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Abstract 23 

The benefits of social living are well established, but sociality also comes with costs, including 24 

infectious disease risk. This cost-benefit ratio of sociality is expected to change across 25 

individuals’ lifespans, which may drive changes in social behaviour with age. To explore this 26 

idea, we combine data from a group-living primate for which social ageing has been described 27 

with epidemiological models to show that having lower social connectedness when older can 28 

protect against the costs of a hypothetical, directly transmitted endemic pathogen. Assuming no 29 

age differences in epidemiological characteristics (susceptibility to, severity, and duration of 30 

infection), older individuals suffered lower infection costs, which was explained largely because 31 

they were less connected in their social networks than younger individuals. This benefit of 32 

‘social ageing’ depended on epidemiological characteristics and was greatest when infection 33 

severity increased with age. When infection duration increased with age, social ageing was 34 

beneficial only when pathogen transmissibility was low. Older individuals benefited most from 35 

having a lower frequency of interactions (strength) and network embeddedness (closeness) and 36 
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benefited less from having fewer social partners (degree). Our study provides a first examination 37 

of the epidemiology of social ageing, demonstrating the potential for pathogens to influence 38 

evolutionary dynamics of social ageing in natural populations. 39 

 40 

Key words: ageing, disease ecology, epidemiology, sociality, senescence, network modeling 41 

 42 

Introduction 43 

Social interactions have an important influence on individual fitness through their effects on 44 

survival [1] and reproductive success [2–5]. However, sociality is not exclusively beneficial but 45 

comes with important costs ranging from competition for food, mates, and other resources [6–8] 46 

to increased risk of pathogen and parasite transmission [9,10]. Understanding how these costs 47 

and benefits are balanced is central to understanding the evolution of social living [11]. 48 

Recent research indicates that social interactions and relationships are not stable over 49 

time but differ across the lifespan [12–15]. There are multiple hypotheses for why individuals 50 

might change their social behaviour as they get older, including physical and cognitive declines 51 

[16,17], demographic changes and shifting kinship dynamics [18,19], or enhanced skill and 52 

experience with age [20]. Fundamentally, the costs and benefits of interacting with others may 53 

change across the lifespan [12], leading individuals to actively adjust their social behaviour in 54 

response. Recent work, both in humans and non-human animals, suggests older individuals tend 55 

to have fewer affiliative social partners than their younger counterparts [13,15,21–23], spend less 56 

time in affiliative interactions [13,22–24], and to be less well embedded in the wider social 57 

network [23,25,26]. There is evidence to suggest that in some species, at least, this is the result of 58 

older individuals being more selective with whom they interact (i.e. ‘social selectivity’ 59 

[21,27,28]). This evidence is consistent with the hypothesis that age-based reductions in social 60 

connectedness (i.e. ‘social ageing’) are not exclusively the by-product of declines in bodily 61 

systems but instead reflect beneficial behavioral changes that ameliorate senescence-associated 62 

costs [21]. 63 

One major cost of socialising, which has the potential to be exacerbated in old age, is the 64 

increased risk and costs of contracting infectious diseases [29], with individuals that interact 65 

more with others at greater risk of infection [30,31]. Therefore, one appealing hypothesis is that, 66 

because immunosenescence often means that individuals are less able to fight infections as they 67 
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age and so suffer greater morbidity to infectious diseases [32–34], age-based reductions in 68 

individual social network connectedness can help mitigate disease costs in older individuals [35]. 69 

By being socially selective (i.e., reducing their number of social partners while socialising for 70 

longer with their closest associates [21,27]), older individuals may be able to reduce their risk of 71 

infection while maintaining the benefits of social relationships [36,37]. However, we currently 72 

lack evidence that these declines in sociality with age (hereafter referred to as social ageing) are 73 

sufficient to protect an individual from infectious disease. 74 

 One challenge with demonstrating the disease-associated consequences of social ageing 75 

is the fact that an individual’s social interactions and relationships are embedded in a wider 76 

group or population wide social network. These social networks are complex, emergent 77 

structures that depend in a non-linear way on the behaviour of every individual [38]. As a result, 78 

it can be difficult to predict both the consequences of individual behaviour change on the group-79 

level social structure and the knock-on implications for pathogen spread across the network. 80 

While connectivity (or social network density) is an important component of the vulnerability of 81 

a group or population to an infectious disease outbreak [10], other aspects of social network 82 

structure such as the transitivity of social connections (the tendency of an individual’s 83 

connections to also be connected to each other) and modularity (division of the network into a set 84 

of social communities) can also shape how pathogens spread [9]. Consequently, testing whether 85 

being more socially selective with age can protect older individuals from infectious disease costs 86 

requires the use of epidemiological network models [39,40]. 87 

Rhesus macaques (Macaca mulatta) offer an excellent system in which to test this 88 

question. They live in matrilineal multi-male multi-female social groups [41] where the social 89 

relationships that individuals form have important effects on their fitness [8,20,42,43]. A long-90 

term study of a free-ranging population of rhesus macaques on Cayo Santiago Island, Puerto 91 

Rico, has generated a unique long-term dataset encompassing multiple social groups that has 92 

provided important insights into primate social behaviour [44]. Recent research investigating 93 

patterns of social ageing in female rhesus macaques has demonstrated that as females get older 94 

they reduce their number of social connections and spend more time socializing with important 95 

partners (such as kin and partners with strong and stable connections; [21]). These changes 96 

resulted from females approaching fewer partners as they got older, while continuing to spend 97 

the same amount of time socializing, and were not driven by partners dying or avoiding them. 98 
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This study provides one of the few examples in non-human animals where active reductions in 99 

sociality with age have been distinguished from more passive processes such as declines in social 100 

engagement driven by the loss of social partners, declining social motivation, or impaired 101 

physical ability to engage [21]. The results suggest that age-based reductions in an individual’s 102 

number of social partners might enable individuals to cope with the physiological alterations or 103 

limitations that come with age, such as immunosenescence. Female macaques also show changes 104 

in their indirect connectedness (connections to partners of their social partners) with age, with 105 

measures of both betweenness (bridging capacity) and closeness (ability to reach others or be 106 

reached in the network) declining as females get older [25]. In addition to showing clear patterns 107 

of social ageing, rhesus macaques are a powerful system to explore the intersection of social 108 

ageing and disease risk because they are popular biomedical models of human health and ageing 109 

