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Abstract 11 

Social relationships are important to many aspects of animals’ lives, and an individual’s connectedness 12 

may change over the course of their lifespan. Currently, it is unclear whether social connectedness 13 

declines with age, and what the underlying mechanisms might be, so the role of age in structuring 14 

animal social systems remains unresolved. Here, we describe senescent declines in social 15 

connectedness using 43 years of data in a wild, individually-monitored population of a long-lived 16 

mammal (European red deer, Cervus elaphus). Applying a series of spatial and social network 17 

analyses, we demonstrate that these declines likely occur due to a combination of within-individual 18 

changes in social behaviour and altered spatial behaviour (smaller home ranges and movements to 19 

lower-density, lower-quality areas). These findings demonstrate that behavioural changes can lead 20 

older animals to become less socially connected, shedding light on the ecological and evolutionary 21 

processes structuring wild animal populations. 22 

Introduction 23 

Identifying the drivers of a wild animal’s social connectedness is important for understanding diverse 24 

processes like pathogen transmission1–3, information acquisition4,5, and fitness6,7. In particular, 25 

individual ageing provokes broad phenotypic changes, and is therefore likely to impact its sociality 26 

through a range of mechanisms (Table 1). Despite growing knowledge concerning senescent changes 27 

in wild animals8,9, including several examples of senescing behavioural traits10–12, little is yet known 28 

about age-related declines in sociality (“social senescence”). While difficulties in quantifying 29 

individuals’ social phenotypes may have originally contributed to this gap, the relatively recent advent 30 

of social network analysis has facilitated a profound growth in our knowledge of the ecology and 31 

evolution of sociality in wild animals13,14. Similarly, a recent deeper understanding of senescence in 32 

the wild has allowed researchers in observational systems to identify within-individual declines 33 

separate from other demographic processes8,9. Combining these two knowledge bases (social 34 

networks and senescence in the wild) could lend useful insights into the role of ageing in shaping 35 

animal behaviour and structuring wild animal societies, thus informing a wide range of ecological and 36 

evolutionary phenomena. 37 

Social senescence might occur for many reasons, ranging from individual- to population-level in scale 38 

(Table 1). On an individual level, physiological changes may render older individuals less 39 

competitive15; they may therefore avoid associating with (younger) conspecifics to avoid being 40 

outcompeted, or they may be actively excluded. Similarly, ageing individuals may show increased 41 
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“social selectivity,” replacing disadvantageous or aggressive interactions over the course of their lives 42 

with fewer, more positive interactions11. In humans, age-related physiological declines (and resulting 43 

healthcare requirements) are associated with friends being replaced with family members in the 44 

ageing individual’s social network16. Because an individual’s observed sociality is influenced by its 45 

movement within its environment, age-related changes in spatial behaviours could also bring a 46 

concurrent change in observed social connectedness, without necessitating any reduction in social 47 

behaviour per se13,17. For example, if older individuals have smaller home ranges, they will likely also 48 

make fewer unique contacts17. Further, ageing individuals may select less desired habitats or prefer 49 

areas that other individuals tend to avoid (and which therefore host lower conspecific densities), both 50 

of which will likewise reduce social connections3,13,18. Notably, observed age-related patterns may not 51 

originate from within-individual changes: if certain individuals have higher mortality rates than others 52 

(i.e., “selective disappearance”), then an apparent age-related pattern might emerge at the 53 

population level8,9. For example, if more social individuals are more likely to die because of greater 54 

levels of competition, a population-level pattern of decreasing sociality with age would emerge 55 

without requiring any senescence; identifying and differentiating this selective disappearance from 56 

within-individual senescence often requires longitudinal analyses following known individuals8,9. 57 

Similarly, because an animal’s observed sociality depends on surrounding population structure17,19,20, 58 

demographic changes could produce apparent age-related social declines. For example, if an animal 59 

forms relationships when it is young which are not replaced when those contacts die21,22, then older 60 

animals will be less socially connected as a result. Age has recently been shown to correlate with 61 

social connectedness in chimpanzees, macaques, and marmots11,23,24, but the relative roles of these 62 

spatial, demographic, and within-individual drivers have yet to be investigated. Untangling these 63 

processes could shed a light on the relative importance of within-individual age-related behavioural 64 

changes (compared to physiological or demographic processes) in determining population structure in 65 

wild animals. Ultimately, doing so will help to inform the role that ageing individuals play in a system’s 66 

ecology through processes like pathogen transmission, cooperation, or competition with its 67 

associates. 68 

We investigated age-related declines in social behaviour using a wild, long-term study population of 69 

individually monitored red deer (Cervus elaphus)25. The deer, which have been studied since 1973, 70 

are well-suited to studying social senescence: they experience strong age-related declines in ranging 71 

behaviour10 and fitness26, and they have well-characterised spatially structured social networks 72 

structured by a combination of spatiotemporal drivers and individual phenotypes17. By fitting a series 73 

of spatially explicit network models, we examine how age-related declines in social behaviour arise 74 

through within-individual senescence, changes in spatial behaviour, and demography. 75 

Results  76 

Evidencing social declines. Using 43 years of census data containing over 200,000 observations of 77 

935 individually known female deer, we fitted generalised linear mixed models (GLMMs) to investigate 78 

the phenotypic drivers of three annual measures of social connectedness: mean group size, degree 79 

centrality, and connection strength. We uncovered age-related declines in all three measures when 80 

accounting for a range of other intrinsic and extrinsic drivers (Model Set 1; Figure 1A-C). Older 81 

females had smaller groups, fewer contacts, and weaker social connections (Figure 1A-C). Ageing 1 82 

year came with a reduction in average group size of 0.27 individuals (CI -0.36, -0.21; P<10-6; Figure 83 

