the evolution of cooperative breeding and reproductive skew. BMC Ecol. 8, 2. (doi:10.1186/1472-6785-8-2)
18. Groenewoud F, Frommen JG, Josi D, Tanaka H, Jungwirth A, Taborsky M. 2016 Predation risk drives social complexity in cooperative breeders. Proc. Natl Acad. Sci. USA 113, 4104–

4109. (doi:10.1073/pnas.1524178113)
19. Hellmann JK, Hamilton IM. 2014 The presence of neighbors influences defense against predators in a cooperatively breeding cichlid. Behav. Ecol. 25, 386–391. (doi:10.1093/

beheco/aru001)
20. Schoepf I, Schradin C. 2012 Better off alone! Reproductive competition and ecological constraints determine sociality in the African striped mouse (Rhabdomys pumilio). J. Anim.

Ecol. 81, 649–656. (doi:10.1111/j.1365-2656.2011.01939.x)
21. Kappeler PM, Cremer S, Nunn CL. 2015 Sociality and health: impacts of sociality on disease susceptibility and transmission in animal and human societies. Phil. Trans. R. Soc. B 370,

20140116. (doi:10.1098/rstb.2014.0116)
22. Rehan SM, Richards MH, Adams M, Schwarz MP. 2014 The costs and benefits of sociality in a facultatively social bee. Anim. Behav. 97, 77–85. (doi:10.1016/j.anbehav.2014.08.021)
23. Wong MYL. 2012 Abiotic stressors and the conservation of social species. Biol. Conserv. 155, 77–84. (doi:10.1016/j.biocon.2012.05.018)
24. Rubenstein DR, Botero CA, Lacey EA. 2016 Discrete but variable structure of animal societies leads to the false perception of a social continuum. R. Soc. Open Sci. 3, 160147. (doi:10.

1098/rsos.160147)
25. Perony N. 2012 Comparative analysis of social interactions in animal groups. Zurich, Switzerland: ETH.
26. Beauchamp G. 2010 A comparative analysis of vigilance in birds. Evol. Ecol. 24, 1267–1276. (doi:10.1007/s10682-010-9358-5)
27. Vágási CI, Vincze O, Lemaître JF, Pap PL, Ronget V, Gaillard JM. 2021 Is degree of sociality associated with reproductive senescence? A comparative analysis across birds and

mammals. Phil. Trans. R. Soc. B 376, 20190744. (doi:10.1098/rstb.2019.0744)
28. Weinstein M, Kaplan H, Lane MA. 2014 Sociality, hierarchy, health: comparative biodemography. Washington, DC: National Academies Press.
29. Woodroffe R. 2011 Demography of a recovering African wild dog (Lycaon pictus) population. J. Mammal. 92, 305–315. (doi:10.1644/10-MAMM-A-157.1)
30. Schülke O, Ostner J. 2012 Ecological and social influences on sociality. In The evolution of primate societies (eds JC Mitani, J Call, PM Kappeler, RA Palombit, JB Silk), pp. 195–219.

Chicago, IL: University of Chicago Press.
31. Ostner J, Schülke O. 2018 Linking sociality to fitness in primates: a call for mechanisms. In Advances in the study of behavior (eds M Naguib, L Barrett, SD Healy, J Podos, LW

Simmons, M Zuk), pp. 127–175. San Diego, CA: Elsevier. (doi:10.1016/bs.asb.2017.12.001)
32. Silk JB. 2007 Social components of fitness in primate groups. Science 317, 1347–1351. (doi:10.1126/science.1140734)
33. Bekoff M, Daniels TJ, Gittleman JL. 1984 Life history patterns and the comparative social ecology of carnivores. Annu. Rev. Ecol. Syst. 15, 191–232. (doi:10.1146/annurev.es.15.

110184.001203)
34. Kramer BH, Schrempf A, Scheuerlein A, Heinze J. 2015 Ant colonies do not trade-off reproduction against maintenance. PLoS One 10, e0137969. (doi:10.1371/journal.pone.

0137969)
35. Chouvenc T, Ban PM, Su NY. 2022 Life and death of termite colonies, a decades-long age demography perspective. Front. Ecol. Evol. 10. (doi:10.3389/fevo.2022.911042)
36. Buston P. 2003 Forcible eviction and prevention of recruitment in the clown anemonefish. Behav. Ecol. 14, 576–582. (doi:10.1093/beheco/arg036)
37. Bernard C, Compagnoni A, Salguero‐Gómez R. 2020 Testing finch’s hypothesis: the role of organismal modularity on the escape from actuarial senescence. Funct. Ecol. 34, 88–106.