[45–47] and are frequently used as a model species in studies of infection biology, thereby 110 

providing information on the types of pathogen they are susceptible to [45] and how costs of 111 

infection vary with age [48–51]. The fact that the observed patterns of social ageing in macaques 112 

closely resemble those observed in human populations [21], combined with the similarity 113 

between macaques and humans in patterns of immunosenescence [45,47,52] and susceptibility to 114 

pathogens (such as SARS-CoV-2 [53,54]) makes this a uniquely relevant system for 115 

understanding the potential implications of age-based changes in sociality for disease risk in 116 

humans. 117 

Here we combined epidemiological network models of pathogen spread with empirical 118 

data on social ageing from a population of free-ranging rhesus macaques. Using susceptible-119 

infected-susceptible (SIS) models of the spread of a hypothetical directly-transmitted pathogen 120 

(e.g. respiratory virus) across 23 real-world rhesus macaque social networks, we hypothesised 121 

that lower social connectivity of older individuals [21] would protect them from accumulated 122 

infection costs of an endemic (constantly present) pathogen. Specifically, we quantified how age-123 

based variation in three measures of social centrality - degree (number of partners), strength 124 

(amount of time spent socializing) and closeness (capacity to reach or be reached in the network) 125 

influenced infection costs with age. Our choice of social metrics was based on prior knowledge 126 

that individuals in this system show within-individual declines in both degree and closeness with 127 

age, but not in strength [21,25]. We explored the effects of strength given it is a measure of 128 

social connectivity that is well-known to have important consequences for disease transmission 129 
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[30]. We assessed how an individual’s accumulated costs of infection in each simulation were 130 

influenced by their age and the aforementioned network measures of social connection.  131 

We predicted that, (1) across all measures of social centrality, the cost of infection would 132 

decrease with reduced social connectedness in an age-dependent manner, such that for older 133 

individuals it would be much less costly to have lower connectedness in the social network 134 

compared with younger individuals where the benefits of having lower connectedness would be 135 

more moderate. Next, we predicted that (2) most of the decrease in infection cost associated with 136 

social ageing would be driven by older individuals having lower degree and closeness since 137 

strength was not expected to change with age in this population. We further predicted that (3) 138 

social ageing would provide the greatest benefit, in terms of reducing infection cost, when 139 

immunosenescence, and therefore infection cost with age, was greatest. To assess this we 140 

explored the extent to which these social variables influenced infection cost across a range of 141 

pathogen transmissibilities and under conditions where we varied different components of 142 

immunosenescence, including how susceptibility to (likelihood of acquiring infection), as well as 143 

severity (per timestep cost of infection) and duration of infection changed with age. 144 

 For the sake of clarity and brevity, throughout the manuscript we refer to this reduction 145 

in infection cost that is the result of older individuals having lower social connectivity as the 146 

‘protective effect of social ageing’ although our analyses are at the population level rather than 147 

being exclusively within-individual, and this interpretation therefore warrants caution. However, 148 

given that our previous results [21,25] have shown that age-based differences in sociality are 149 

driven by within-individual changes rather than between individual differences (at least for 150 

degree and closeness), it is appropriate to assume that population level trends are the result of 151 

within-individual processes [55,56]. Our models are the first to explicitly test whether reduced 152 

social connectivity among older individuals is sufficient to buffer against infectious disease costs 153 

in a free-ranging population.  154 

 155 

Methods 156 

Study System 157 

We studied a population of rhesus macaques on the island of Cayo Santiago off the southeast 158 

coast of Puerto Rico. This population was first introduced to the island in 1938 from India and 159 

currently consists of ~ 1800 individuals living in 12 mixed-sex social groups. The population is 160 
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maintained by the Caribbean Primate Research Center, which is responsible for monitoring the 161 

population daily and collecting data on births, deaths, and social group membership. The animals 162 

are food supplemented and provided ad libitum access to fresh water. The island is predator free 163 

and there is no veterinary intervention for sick or wounded animals, meaning that the majority of 164 

deaths on the island are from natural causes such as illness and injury [8].  165 

For this study we focused on adult female rhesus macaques (aged 6 years and older) from 166 

six social groups that have been studied intensively between 2010 and 2022 and therefore for 167 

which we had detailed behavioural data to build social networks. In total we used behavioural 168 

data collected from twenty-three different group years (group F 2010-2017, group HH 2014 & 169 

2016, group KK 2013, 2015 & 2017, group R 2015 & 2016, group S 2011 & 2019, group V 170 

2015-2017, 2019, 2021-2022). For these analyses we excluded data collected in 2018 and 2020 171 

because Hurricane Maria and the COVID-19 pandemic, respectively, precluded use of our 172 

typical protocol to collect behavioural data. In total this resulted in 1176 macaque-years of data 173 

from 410 unique females whose ages ranged from 6-28 years old (mean = 11.2; see Fig. S1). We 174 

collected behavioural data between 07:30 - 14:00, which are the working hours of the field 175 

station. Behavioural data were collected using 10-min (20 group years) or 5-min (3 group years) 176 

focal animal samples, where all behaviours were recorded continuously. We stratified sampling 177 

to ensure balanced data collection on individuals throughout the day and over the course of the 178 

year. Given that previous research in this system has shown that there are clear age-based 179 

changes in grooming associations among female macaques [21,25], in addition to the fact that 180 

behaviours with prolonged contact (such as grooming) are known to be highly relevant for 181 

parasite transmission [57–62], we focused specifically on grooming interactions to build our 182 

social networks (see below). During focal observations, we recorded the duration of the 183 

grooming bout as well as the identity of the monkeys and the direction of the grooming 184 

behaviour (give or receive). Grooming bouts had to be at least 5 seconds long to be recorded and 185 

a new bout of grooming was recorded if the identity of the monkeys or direction of grooming 186 

changed or there was at least a 15 second pause in grooming behaviour. These thresholds are 187 

based on long-term expert knowledge of the study system and have been used since 2010 in the 188 

collection of grooming interactions. We focused our study on adult females because the age-189 

based changes in sociality previously demonstrated in this system were for female networks that 190 

excluded interactions with males and juveniles or subadults of either sex [21,25]. Focusing on 191 
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female-female interactions also allowed us to isolate how changes in cooperative interactions 192 

with age influence disease transmission outside of age-based changes in socio-sexual behaviour. 193 

This is because females’ interactions with males are likely to capture both cooperative 194 

interactions as well as reproductive behaviours, making it difficult to parse age-based changes in 195 

cooperation from age-based changes in reproduction.  196 

 197 

Social network construction 198 

We constructed grooming networks for 23 group years (6 groups across 12 years; mean = 3.8, 199 

range = 2-8 years per group). In these networks, nodes represent individuals and edges represent 200 

the undirected rate of grooming between a pair of individuals (number of grooming bouts/total 201 

number of focals of both individuals). Although we have data on both grooming given and 202 

received, here grooming serves as a proxy for time spent in close contact. We expected that the 203 

total amount of time and number of partners with which an individual spent time in close contact 204 

was likely to be most relevant for infection risk from a hypothetical directly-transmissible 205 

pathogen, regardless of directionality. Because our social networks were constructed from 206 

observational data, which represent a sample of the interactions between individuals, we used the 207 

R package bisonR [63] to estimate uncertainty in the quantified edge weights based on sampling 208 

effort. Explicitly incorporating uncertainty around the observed social network allows us to 209 

account for how well the estimated network represents the true underlying latent network and 210 

therefore confirm the robustness of our modelling results to sampling effects. For example, 211 

typical network approaches would assign an edge weight of 0.5 both for a dyad that had been 212 

seen together once and apart once as well for a dyad that had been seen together 100 times and 213 

apart 100 times, despite the fact that our certainty about the edge weight of the second dyad is 214 

much greater than the first [64]. By generating a distribution of possible networks from the 215 

observed data rather than a single network, BISoN (Bayesian Inference of Social Networks) 216 

allows us to account for this uncertainty, which can drastically affect the performance of 217 

statistical models [64]. Specifically, for each group year we fitted a Bayesian ‘edge model’ with 218 

a count conjugate prior to our observed network data, which returns a posterior distribution of 219 

edge weights for each dyad in our network rather than a point estimate (for more information see 220 

[64,65]). We extracted 1000 draws from this posterior distribution and used these draws as the 221 

social networks over which we modelled pathogen spread. From each BISoN network we 222 
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calculated three different social centrality measures for each individual: strength (weighted sum 223 

of an individual’s social connections); closeness (the inverse of the mean weighted path length 224 

from each individual to all others in the network); and degree centrality (the number of social 225 

connections each individual has). All three measures were chosen because they have well-226 

established and important consequences for pathogen transmission [30,66–68], and degree and 227 

closeness are known to decline with age in this system [25,69]. BISoN model outputs include 228 

only non-zero edge weights because even though a particular dyad may never have been seen 229 

interacting, BISoN naturally accounts for the possibility that those individuals may have 230 

interacted in a future sample and so computes uncertainty for all edge weights [64]. Therefore, in 231 

order to calculate degree centrality, we set a threshold at which individuals were deemed to have 232 

a social connection or not. As females age, they lose their weakest social connections first. To 233 

best capture this change, and ensure that our measure of degree was as independent of strength as 234 

possible, we set our threshold using the minimum empirical observed non-zero edge weight for 235 

each group-year (mean = 0.017; range = 0.008 - 0.027). We therefore calculated degree centrality 236 

by counting all edges in each BISoN network that were equal to or greater than this minimum 237 

edge weight in the observed network for each group-year. 238 

 239 

Epidemiological model 240 

Overview 241 

We modelled SIS (susceptible-infected-susceptible) epidemiological dynamics to simulate the 242 

spread of a hypothetical, directly-transmitted endemic pathogen by close contact through our 243 

social networks (e.g., a respiratory virus). In our modelling framework individuals could either 244 

be susceptible (S) or infected (I), thus we assumed that individuals retained no immunity from 245 

previous infections. In a baseline (‘control’) version of the model, the probability of infection 246 

depended on interaction strength in the grooming network (parameter: si; more grooming = 247 

higher transmission probability), individuals were then infected for 5 time-steps (parameter: di) 248 

and accumulated 1 unit cost per time step that they were infected (i.e., baseline per time step cost 249 

- parameter: ci). While our per time step cost value was arbitrary, we were interested in the 250 

relative differences between individuals rather than the absolute values of this parameter as our 251 

goal was to compare infection cost between individuals of different ages and social centralities. 252 

As a result, the exact value of this cost parameter was not important. In total, the model ran for 253 
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500 time-steps allowing individuals to be infected multiple times within each simulation. We 254 

quantified their total cost of infection during a simulation. We then ran additional iterations of 255 

the model where we allowed for immunosenescence in three different individual characteristics 256 

(infection susceptibility, infection duration and infection severity) based on previous evidence 257 

showing immune dysregulation and delayed response to infection in older rhesus macaques 258 

([49,52,70]; see also Supplementary Methods). To examine how immunosenescence may impact 259 

how changes in social centrality with age influence accumulated disease costs, we included 260 

parameters that allowed us to increase susceptibility to infection (likelihood of acquiring 261 

infection; parameter: ai), duration of infection (parameter: adi) and severity of infection (per 262 

timestep cost of infection; parameter: aci) linearly with age. We simulated pathogen spread 263 

across different combinations of these model parameterisations to provide data linking infection 264 

cost to age and social network centrality.  265 

 266 

Model details 267 

We used a stochastic, discrete time implementation of the SIS model. Individuals could either be 268 

susceptible (S) or infected (I). (The model code also includes a recovered state (R) but we set its 269 

duration to 0 for this analysis so that individuals transitioned immediately from infected back to 270 

susceptible). Individuals stayed in a susceptible state until they interacted with an infected 271 

individual. For each interaction with an infected individual, a susceptible individual had a 272 

probability of transitioning into the infected state of 273 

 274 

������,� � ��� 	 
��� � ��,�  

 275 

where ������,� is the probability of transmission from individual j to individual i, si is a baseline 276 

transmission probability, ���  is the age effect on susceptibility to infection and ��,�  is the 277 

(undirected) edge weight between i and j in the grooming network. The ���  term allowed us to 278 

either assume that the probability of infection was homogeneous for every individual (when set 279 

to a constant value) or that the probability of infection changed approximately linearly with age 280 

so that immunosenescent individuals were more susceptible to infection. ��,� allowed the 281 

probability of transmission to depend on how often pairs of animals groomed one another, with 282 

this relationship assumed to be linear. 283 
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 284 