(doi:10.1111/1365-2435.13486)
38. Salguero-Gómez R, Jones OR, Jongejans E, Blomberg SP, Hodgson DJ, Mbeau-Ache C, Zuidema PA, de Kroon H, Buckley YM. 2016 Fast–slow continuum and reproductive strategies

structure plant life-history variation worldwide. Proc. Natl Acad. Sci. USA 113, 230–235. (doi:10.1073/pnas.1506215112)
39. Stearns SC. 1999 The evolution of life histories. New York, NY: Oxford University Press.
40. de Kroon H, van Groenendael J, Ehrlén J. 2000 Elasticities: a review of methods and model limitations. Ecology 81, 607–618. (doi:10.1890/0012-9658(2000)081[0607:EAROMA]2.0.

CO;2)
41. Stott I, Townley S, Hodgson DJ. 2011 A framework for studying transient dynamics of population projection matrix models. Ecol. Lett. 14, 959–970. (doi:10.1111/j.1461-0248.2011.

01659.x)

13

royalsocietypublishing.org/journal/rstb 
Phil. Trans. R. Soc. B 379: 20220459

http://dx.doi.org/10.1111/1365-2435.13445
http://dx.doi.org/10.1098/rspb.2017.1934
http://dx.doi.org/10.1006/anbe.2001.1952
http://dx.doi.org/10.1038/nature04340
http://dx.doi.org/10.1111/ele.13684
http://dx.doi.org/10.1038/s41559-022-01817-9
http://dx.doi.org/10.1086/698217
http://dx.doi.org/10.1126/science.aau5905
http://dx.doi.org/10.1126/science.aau5905
http://dx.doi.org/10.1038/s41558-022-01284-x
http://dx.doi.org/10.1111/1365-2656.13396
http://dx.doi.org/10.1098/rspb.1998.0355
http://dx.doi.org/10.1111/jeb.12762
http://dx.doi.org/10.1111/j.1558-5646.1997.tb02404.x
http://dx.doi.org/10.1111/j.1558-5646.1997.tb02404.x
http://dx.doi.org/10.1007/s00265-007-0406-2
http://dx.doi.org/10.1186/1472-6785-8-2
http://dx.doi.org/10.1073/pnas.1524178113
http://dx.doi.org/10.1093/beheco/aru001
http://dx.doi.org/10.1093/beheco/aru001
http://dx.doi.org/10.1111/j.1365-2656.2011.01939.x
http://dx.doi.org/10.1098/rstb.2014.0116
http://dx.doi.org/10.1016/j.anbehav.2014.08.021
http://dx.doi.org/10.1016/j.biocon.2012.05.018
http://dx.doi.org/10.1098/rsos.160147
http://dx.doi.org/10.1098/rsos.160147
http://dx.doi.org/10.1007/s10682-010-9358-5
http://dx.doi.org/10.1098/rstb.2019.0744
http://dx.doi.org/10.1644/10-MAMM-A-157.1
http://dx.doi.org/10.1016/bs.asb.2017.12.001
http://dx.doi.org/10.1126/science.1140734
http://dx.doi.org/10.1146/annurev.es.15.110184.001203
http://dx.doi.org/10.1146/annurev.es.15.110184.001203
http://dx.doi.org/10.1371/journal.pone.0137969
http://dx.doi.org/10.1371/journal.pone.0137969
http://dx.doi.org/10.3389/fevo.2022.911042
http://dx.doi.org/10.1093/beheco/arg036
http://dx.doi.org/10.1111/1365-2435.13486
http://dx.doi.org/10.1073/pnas.1506215112
http://dx.doi.org/10.1890/0012-9658(2000)081[0607:EAROMA]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2000)081[0607:EAROMA]2.0.CO;2
http://dx.doi.org/10.1111/j.1461-0248.2011.01659.x
http://dx.doi.org/10.1111/j.1461-0248.2011.01659.x


42. Roper M, Capdevila P, Salguero-Gómez R. 2021 Senescence: why and where selection gradients might not decline with age. Proc. R. Soc. B 288, 20210851. (doi:10.1098/rspb.2021.
0851)

43. Hennessy MB, Kaiser S, Sachser N. 2009 Social buffering of the stress response: diversity, mechanisms, and functions. Front. Neuroendocrinol. 30, 470–482. (doi:10.1016/j.yfrne.
2009.06.001)