Once an individual is infected, the cost of each infection was calculated as 285 

 286 


��� � ��� 	 
���� � ��� 	 
���� 

 287 

where di is the baseline duration of infection (set at 5 time steps for this analysis) before 288 

returning to the susceptible (S) state, adi is the age effect on infection duration that allows a 289 

linear increase in infection duration with age (to a maximum of 15 time steps), ci is the baseline 290 

per time step cost of infection (set at 1 for this analysis) and aci is the age effect on infection 291 

severity that allows a linear increase in infection severity per time step with age (to a maximum 292 

of 3). 293 

 294 

Model Parameterisation 295 

We ran in total 24 combinations of parameters (24 models, Table S1). In all versions of the 296 

model, we fixed the parameters �� � 5 (baseline infection duration; considered representative of 297 

a typical respiratory infection if a time step is considered to be a day [48,71]; see also 298 

Supplementary Methods), �� � 0 (baseline duration of recovered period; set to zero to model 299 

SIS epidemiological dynamics), 	� � 1 (arbitrary). We also used a correction such that 300 

���������,� � ���
�
��,�
�.� to facilitate the calculation of the transmission probability per edge 301 

by slightly increasing the importance of weak connections for transmission dynamics. We varied 302 

the parameters si (baseline transmission probability), ai (age-based susceptibility to infection), 303 

adi (age-based duration of infection) and aci (age-based severity of infection). 304 

● We varied si to have low (0.45), medium (0.6) and high (0.75) transmissibility values. 305 

These values were selected so that equilibrium pathogen prevalence equated to a basic 306 

reproductive ratio (R0) of approximately 1-1.5, 1.5-2 and 2-3 respectively (the R0 varied 307 

considerably between groups). R0 was estimated using the approximation R0 = 1/(1-308 

prevalence), where prevalence corresponded to the proportion of infected individuals in a 309 

group. 310 

● We varied ai, adi and aci to either be independent of age (no age effect) or increase 311 

linearly with age (age effect). adi had a maximum value of 10 so that the duration of 312 

infection was between 5 (for the youngest) and 15 (for the oldest) time steps, and aci had 313 
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a maximum value of 2 so that the per time step cost of infection was between 1 (for the 314 

youngest) and 3 (for the oldest). All values of adi were rounded to the nearest whole 315 

number. 316 

  317 

Simulations contained all possible combinations of ai, adi and aci being ‘on’ (linear age effect) 318 

or ‘off’ (no age effect) resulting in 8 possible parameterisations for each transmission 319 

probability, and 24 parameter combinations in total (see Table S1).   320 

 321 

Simulations 322 

Each simulation run consisted of applying the epidemiological model to a given draw from a 323 

BISoN generated posterior (a weighted network) for 500 time steps. We applied each 324 

parametrisation of the model to each network that we generated - 1000 BISoN posterior 325 

networks from each of the 23 group-years (23,000 networks x 24 parameterisations) - resulting 326 

in 552,000 simulation runs in total. From each simulation run we calculated the total cost of 327 

infection across the whole time period for each individual. Total individual infection costs were 328 

collated together with individual data and measures of social network centrality (see Social 329 

Network Construction) for subsequent analyses. 330 

 331 

Analysis 332 

We used linear mixed effects models (Gaussian error distribution) to summarise the outputs from 333 

our epidemiological models (nb. we focus on effect size estimates rather than p-values here as 334 

our aim is description rather than inference). We fitted three different linear mixed effects 335 

models to understand the relationship between age and sociality on infection cost. For all models 336 

we used the same random effect structure, fitting group-year, individual ID and combined group-337 

year and simulation number as random intercepts. We first fitted a model with age as the only 338 

continuous fixed effect (model 1) to assess how infection cost changed with age under different 339 

model parameterisations (i.e., combinations of transmission probabilities and 340 

immunosenescence). We then fitted a model with age, degree, strength, and closeness as fixed 341 

effects (model 2) to assess whether the effect of age on infection cost was in part being buffered 342 

by social variation across ages. We standardized (z-scored) these three measures of social 343 

centrality within group-year and included them as categorical variables in the model to improve 344 
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fit. We defined 5 categories for each social centrality measure (degree, strength and closeness) as 345 

follows: < -1.5 = very low, -1.5 to -0.5 = low; -0.5 to 0.5 = average; 0.5 to 1.5 = high; >1.5 = 346 

very high.  The estimate of age in model 1 represents the effect of age on infection cost that 347 

incorporates any effects of age-related variation in social centrality measures. The estimate of 348 

age in model 2 represents the effect of age that occurs independently of the effects of degree, 349 

strength, and closeness, and therefore represents the effect of age on infection cost in the 350 

“absence” of social effects.  This approach allowed us to calculate the overall protective effect of 351 

social ageing on age-based infection cost by subtracting the age estimate in model 2 from the age 352 

estimate in model 1. If this difference was negative, it would indicate that age-based infection 353 

costs were lower when the social effects were not controlled for, indicating that age-based 354 

variation in social centrality buffers the effects of age on infection cost and therefore has a 355 

protective effect. Finally, we fitted a linear mixed effects model that included an interaction 356 

between age (continuous) and each of the social centrality metrics (categorial) to better 357 

understand how each of the different social metrics contributed to this overall protective effect 358 

(model 3). Fitting an interaction term with each social metric allowed us to assess how the 359 

effects of degree, strength, and closeness on infection cost varied with age.  360 

Our first prediction (see Introduction) was that being less socially central at old ages 361 

would be more beneficial in terms of reducing infection cost than at young ages. To test this 362 

idea, we used the results from model 3 to calculate the reduction in infection cost that resulted 363 

from having “average” rather than “high” social centrality when old (18 years old) versus when 364 

young (8 years old). We chose these ages for our “young” and “old” categories as age 8 reflects 365 

the lower quartile of data and age 18 is the median age of death for females that survive to 366 

reproductive age in this population [20,47]. By including all three social metrics in model 3 we 367 

could also determine their relative effect on infection risk and therefore assess prediction 2 - that 368 

most of the decrease in infection cost associated with social ageing would be driven by older 369 

individuals having lower degree and closeness. Finally, by applying models 1-3 across all 370 

parameter combinations, we tested prediction 3 - that these protective effects of social ageing 371 

would be stronger under conditions where there was greater immunosenescence with age. All 372 

analyses were conducted in R version 4.3.1 and modelling was conducted in R version 4.1.1. 373 

 374 

 375 
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376 

Figure 1. Predicted age and social centrality effects on accumulated infectious disease costs in 377 

our simulation results. Effect of age on infection cost at A) high transmissibility, C) medium 378 

transmissibility and E) low transmissibility. Across all transmissibilities, infection costs decrease 379 

slightly with age with no immunosenescence or immunosenescence only in infection 380 

susceptibility, but otherwise increase with age. Points in panel A, C, E represent a random 381 

sample of simulation data. Infection costs are higher for individuals with B) higher degree, D) 382 

higher strength and F) higher closeness. Transmission probability is represented by point size in 383 

B, D, F. In all panels, colour represents the combination of immunosenescent effects included.  384 

3 

 

se 
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Results 385 

Cost of infection increases with increased social centrality 386 

 On average, there were 51 females in each network (range: 19-73 females) and 169 387 

grooming bouts per network (range: 33-392 bouts). Average network degree, strength and 388 

closeness centrality were 9.60 (range: 5.46 - 14.26), 0.62 (range: 0.40 - 0.88), 0.0008 (range: 389 

0.0003 - 0.0025), respectively. All social centrality metrics were weakly to moderately correlated 390 

(see Table S2). Each of the three social centrality measures had independent, positive effects on 391 

infection cost under all parameter combinations (Fig. 1B,D,F). The effects of strength and 392 

closeness on disease cost were particularly strong (Fig. 1D,F), while the effects of degree were 393 

more moderate (Fig. 1B). These results confirmed that more socially central individuals suffer 394 

greater costs of infection. 395 

 396 

In the absence of immunosenescence, lower infection cost in old age is mediated through 397 

lower social connectedness  398 

  Under conditions with no immunosenescence (no change in susceptibility (ai), severity 399 

(aci), or duration (adi) of infection with age), age had a negative effect on infection cost at all 400 

transmissibilities (high: β = -1.09 +/- 0.25; med: β = -0.86 +/- 0.23; low: β = -0.44 +/- 0.17; Fig. 401 

1A,C,E). This means that, for example, at high transmissibility, each year increase in age results 402 

in a decrease in 1 cost unit, equating to a reduction of 22 cost units or 4.4 infections between the 403 

ages of 6 (our minimum age) and 28 (our maximum age). At the population level, all three 404 

sociality measures were negatively correlated with age in our data (degree: r = -0.11; strength: r 405 

= -0.13; closeness: r = -0.12; all p < 0.001; Fig. S2).  When we included these social centrality 406 

measures in the model with age (model 2), the age estimate became less negative (high: β = -0.26 407 

+/- 0.06; med: β = -0.07 +/- 0.05; low: β = 0.20 +/- 0.07) compared to the age estimate in a 408 

model with just age (model 1). This indicates that most of the variation that was explained by age 409 

in model 1, is now explained by sociality in model 2, suggesting that lower social centrality 410 

among older individuals is responsible for a substantial part of the reduction in infection cost 411 

with age. For example, at high transmissibility, the protective effect of our three measures of 412 

social centrality (i.e., the difference between the age estimate in models 1 and 2) was estimated 413 

to be -0.83 (-1.09 - -0.26), meaning that age-based variation in strength, closeness and degree 414 

were expected to account for a reduction in 0.83 cost units per year of age, which translates to a 415 

reduction of about 3.7 infections between individuals of the minimum and maximum ages in our 416 
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study (Fig. 2A).  We found that this protective effect of social ageing was greatest at medium 417 

and high transmissibility and somewhat less prominent at low transmissibility (Fig. 2A).  418 

 419 

Figure 2. The protective effect of social ageing, measured as the difference in the age estimate 420 

between model 1 (without social covariates) and model 2 (with social covariates).  A more 421 

negative protective effect indicates that the effect of age on infection cost was lower when social 422 

centrality measures were not included in the model (model 1), compared to when they were 423 

included (model 2). Therefore, the stronger the negative effect, the more variation in infection 424 

cost was explained by age-related differences in sociality. Results show the protective effect of 425 

social ageing: A) across different transmission probabilities when there is no 426 

immunosenescence, and B-D) across each (independent) form of immunosenescence (none, 427 

susceptibility, severity, duration) at each transmission probability (high, medium, low). 428 

5 
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The protective effects of lower social connectedness in old age depend on epidemiological 429 

characteristics  430 

As expected, linear increases in susceptibility, severity, and duration of infection with age 431 

led to infection cost increasing with age, although the strength of this effect depended on the 432 

specific combination of parameters in the model (Fig. 1A,C,E). The one exception was when 433 

there was only an increase in susceptibility with age, changes in infection cost were similar to 434 

those when there was no immunosenescence (Fig. 1A,C,E). In line with prediction 3, the 435 

protective effects associated with social ageing tended to get stronger when there was 436 

immunosenescence, but this was not always true as it depended on the type of 437 

immunosenescence (e.g., whether there were changes in susceptibility, severity, or duration of 438 

infection with age) as well as the transmissibility of the pathogen (Fig. 2 & Fig. S3). The 439 

protective effects of social ageing were greatest under conditions where there was an increase in 440 

infection severity with age, across transmissibilities (Fig. 2B-D). For example, under high 441 

transmissibility, when there was an increase in severity with age, the estimate for age in model 1 442 

(just age) was 20.9 while the estimate for age in model 2 (age + sociality) was 22.1. The 443 

protective effect was therefore -1.2 meaning that social ageing reduced infection cost by 1.2 units 444 

for each year of increase in age. When there were age-based increases in susceptibility, on the 445 

other hand, age-associated differences in sociality provided no additional protective effects 446 

relative to baseline (i.e., no immunosenescence; Fig. 2B-D). When there were changes in 447 

duration of infection with age, the protective effect of social ageing was more complex and 448 

depended on the pathogen transmissibility. Relative to when there was no immunosenescence, 449 

when transmissibility was low and duration of infection increased with age, social ageing 450 

provided more of a protective effect. However, when transmissibility was medium or high and 451 

duration increased with age, social ageing provided no additional protective effect compared to 452 

baseline. Our results therefore suggest that age-based changes in sociality are likely to provide 453 

the greatest benefit when there are increases in the severity or duration of infection with age, or a 454 

combination thereof (for a full breakdown of the protective effects across all parameter 455 

combinations see Fig. S3). 456 

Old individuals benefit most from having lower strength and closeness 457 

 When considering interactions between age and each of the social metrics (model 3), the 458 

reduction in infection cost associated with lower social centrality in old age came primarily from 459 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 22, 2024. ; https://doi.org/10.1101/2024.03.09.584237doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.09.584237
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