44. Salguero-Gómez R et al. 2016 COMADRE: a global data base of animal demography. J. Anim. Ecol. 85, 371–384. (doi:10.1111/1365-2656.12482)
45. Caswell H. 2001 Matrix population models: construction, analysis, and interpretation, 2nd edn. Sunderland, MA: Sinauer Associates, Inc.
46. Jones OR et al. 2022 Rcompadre and rage—two R packages to facilitate the use of the COMPADRE and COMADRE databases and calculation of life‐history traits from matrix

population models. Methods Ecol. Evol. 13, 770–781. (doi:10.1111/2041-210X.13792)
47. Salguero-Gómez R, Plotkin JB. 2010 Matrix dimensions bias demographic inferences: implications for comparative plant demography. Am. Nat. 176, 710–722. (doi:10.1086/

657044)
48. Jones OR et al. 2014 Diversity of ageing across the tree of life. Nature 505, 169–173. (doi:10.1038/nature12789)
49. Horvitz CC, Tuljapurkar S. 2008 Stage dynamics, period survival, and mortality plateaus. Am. Nat. 172, 203–215. (doi:10.1086/589453)
50. Monchot H, Fernandez P, Gaillard JM. 2012 Paleodemographic analysis of a fossil porcupine (Hystrix refossa gervais, 1852) population from the Upper Pleistocene site of Geula Cave

(Mount Carmel, Israel). J. Archaeol. Sci. 39, 3027–3038. (doi:10.1016/j.jas.2012.04.037)
51. Conquet E, Ozgul A, Blumstein DT, Armitage KB, Oli MK, Martin JGA, Clutton-Brock TH, Paniw M. 2023 Demographic consequences of changes in environmental periodicity. Ecology

104, e3894. (doi:10.1002/ecy.3894)
52. Stott I, Hodgson DJ, Townley S. 2012 Popdemo: an R package for population demography using projection matrix analysis. Methods Ecol. Evol. 3, 797–802. (doi:10.1111/j.2041-

210X.2012.00222.x)
53. Stubben C, Milligan B. 2007 Estimating and analyzing demographic models using the popbio package in R. J. Stat. Softw. 22, 1–23. (doi:10.18637/jss.v022.i11)
54. Paniw M, Ozgul A, Salguero-Gómez R. 2018 Interactive life-history traits predict sensitivity of plants and animals to temporal autocorrelation. Ecol. Lett. 21, 275–286. (doi:10.1111/

ele.12892)
55. Healy K, Ezard THG, Jones OR, Salguero-Gómez R, Buckley YM. 2019 Animal life history is shaped by the pace of life and the distribution of age-specific mortality and reproduction.

Nat. Ecol. Evol. 3, 1217–1224. (doi:10.1038/s41559-019-0938-7)
56. Gaillard JM, Yoccoz NG, Lebreton JD, Bonenfant C, Devillard S, Loison A, Pontier D, Allaine D. 2005 Generation time: a reliable metric to measure life-history variation among

mammalian populations. Am. Nat. 166, 119–123. (doi:10.1086/430330)
57. Gaillard JM, Pontier D, Allainé D, Lebreton JD, Trouvilliez J, Clobert J, Allaine D. 1989 An analysis of demographic tactics in birds and mammals. Oikos 56, 59. (doi:10.2307/3566088)
58. Dobson FS, Oli MK. 2008 The life histories of orders of mammals: fast and slow breeding. Curr. Sci. 95, 862–865. (doi:10.2307/2401166)
59. Morris WF et al. 2008 Longevity can buffer plant and animal populations against changing climatic variability. Ecology 89, 19–25. (doi:10.1890/07-0774.1)
60. Cochran ME, Ellner S. 1992 Simple methods for calculating age‐based life history parameters for stage‐structured populations. Ecol. Monogr. 62, 345–364. (doi:10.2307/2937115)
61. Keyfitz N, Caswell H. 2005 Applied mathematical demography. New York, NY: Springer.
62. Baudisch A. 2011 The pace and shape of ageing. Methods Ecol. Evol. 2, 375–382. (doi:10.1111/j.2041-210X.2010.00087.x)
63. Baudisch A, Stott I. 2019 A pace and shape perspective on fertility. Methods Ecol. Evol. 10, 1941–1951. (doi:10.1111/2041-210X.13289)
64. Demetrius L. 1978 Adaptive value, entropy and survivorship curves. Nature 275, 213–214. (doi:10.1038/275213a0)
65. de Kroon H, Plaisier A, van Groenendael J, Caswell H. 1986 Elasticity: the relative contribution of demographic parameters to population growth rate. Ecology 67, 1427–1431. (doi:

10.2307/1938700)
66. Orme D, Freckleton R, Thomson G, Petzoldt T, Fritz S, Isaac N, Pearse W. 2013 The caper package: comparative analysis of phylogenetics and evolution in R. See http://cran.r-

project.org/web/packages/caper.
67. Neubert MG, Caswell H, Solow AR. 2009 Detecting reactivity. Ecology 90, 2683–2688. (doi:10.1890/08-2014.1)
68. Gamelon M, Gimenez O, Baubet E, Coulson T, Tuljapurkar S, Gaillard JM. 2014 Influence of life-history tactics on transient dynamics: a comparative analysis across mammalian

populations. Am. Nat. 184, 673–683. (doi:10.1086/677929)
69. Capdevila P, Stott I, Cant J, Beger M, Rowlands G, Grace M, Salguero-Gómez R. 2021 Life history mediates the trade-offs among different components of demographic resilience.

bioRxiv. (doi:10.1101/2021.06.30.450480)
70. Capdevila P, Stott I, Beger M, Salguero-Gómez R. 2020 Towards a Comparative Framework of Demographic Resilience. Trends Ecol. Evol. 35, 776–786. (doi:10.1016/j.tree.2020.05.

001)
71. Greenspoon L et al. 2023 The global biomass of wild mammals. Proc. Natl Acad. Sci. USA 120, e2204892120. (doi:10.1073/pnas.2204892120)
72. Tobias JA et al. 2022 AVONET: morphological, ecological and geographical data for all birds. Ecol. Lett. 25, 581–597. (doi:10.1111/ele.13898)
73. Froese R, Pauly D (eds). 2002 FishBase: a global information system on fishes. world wide web electronic publication. See https://www.fishbase.org.
74. Boettiger C, Lang DT, Wainwright PC. 2012 Rfishbase: exploring, manipulating and visualizing fishbase data from R. J. Fish Biol. 81, 2030–2039. (doi:10.1111/j.1095-8649.2012.

03464.x)
75. Myhrvold NP, Baldridge E, Chan B, Sivam D, Freeman DL, Ernest SKM. 2015 An amniote life‐history database to perform comparative analyses with birds, mammals, and reptiles.

Ecology 96, 3109–3109. (doi:10.1890/15-0846R.1)
76. Bernard C, Santos GS, Deere JA, Rodriguez-Caro R, Capdevila P, Kusch E, Gascoigne SJL, Jackson J, Salguero-Gómez R. 2022 MOSAIC: a unified trait database to complement

structured population models. Scientific Data. (doi:10.1038/s41597-023-02070-with)
77. Silk JB. 2007 The adaptive value of sociality in mammalian groups. Phil. Trans. R. Soc. B 362, 539–559. (doi:10.1098/rstb.2006.1994)
78. Dunbar RIM. 1992 Neocortex size as a constraint on group size in primates. J. Hum. Evol. 22, 469–493. (doi:10.1016/0047-2484(92)90081-J)
79. Flack JC, Girvan M, de Waal FBM, Krakauer DC. 2006 Policing stabilizes construction of social niches in primates. Nature 439, 426–429. (doi:10.1038/nature04326)
80. Silk JB, Beehner JC, Bergman TJ, Crockford C, Engh AL, Moscovice LR, Wittig RM, Seyfarth RM, Cheney DL. 2009 The benefits of social capital: close social bonds among female

baboons enhance offspring survival. Proc. R. Soc. B 276, 3099–3104. (doi:10.1098/rspb.2009.0681)
81. Dewey T, Shefferly N, Havens A. 2010 Animal diversity web. Ann Arbor, MI: University of Michigan Museum of Zoology. See https://animaldiversity.org.
82. Baillie J, Hilton-Taylor C, Stuart SN. 2004 2004 IUCN red list of threatened species: A global species assessment. Gland, Switzerland: IUCN.
83. McTavish EJ, Hinchliff CE, Allman JF, Brown JW, Cranston KA, Holder MT, Rees JA, Smith SA. 2015 Phylesystem: a git-based data store for community-curated phylogenetic

estimates. Bioinformatics 31, 2794–2800. (doi:10.1093/bioinformatics/btv276)
84. Michonneau F, Brown JW, Winter DJ. 2016 Rotl: an R package to interact with the Open Tree of Life data. Methods Ecol. Evol. 7, 1476–1481. (doi:10.1111/2041-210X.12593)