17 

 

having lower strength and closeness, which ran somewhat contrary to our expectations (see 460 

prediction 2 above). Strength and closeness showed clear sociality-age interactions whereby 461 

having “average” strength rather than “high” strength when old (18 years) resulted in a 462 

substantially greater decrease in infection cost than having “average” strength rather than “high” 463 

strength when young (8 years) (Fig. 3). For example, under high pathogen transmissibility and 464 

increased infection susceptibility and severity with age, having average rather than high strength 465 

when young decreased infection cost by 21.6 units (equivalent to 4.3 infections for a young 466 

individual), while having average rather than high strength when old decreased infection cost by 467 

almost double this amount (39.0 units; 7.8 infections for a young individual) (Fig. 3B,H). 468 

Similarly, having lower closeness when young reduced infection cost by 10.0 units (2 469 

infections), while having lower closeness when old reduced infection cost by 19.6 units (3.9 470 

infections) (Fig 3C,H). This supported our prediction that lower connectedness would be more 471 

beneficial at old than young ages (see prediction 1 above). However, contrary to our second 472 

prediction, lower degree had little to no protective effect, meaning that having “average” degree 473 

instead of “high” degree was no more beneficial when old than when young. Following on from 474 

the example above, lower degree when young decreased infection cost by 3.9 units and when old 475 

by 3.8 units (Fig. 3A,H). In fact, in some cases having fewer social partners for a given strength 476 

and closeness centrality seemed to reduce infection cost more at young ages than at old ages 477 

(Fig. 3F,H). In line with the results described above, the reduction in infection cost associated 478 

with having lower strength or closeness when older was dependent on pathogen transmissibility 479 

and on the type of immunosenescence. The reduction in infection cost at old ages compared to 480 

young ages was most pronounced when there were age-based increases in infection severity (Fig. 481 

3F,H,J,K). This reduction was somewhat dampened when there were also changes in duration of 482 

infection with age (Fig. 3J,K), especially at high/medium transmissibility. When there were 483 

changes in infection duration with age but no changes in infection severity, lower values of 484 

closeness at old ages were no more beneficial than at young ages, except when pathogen 485 

transmissibility was low (Fig. 3G,I). Under this parameter combination, having lower strength 486 

was actually more beneficial at young ages than at old ages (Fig. 3G,I). Generally, these findings 487 

align well with the results described above, suggesting that having lower values of social 488 

centrality when old is less protective when there are increases in infection duration with age and 489 

transmissibility is high. We explored the robustness of these patterns by also looking at the 490 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 22, 2024. ; https://doi.org/10.1101/2024.03.09.584237doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.09.584237
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

18

 

difference in infection cost when an individual had “average” social centrality versus “low” 491 

social centrality and comparing this at young and old ages. We found the patterns highly 492 

comparable to those described above (see Fig. S4).  493 

 494 

495 

Figure 3. An illustration of how social network centrality and age interact to determine 496 

accumulated infection costs. A-C) Predicted age effects on infection costs separated by social 497 

centrality category for A) degree, B) strength and C) closeness centrality. Results shown for a 498 

specific parameter combination where pathogen transmissibility is high and infection 499 

susceptibility and severity show linear increases with age. Points represent a random sample of 500 

simulation data. D-K) The change in infection cost for an individual moving from high social 501 

centrality to average social centrality when old (18 years; blue points) versus when young (8 502 

years old; green points), for each social centrality measure. Different panels (labelled) show 503 

8 
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results for different combinations of immunosenescence and point size represents transmission 504 

probability. Similar results for a change from average to low centrality are shown in the 505 

Supplementary Materials. 506 

 507 

Discussion 508 

Our model results suggest that social ageing in rhesus macaques (i.e., lower social 509 

centrality in older individuals) is associated with reduced costs accrued from socially transmitted 510 

infections. We found that infectious disease cost was strongly positively associated with the 511 

network centrality of an individual, as would be expected. Specifically, we found that strength 512 

and closeness centrality had strong, independent effects on the overall cost of infection, while the 513 

effects of degree on infection cost were more moderate. Given the probability of infection in our 514 

model depends on edge weight, the importance of strength on overall cost of infection was 515 

expected but nevertheless reflects the widespread importance of strength in explaining infection 516 

risk in free-living populations [30]. Under conditions with no immunosenescence (no increases 517 

in infection susceptibility, severity, or duration with age) older individuals accrued a lower cost 518 

of infection compared to younger individuals across all transmissibilities modelled, with the 519 

benefits peaking for pathogens with intermediate-high transmission probabilities. These lower 520 

costs of infection were driven by age-associated differences in social centrality, as all three social 521 

centrality metrics were negatively correlated with age and including centrality measures within 522 

the same model resulted in the protective effect largely disappearing. When we included (linear) 523 

immunosenescence we were able to show that having lower social centrality had a much greater 524 

benefit for older than younger individuals, with this effect strongest when the severity of 525 

infection increased with age. 526 

 527 

The protective effect of lower social centrality on infection risk in older individuals 528 

We found that older individuals accrued lower disease costs than younger individuals in 529 

the absence of immunosenescence. Given previously documented within-individual declines in 530 

closeness centrality and degree with age [21,25], we anticipated that this protective effect would 531 

be driven by age-based differences in social centrality, which our results support. Our analyses, 532 

however, were not explicitly longitudinal, meaning that we cannot fully rule out selective 533 

disappearance of more central individuals partly explaining these results. It is possible that the 534 
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high infectious disease risk associated with being more socially central leads these individuals to 535 

die earlier. However, given that social centrality is associated with survival in this population 536 

[8,20,42], it seems likely that longitudinal changes in social network position reduce older 537 

individual’s exposure to infection. This is likely to be particularly true for degree and closeness 538 

for which we have clear evidence that population level differences are driven by within-539 

individual changes with age [21,25]. The fact that strength was negatively correlated with age 540 

and contributed substantially to the protective effect provided by social ageing was surprising 541 

given that previous analyses in this study system have found a non-significant (although weakly 542 

negative) relationship between age and strength both within and between individuals [21]. 543 