14

royalsocietypublishing.org/journal/rstb 
Phil. Trans. R. Soc. B 379: 20220459

http://dx.doi.org/10.1098/rspb.2021.0851
http://dx.doi.org/10.1098/rspb.2021.0851
http://dx.doi.org/10.1016/j.yfrne.2009.06.001
http://dx.doi.org/10.1016/j.yfrne.2009.06.001
http://dx.doi.org/10.1111/1365-2656.12482
http://dx.doi.org/10.1111/2041-210X.13792
http://dx.doi.org/10.1086/657044
http://dx.doi.org/10.1086/657044
http://dx.doi.org/10.1038/nature12789
http://dx.doi.org/10.1086/589453
http://dx.doi.org/10.1016/j.jas.2012.04.037
http://dx.doi.org/10.1002/ecy.3894
http://dx.doi.org/10.1111/j.2041-210X.2012.00222.x
http://dx.doi.org/10.1111/j.2041-210X.2012.00222.x
http://dx.doi.org/10.18637/jss.v022.i11
http://dx.doi.org/10.1111/ele.12892
http://dx.doi.org/10.1111/ele.12892
http://dx.doi.org/10.1038/s41559-019-0938-7
http://dx.doi.org/10.1086/430330
http://dx.doi.org/10.2307/3566088
http://dx.doi.org/10.2307/2401166
http://dx.doi.org/10.1890/07-0774.1
http://dx.doi.org/10.2307/2937115
http://dx.doi.org/10.1111/j.2041-210X.2010.00087.x
http://dx.doi.org/10.1111/2041-210X.13289
http://dx.doi.org/10.1038/275213a0
http://dx.doi.org/10.2307/1938700
http://cran.r-project.org/web/packages/caper
http://cran.r-project.org/web/packages/caper
http://dx.doi.org/10.1890/08-2014.1
http://dx.doi.org/10.1086/677929
http://dx.doi.org/10.1101/2021.06.30.450480
http://dx.doi.org/10.1016/j.tree.2020.05.001
http://dx.doi.org/10.1016/j.tree.2020.05.001
http://dx.doi.org/10.1073/pnas.2204892120
http://dx.doi.org/10.1111/ele.13898
https://www.fishbase.org
http://dx.doi.org/10.1111/j.1095-8649.2012.03464.x
http://dx.doi.org/10.1111/j.1095-8649.2012.03464.x
http://dx.doi.org/10.1890/15-0846R.1
http://dx.doi.org/10.1038/s41597-023-02070-with
http://dx.doi.org/10.1098/rstb.2006.1994
http://dx.doi.org/10.1016/0047-2484(92)90081-J
http://dx.doi.org/10.1038/nature04326
http://dx.doi.org/10.1098/rspb.2009.0681
https://animaldiversity.org
http://dx.doi.org/10.1093/bioinformatics/btv276
http://dx.doi.org/10.1111/2041-210X.12593


85. Plese B, Kenny NJ, Rossi ME, Cárdenas P, Schuster A, Taboada S, Koutsouveli V, Riesgo A. 2021 Mitochondrial evolution in the Demospongiae (Porifera): phylogeny, divergence time,
and genome biology. Mol. Phylogenet. Evol. 155, 107011. (doi:10.1016/j.ympev.2020.107011)

86. Revell LJ. 2013 R package phytools: An R package for phylogenetic comparative biology (and other things). Methods Ecol. Evol. 3, 217–223. (doi:10.1111/j.2041-210X.2012.00196.
x)

87. Salguero-Gomez R. 2021 The fast–slow continuum is not the end-game of life history evolution, human or otherwise. Evol. Hum. Behav. 42, 321–333. (doi:10.1016/j.
evolhumbehav.2021.01.004)

88. Revell LJ. 2009 Size-correction and principal components for interspecific comparative studies. Evolution 63, 3258–3268. (doi:10.1111/j.1558-5646.2009.00804.x)
89. Blomberg SP, Garland T, Ives AR. 2003 Testing for phylogenetic signal in comparative data: behavioral traits are more labile. Evolution 57, 717–745. (doi:10.1111/j.0014-3820.

2003.tb00285.x)
90. Freckleton RP. 2000 Phylogenetic tests of ecological and evolutionary hypotheses: checking for phylogenetic independence. Funct. Ecol. 14, 129–134. (doi:10.1046/j.1365-2435.

2000.00400.x)
91. Dormann CF et al. 2013 Collinearity: a review of methods to deal with it and a simulation study evaluating their performance. Ecography 36, 27–46. (doi:10.1111/j.1600-0587.

2012.07348.x)
92. Stott I et al. 2024 Life histories are not just fast or slow. Trends Ecol. Evol. 39, 830–840. (doi:10.1016/j.tree.2024.06.001)
93. van S, Groothuis-Oudshoorn K. 2013 MICE: multivariate imputation by chained equations. See http://cran.r-project.org/web/packages/mice/index.html.
94. James TD, Salguero-Gómez R, Jones OR, Childs DZ, Beckerman AP. 2021 Bridging gaps in demographic analysis with phylogenetic imputation. Conserv. Biol. 35, 1210–1221. (doi:

10.1111/cobi.13658)
95. Legendre P, Legendre L. 2012 Numerical ecology, 3rd edn. London, UK: Elsevier.
96. Montero AP, Williams DM, Martin JGA, Blumstein DT. 2020 More social female yellow-bellied marmots, Marmota flaviventer, have enhanced summer survival. Anim. Behav. 160,

113–119. (doi:10.1016/j.anbehav.2019.12.013)
97. Höner OP, Wachter B, East ML, Runyoro VA, Hofer H. 2005 The effect of prey abundance and foraging tactics on the population dynamics of a social, territorial carnivore, the spotted

hyena. Oikos 108, 544–554. (doi:10.1111/j.0030-1299.2005.13533.x)
98. Blumstein DT, Møller AP. 2008 Is sociality associated with high longevity in North American birds? Biol. Lett. 4, 146–148. (doi:10.1098/rsbl.2007.0606)
99. Kreider JJ, Kramer BH, Komdeur J, Pen I. 2022 The evolution of ageing in cooperative breeders. Evol. Lett. 6, 450–459. (doi:10.1002/evl3.307)
100. da Silva J. 2021 Life history and the transitions to eusociality in the Hymenoptera. Front. Ecol. Evol. 9. (doi:10.3389/fevo.2021.727124)
101. Wilson EO, Hölldobler B. 2005 Eusociality: origin and consequences. Proc. Natl Acad. Sci. USA 102, 13367–13371. (doi:10.1073/pnas.0505858102)
102. Kappeler PM, van Schaik CP. 2002 Evolution of primate social systems. Int. J. Primatol. 23, 707–740. (doi:10.1023/A:1015520830318)
103. Hatchwell BJ. 2009 The evolution of cooperative breeding in birds: kinship, dispersal and life history. Phil. Trans. R. Soc. B 364, 3217–3227. (doi:10.1098/rstb.2009.0109)
104. Corcobado G, Rodríguez‐Gironés MA, Moya‐Laraño J, Avilés L. 2012 Sociality level correlates with dispersal ability in spiders. Funct. Ecol. 26, 794–803. (doi:10.1111/j.1365-2435.

2012.01996.x)
105. Beltran R et al. 2024 Integrating animal tracking and trait data to facilitate global ecological discoveries. Life Sci. (doi:10.32942/X2JK6Q)
106. Rubenstein DR, Abbot P. 2017 Comparative social evolution. Cambridge, UK: Cambridge University Press.
107. Anderson JA, Johnston RA, Lea AJ, Campos FA, Voyles TN, Akinyi MY, Alberts SC, Archie EA, Tung J. 2021 High social status males experience accelerated epigenetic aging in wild

baboons. eLife 10, e66128. (doi:10.7554/eLife.66128)
108. Berger V, Lemaître JF, Allainé D, Gaillard JM, Cohas A. 2018 Early and adult social environments shape sex-specific actuarial senescence patterns in a cooperative breeder. Am. Nat.

192, 525–536. (doi:10.1086/699513)
109. Clutton-Brock T. 2002 Breeding together: kin selection and mutualism in cooperative vertebrates. Science 296, 69–72. (doi:10.1126/science.296.5565.69)
110. Kokko H, Johnstone RA, Wright J. 2002 The evolution of parental and alloparental effort in cooperatively breeding groups: when should helpers pay to stay? Behav. Ecol. 13, 291–

300. (doi:10.1093/beheco/13.3.291)
111. Reznick DN, Bryant MJ, Roff D, Ghalambor CK, Ghalambor DE. 2004 Effect of extrinsic mortality on the evolution of senescence in guppies. Nature 431, 1095–1099. (doi:10.1038/

nature02936)
112. Verhulst S, Geerdink M, Salomons HM, Boonekamp JJ. 2014 Social life histories: jackdaw dominance increases with age, terminally declines and shortens lifespan. Proc. R. Soc. B