However, it is possible that, combined, this weakly negative relationship at both the within and 544 

between-individual level results in a more substantial population-level decline in strength with 545 

age, which we detect in our analyses. It is also possible that the inclusion of more data than 546 

previous analyses has enabled us to detect change in strength with age not previously evident.  547 

  Overall, we found the protective effect of social ageing to be strongest for pathogens with 548 

intermediate-high transmissibility and weaker for less transmissible pathogens. That is, the 549 

reduction in infection costs with age (in the absence of immunosenescence) was highest when 550 

transmissibility was high and pathogen prevalence (i.e., proportion of infected individuals in the 551 

group) within groups was therefore relatively high (>30% or more), with a weaker reduction 552 

when transmissibility, and therefore pathogen prevalence, in groups was low. There are a variety 553 

of pathogens that are transmitted via direct contact, and which vary in their level of 554 

transmissibility, which could be represented by our model. For example, Shigella (a bacterial 555 

pathogen) is transmissible by close contact in macaques [62] and has spread very rapidly through 556 

the Cayo Santiago macaque population previously [72]. Additionally, macaques are known to be 557 

infected by a range of respiratory viruses (e.g, coronaviruses, influenza viruses), which will 558 

likely fall across the range of transmissibilities considered in our study (see Supplementary 559 

Methods), suggesting our findings are likely to be highly relevant for real-world pathogens.   560 

 561 

Immunosenescence enhances the protective effect of lower social centrality in older 562 

individuals       563 

 When adding immunosenescence to our models, we found that the protective effects of 564 

social ageing were generally stronger than under conditions with no immunosenescence. Overall, 565 
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we found that lower levels of social centrality at old ages led to the most substantial reductions in 566 

infection costs when infection severity increased with age. If we instead considered conditions 567 

where infection duration increased with age, then the protective effects of social ageing 568 

depended on pathogen transmissibility. That is, lower connectivity at older ages was more 569 

important for decreasing disease costs at low compared to high transmissibility when infection 570 

duration increased with age. These results can be explained intuitively based on the 571 

epidemiological dynamics of high versus low pathogen transmissibility within an SIS model. 572 

When transmissibility, and therefore (in our model) prevalence is very high, individuals will 573 

typically be re-infected very quickly once they recover [73], meaning that the duration of each 574 

infection is less important to overall disease cost. However, when transmissibility, and therefore 575 

prevalence, is low it may take a while for an individual to be re-infected once it recovers from 576 

infection. As a result of this reduced frequency of infection, the fact that each infection lasts 577 

longer is disproportionately costly. Therefore, having lower social centrality when old relative to 578 

when young under this low transmissibility scenario has a more substantial protective effect. 579 

When we looked at conditions where infection susceptibility increased with age, we found that 580 

older individuals gained very little protective effect from having lower social connectivity 581 

relative to younger individuals.  582 

It should be noted that comparisons of the relative importance of age-related changes in 583 

susceptibility, severity and duration for disease cost are limited somewhat by how their relative 584 

effects match (e.g., infection severity can be 3 times higher for our oldest compared with our 585 

youngest individual, while the difference caused by changes in susceptibility is between 1.33 and 586 

1.56 times depending on the baseline transmission probability). These differences arise because 587 

parameters were chosen to be reflective of a reasonable parameter space for many respiratory 588 

infections rather than specifically for comparisons of relative effects. Despite this limitation, we 589 

can still draw some general conclusions. When pathogen transmissibility is high, most of the 590 

age-based differences in accumulated disease cost are driven by increases in the severity of 591 

infection with age, while increases in infection susceptibility or duration with age increase age-592 

based infection cost only minimally. When pathogen transmissibility is lower, age-related 593 

changes in infection duration become relatively more important for age-based infection costs, 594 

although changes to severity still dominate. Generally, this suggests that age-based differences in 595 

social centrality are most likely when there are increases in severity of infection with age. In the 596 
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case of a pathogen with low transmissibility, increases in duration of infection with age might 597 

also result in social declines. 598 

 599 

Social trade-offs in old age and the role of infectious disease 600 

  The measures of social centrality that were most important for cost of infection in older 601 

individuals were not exclusively those known to change within-individuals as they age, 602 

indicating that there may be potentially important social trade-offs. We found that, in general, 603 

older individuals would benefit most from having lower strength followed by lower closeness 604 

centrality, with lower values of degree having smaller and less consistent effects on infection 605 

risk. When we contrast this with observed within-individual changes in social centrality [21,25], 606 

it is noteworthy that individuals in this population show behavioural changes with age that 607 

reduce both their degree and closeness centrality but not their strength. Although here we have 608 

shown that strength is negatively correlated with age it remains unclear whether this negative 609 

relationship is driven by within-individual changes or between-individual differences because of 610 

selective disappearance or differences between cohorts. Strength to top partners has a positive 611 

link to health and survival in rhesus macaques [42] and diverse group-living species [1]. 612 

Therefore, it seems possible that while having lower strength may be the most effective way for 613 

older animals to cut infectious disease risk, the costs of doing so may be high, and preserving 614 

strong social relationships may itself be an important form of social buffering that can protect 615 

against infectious disease ([74]; see Limitations section below). By maintaining strong social 616 

connections and avoiding interactions with less familiar or new social partners [21,25] 617 

individuals can instead reduce other aspects of their social centrality (e.g., closeness) that also 618 

reduce infectious disease costs but which are less strongly associated with other aspects of health 619 

and fitness. In this way, older individuals may still reap the benefits of social relationships while 620 

minimizing the risks of infection [35].  621 

While, to date, most research on social ageing has focused on age-based differences in 622 

direct connectedness (cf. [23,25,26]), measures of “flow” through a network, as captured through 623 

indirect metrics, can also be highly relevant for pathogen transmission [30]. Our previous work 624 

has shown that by changing simple behavioural rules (in this case, reassociating with the same 625 

partners and mixing less widely with the broader network) ageing individuals can facilitate 626 

changes in both their direct connectedness (i.e. degree) and their indirect connectedness (i.e. 627 
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closeness) [25]. Here we have seen that it is the effects of these age-based behavioural changes 628 

on closeness which are particularly beneficial, relative to the effects on degree, for mitigating 629 

infection risk. Furthering our understanding of the intersection between social ageing and 630 

infectious disease therefore necessitates deepening our understanding of how behavioural 631 

changes with age facilitate changes not only in direct connectedness but also changes in 632 

connectedness to the wider network. 633 

 634 

Potential implications for the evolution of social ageing  635 

While our results suggest that individuals could benefit from reduced infectious disease 636 

risk by reducing their social networks in old age [21,25], more work is required before we can 637 

say that social ageing is adaptive. While, it is appealing to consider that social ageing might be 638 

an evolved strategy to counteract declines in immunity and associated increases in disease 639 

burden in later life, the strength of selection on a trait will typically decline with age [75,76]. 640 