281, 20141045. (doi:10.1098/rspb.2014.1045)
113. Shefferson R, Jones OR, Salguero-Gómez R (eds). 2017 The evolution of senescence in the tree of life, 1st edn. Cambridge, UK: Cambridge University Press.
114. Dolby GA. 2021 Towards a unified framework to study causality in Earth–life systems. Mol. Ecol. 30, 5628–5642. (doi:10.1111/mec.16142)
115. Goolsby EW. 2015 Phylogenetic comparative methods for evaluating the evolutionary history of function-valued traits. Syst. Biol. 64, 568–578. (doi:10.1093/sysbio/syv012)
116. Downing PA, Cornwallis CK, Griffin AS. 2015 Sex, long life and the evolutionary transition to cooperative breeding in birds. Proc. R. Soc. B 282, 20151663. (doi:10.1098/rspb.2015.

1663)
117. McGraw JB, Caswell H. 1996 Estimation of individual fitness from life-history data. Am. Nat. 147, 47–64. (doi:10.1086/285839)
118. Iles D, Koons D, Adler P, Salguero-Gomez R. 2015 Transient dynamics, life history, and biological invasions. J. Ecol. 104, 399–408. (doi:10.1111/1365-2745.12516)
119. Hodgson D, McDonald JL, Hosken DJ. 2015 What do you mean, ‘resilient’? Trends Ecol. Evol. 30, 503–506. (doi:10.1016/j.tree.2015.06.010)
120. Komdeur J, Ma L. 2021 Keeping up with environmental change: the importance of sociality. Ethology 127, 790–807. (doi:10.1111/eth.13200)
121. Vinton AC, Gascoigne SJL, Sepil I, Salguero-Gómez R. 2022 Plasticity’s role in adaptive evolution depends on environmental change components. Trends Ecol. Evol. 37, 1067–1078.

(doi:10.1016/j.tree.2022.08.008)
122. Pfister CA. 1998 Patterns of variance in stage-structured populations: evolutionary predictions and ecological implications. Proc. Natl Acad. Sci. USA 95, 213–218. (doi:10.1073/

pnas.95.1.213)
123. Tuljapurkar S. 1989 An uncertain life: demography in random environments. Theor. Popul. Biol. 35, 227–294. (doi:10.1016/0040-5809(89)90001-4)
124. Le Coeur C, Yoccoz NG, Salguero-Gómez R, Vindenes Y. 2022 Life history adaptations to fluctuating environments: combined effects of demographic buffering and lability. Ecol. Lett.

25, 2107–2119. (doi:10.1111/ele.14071)
125. Gascoigne SJL et al. 2023 Structured demographic buffering: a framework to explore the environment drivers and demographic mechanisms underlying demographic buffering.

bioRxiv. (doi:10.1101/2023.07.20.549848)
126. Santos GS, Gascoigne SJL, Dias ATC, Kajin M, Salguero-Gómez R. 2023 A unified framework to identify demographic buffering in natural populations. bioRxiv. (doi:10.1101/2023.07.

03.547528)