This has two implications for the evolution of social ageing in response to infectious disease risk. 641 

First, it means that when social network centrality influences fitness we would expect social 642 

behaviour to senesce as a result of weakening selection in later life [75], independent of any late-643 

life benefits of reduced social centrality. This expected decline could even be enhanced in rhesus 644 

macaques where positive effects of social relationships on survival are reduced for older 645 

individuals [20]. Second, under most conditions the declining strength of selection with age 646 

makes it less likely that social ageing could have evolved to reduce the costs attributed to 647 

infection late in life when immunosenescence increases the risk and severity of infections [35]. 648 

However, substantial immunosenescence at ages where individuals still have some reproductive 649 

value could cause infectious disease to influence social ageing. It may be in these cases that 650 

observed patterns of social ageing are a plastic response that can be selected for to mitigate rapid 651 

declines in immune performance with age. Additionally, predictions related to the strength and 652 

direction of demographic selection at old ages can depend on assumptions about density-653 

dependent population regulation [77–79], and it is not immediately clear where mortality related 654 

to infectious disease fits in this context. Therefore, any selection acting on age-related changes in 655 

social behaviour are likely to be highly context dependent and may change depending on which 656 

aspects of sociality predict fitness earlier in life too. Expanding theory to integrate age-related 657 
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changes in social behaviour within existing evolutionary models of age-dependent mortality and 658 

senescence will be key to better understanding the role of infectious disease in social ageing. 659 

 660 

Limitations 661 

 There are some limitations to our model that should be considered when interpreting our 662 

results and that offer fruitful choices for future work. First, we have considered only directly 663 

transmitted pathogens and focused on SIS (susceptible-infected-susceptible) epidemiological 664 

dynamics. These methodological choices make sense. Directly transmitted pathogens are 665 

widespread threats to human and non-human animal health [80] and their epidemiological 666 

dynamics will be most strongly influenced by social interaction patterns [81]. However, 667 

incorporating indirectly transmitted pathogens may be important if co-infection affects morbidity 668 

[82,83]. We focused on SIS dynamics as this provides a convenient way to model endemic 669 

disease without explicitly incorporating demography or immune dynamics. Future work could 670 

build on ours by testing how the choice of disease model can affect results, or by developing 671 

long-term integrated network-demographic models of disease. 672 

We have also assumed a linear relationship between interaction duration and the 673 

probability of infection. However, for some pathogens with high transmissibility almost any 674 

social contact may be sufficient, while for others only prolonged interactions may allow the 675 

pathogen to spread. These differences would likely mean that the impact of social ageing on 676 

pathogen transmission will depend on the shape of the dose-response curve. For example, we 677 

might predict that social ageing is ineffective against mitigating disease risks for pathogens that 678 

can spread easily via even short duration proximity. While social relationships are known to 679 

expose individuals to disease risk, they can simultaneously help individuals cope with infections 680 

once acquired [74,84]. We have not explicitly modeled these ‘social support effects’, which we 681 

may expect to play a role in macaques [74]. In general, we would expect the greatest social 682 

support effects from an individual’s strongest social relationships [42,85,86], which may amplify 683 

any protective effects of social ageing against disease as long these types of relationships are 684 

maintained [21,27]. Existing models have incorporated social support effects into network 685 

models of infectious disease spread [87], and using them explicitly in this context could provide 686 

additional insight.   687 
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Further, while we have focused here on how differences in social behaviour can affect 688 

infection risk we have not considered how the spread of infection can also influence social 689 

behaviour and network structure. In some cases, sickness behaviour and social avoidance of 690 

infected individuals can change an individual’s social interactions (reviewed in [88,89]) 691 

influencing the structure of the network [90]. Given older individuals tend to be more susceptible 692 

to pathogens, lower connectedness with age could be a consequence of, rather than a proactive 693 

response to, infectious disease risk. However, this seems an unlikely explanation of social ageing 694 

in our system given evidence that older females appear to be more selective in their partner 695 

choice rather than arbitrarily decreasing their connectedness as might be expected with sickness 696 

behaviour or being avoided by other individuals [69]). Alternatively, if social selectivity is 697 

selected for by infectious disease costs (see caveats above), then older individuals might actually 698 

be hyper-responsive to cues of infection, leading to greater infection avoidance behaviour with 699 

age. Older individuals’ may also be better able to detect infections in the small number of 700 

individuals they know well and this could enhance avoidance strategies [35]. Ultimately, how 701 

social ageing fits into the co-dynamics of social behaviour and infectious disease spread is likely 702 

to be complex and warrants further research. 703 

 704 

Conclusions 705 

We used epidemiological models to demonstrate that reduced social connectedness in old age 706 

has the potential to provide a protective effect against the accrued costs of endemic infectious 707 

diseases in a free-ranging population of rhesus macaques. By considering the impacts of different 708 

forms of immunosenescence we showed that the benefits of social ageing could vary 709 

considerably depending on the interaction between pathogen traits (transmissibility) and how 710 

changes to an individual’s immune performance manifest in terms of susceptibility, severity and 711 

duration of infection. In addition, the aspects of social centrality that most impacted disease costs 712 

for older individuals were not exclusively those that we know change within-individuals as they 713 

age, highlighting the trade-offs inherent to interacting with others. Although we focused in this 714 

paper on how age-based changes in susceptibility to infectious disease might facilitate social 715 

ageing, the other way that immunosenescence might affect age-based changes in sociality is 716 

through reduced healing ability. Being less able to recover from wounds might impose greater 717 

social costs at old ages leading individuals to alter their social centrality to avoid competitive 718 
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interactions [12]. Generally, understanding how immunosenescence intersects with age-based 719 

variation in sociality remains an open and intriguing question. Our results demonstrate the clear 720 

potential for infectious disease to influence social ageing and point towards the value of 721 

developing new theoretical models that consider the evolutionary dynamics involved. 722 
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