15

royalsocietypublishing.org/journal/rstb 
Phil. Trans. R. Soc. B 379: 20220459

http://dx.doi.org/10.1016/j.ympev.2020.107011
http://dx.doi.org/10.1111/j.2041-210X.2012.00196.x
http://dx.doi.org/10.1111/j.2041-210X.2012.00196.x
http://dx.doi.org/10.1016/j.evolhumbehav.2021.01.004
http://dx.doi.org/10.1016/j.evolhumbehav.2021.01.004
http://dx.doi.org/10.1111/j.1558-5646.2009.00804.x
http://dx.doi.org/10.1111/j.0014-3820.2003.tb00285.x
http://dx.doi.org/10.1111/j.0014-3820.2003.tb00285.x
http://dx.doi.org/10.1046/j.1365-2435.2000.00400.x
http://dx.doi.org/10.1046/j.1365-2435.2000.00400.x
http://dx.doi.org/10.1111/j.1600-0587.2012.07348.x
http://dx.doi.org/10.1111/j.1600-0587.2012.07348.x
http://dx.doi.org/10.1016/j.tree.2024.06.001
http://cran.r-project.org/web/packages/mice/index.html
http://dx.doi.org/10.1111/cobi.13658
http://dx.doi.org/10.1016/j.anbehav.2019.12.013
http://dx.doi.org/10.1111/j.0030-1299.2005.13533.x
http://dx.doi.org/10.1098/rsbl.2007.0606
http://dx.doi.org/10.1002/evl3.307
http://dx.doi.org/10.3389/fevo.2021.727124
http://dx.doi.org/10.1073/pnas.0505858102
http://dx.doi.org/10.1023/A:1015520830318
http://dx.doi.org/10.1098/rstb.2009.0109
http://dx.doi.org/10.1111/j.1365-2435.2012.01996.x
http://dx.doi.org/10.1111/j.1365-2435.2012.01996.x
http://dx.doi.org/10.32942/X2JK6Q
http://dx.doi.org/10.7554/eLife.66128
http://dx.doi.org/10.1086/699513
http://dx.doi.org/10.1126/science.296.5565.69
http://dx.doi.org/10.1093/beheco/13.3.291
http://dx.doi.org/10.1038/nature02936
http://dx.doi.org/10.1038/nature02936
http://dx.doi.org/10.1098/rspb.2014.1045
http://dx.doi.org/10.1111/mec.16142
http://dx.doi.org/10.1093/sysbio/syv012
http://dx.doi.org/10.1098/rspb.2015.1663
http://dx.doi.org/10.1098/rspb.2015.1663
http://dx.doi.org/10.1086/285839
http://dx.doi.org/10.1111/1365-2745.12516
http://dx.doi.org/10.1016/j.tree.2015.06.010
http://dx.doi.org/10.1111/eth.13200
http://dx.doi.org/10.1016/j.tree.2022.08.008
http://dx.doi.org/10.1073/pnas.95.1.213
http://dx.doi.org/10.1073/pnas.95.1.213
http://dx.doi.org/10.1016/0040-5809(89)90001-4
http://dx.doi.org/10.1111/ele.14071
http://dx.doi.org/10.1101/2023.07.20.549848
http://dx.doi.org/10.1101/2023.07.03.547528
http://dx.doi.org/10.1101/2023.07.03.547528


127. Finch CE. 1990 Longevity, senescence and the genome. Chicago, IL: University of Chicago Press.
128. Schenk HJ, Espino S, Goedhart CM, Nordenstahl M, Cabrera HIM, Jones CS. 2008 Hydraulic integration and shrub growth form linked across continental aridity gradients. Proc. Natl

Acad. Sci. USA 105, 11248–11253. (doi:10.1073/pnas.0804294105)
129. Gardner A, Grafen A. 2009 Capturing the superorganism: a formal theory of group adaptation. J. Evol. Biol. 22, 659–671. (doi:10.1111/j.1420-9101.2008.01681.x)
130. Cagnacci F. 2010 GPS-telemetry data: challenges and opportunities for behavioural ecology studies. Phil. Trans. R. Soc. B 365, 2309–2321. (doi:10.1098/rstb.2010.0087)
131. Tong C, Najm GM, Pinter-Wollman N, Pruitt JN, Linksvayer TA. 2020 Comparative genomics identifies putative signatures of sociality in spiders. Genome Biol. Evol. 12, 122–133. (doi:

10.1093/gbe/evaa007)
132. Coulson T, MacNulty DR, Stahler DR, vonHoldt B, Wayne RK, Smith DW. 2011 Modeling effects of environmental change on wolf population dynamics, trait evolution, and life

history. Science 334, 1275–1278. (doi:10.1126/science.1209441)
133. Salguero-Gomez R. 2024 Data from: More social species live longer, have longer generation times, and longer reproductive windows. Zenodo. (doi:10.5281/zenodo.13858060)
134. Salguero-Gomez R. 2024 Data from: More social species live longer, have longer generation times and longer reproductive windows. Figshare. (doi:10.6084/m9.figshare.c.

7454648)

16

royalsocietypublishing.org/journal/rstb 
Phil. Trans. R. Soc. B 379: 20220459

http://dx.doi.org/10.1073/pnas.0804294105
http://dx.doi.org/10.1111/j.1420-9101.2008.01681.x
http://dx.doi.org/10.1098/rstb.2010.0087
http://dx.doi.org/10.1093/gbe/evaa007
http://dx.doi.org/10.1126/science.1209441
http://dx.doi.org/10.5281/zenodo.13858060
http://dx.doi.org/10.6084/m9.figshare.c.7454648
http://dx.doi.org/10.6084/m9.figshare.c.7454648

	More social species live longer, have longer generation times and longer reproductive windows
	1. Introduction
	2. Methods
	(a) Demographic data
	(b) Adult body mass data
	(c) Sociality data
	(d) Phylogenetic data
	(e) Comparative phylogenetic analyses

	3. Results
	4. Discussion