1A), 0.66 fewer unique contacts (CI -0.83, -0.47; P<10-6; Figure 1B), and 0.05 weaker network 84 

connection strength (CI -0.07, -0.04; P<10-6; Figure 1C). 85 

Testing selective disappearance. An age-related decline in social connectedness could be 86 

produced if highly social individuals are more likely to die (i.e., “selective disappearance”), creating an 87 

apparent population-level decline in sociality. To test this possibility, we sequentially added individual 88 
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identity and longevity (age at death) to a model constructed on the subset of individuals with known 89 

death year (90% of individuals; Model Set 2). Longevity was positively associated with degree 90 

centrality (0.068; CI 0.017, 0.12; P=0.01) and connection strength (0.06; CI 0.006, 0.115; P=0.03), 91 

indicating that individuals with more and stronger contacts were likely to live longer (Figure 1D). 92 

However, incorporating individual identity and longevity did not notably change or remove the 93 

negative age effect estimates, demonstrating that the observed senescence did not originate from 94 

selective disappearance of more-social individuals (P<10-6; Figure 1D). 95 

Testing demographic drivers. We tested whether the death of associates could be driving age-96 

related social declines by examining the relationship between an individual’s summed social 97 

connections to individuals that had died in the preceding year, and her own sociality in the focal year 98 

(Model Set 3). We found that the death of associates was not predictive of social metrics, regardless 99 

of whether these associates had died naturally or not (Supplementary Table 1; ΔDIC>0.04). This 100 

finding implies that mortality-associated loss of associates is offset by the acquisition of new 101 

connections with surviving individuals. 102 

Examining spatial autocorrelation. We fitted Stochastic Partial Differentiation Equation (SPDE) 103 

effects to consider spatial autocorrelation by accounting for spatial variation in the response variable 104 

across the landscape (see Methods). We found that fitting the SPDE effect substantially improved the 105 

fit of our models (ΔDIC>353) and reduced age effect estimates in Model Set 1-2 (Figure 1); the age 106 

effects remained significant for group size (P=2x10-6) and strength (P=0.009), while degree centrality 107 

became nonsignificant (P=0.45). The SPDE effect also removed both significant longevity effects in 108 

Model Set 2 (P>0.07; Figure 1; See Supplementary Table 2 for full effect estimates). Age was 109 

heavily spatially structured (ΔDIC=269): individuals with more similar ages lived in closer proximity, 110 

with younger individuals in the centre of the population, and with age increasing to the fringes of the 111 

population (Figure 3A). This trend implied that age-dependent changes in spatial behaviour could be 112 

contributing to the observed declines in social connectedness. 113 

Evidencing declines in spatial behaviour metrics. We quantified age-related changes in multiple 114 

annual spatial behaviour metrics (Model Set 4; Figure 2; See Supplementary Table 3 for full effect 115 

estimates). These metrics included: local population density; distance between annual centroids; 116 

distance from the population centroid; home range area; proportional overlap with prior annual home 117 

range; and average grazing quality. Older deer occurred in lower-density areas (-0.048; CI -0.069, -118 

0.028; P=2x10-6; Figure 2A), further from the centre of the population (0.116; CI 0.093, 0.139; P<10-119 
6; Figure 2C), and moved their annual centroids slightly less between years (-0.032; CI -0.063, -120 

0.001; P=0.045; Figure 2B). Older individuals also had smaller home ranges (-0.044; CI -0.068, -121 

0.019; P=5x10-4; Figure 2D), but this result did not hold when accounting for spatial autocorrelation 122 

in home range size (0.011; CI -0.003, 0.026; P=0.127; Figure 2D). There was no age trend in the 123 

degree of overlap between consecutive annual home ranges (0.028; CI -0.005, 0.061; P=0.1; Figure 124 

2E), implying that home ranges do not shrink within themselves. Older individuals were less likely to 125 

be observed on high quality grazing (-0.088; CI -0.111, -0.066; P<10-6; Figure 2F). 126 

Testing selective disappearance for spatial behaviour metrics. Following our protocol for 127 

social metrics (Model Set 2), we added longevity to investigate how selective disappearance could 128 

affect observed spatial metrics’ relationships with age (Model Set 5; Supplementary Figure 1). 129 

Longer lifespan was associated with those individuals that: inhabited areas of lower density (-0.068; 130 

CI -0.102, -0.033; P=0.0002; Supplementary Figure 1A); moved further between annual centroids 131 

(0.046; CI 0.007, 0.085; P=0.02; Supplementary Figure 1B); and lived further from the population 132 

centre (0.043; CI 0.001, 0.084; P=0.04; Supplementary Figure 1C). Individuals with larger home 133 

ranges had shorter lives only when we accounted for spatial autocorrelation (-0.09; CI -0.17, -0.009; 134 

P=0.03; Supplementary Figure 1F), and controlling for spatial autocorrelation also removed the 135 

longevity effect of annual centroid distance (P=0.87; Supplementary Figure 1B). Neither home range 136 
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overlap nor grazing quality were associated with longevity (P>0.7; Supplementary Figure 1D-E). 137 

Notably, controlling for selective disappearance did not decrease or remove any age effects except 138 

that of local density (P=0.12; Supplementary Figure 1A). 139 

Testing spatial explanations for social declines. We then fitted spatial metrics as explanatory 140 

covariates to test whether they could explain age-related declines in social metrics (Model Set 6). 141 

We found that social metrics were positively associated with local density and home range area, 142 

agreeing with previous findings17. Additionally, social metrics were negatively associated with distance 143 

from the population centre (P Value<10-6). Fitting these effects as explanatory variables in the 144 

GLMMs did not fully supplant the negative effects of ageing (P<0.041; Supplementary Figure 2; 145 

Supplementary Table 4), although it did substantially reduce the size of the estimated effects 146 

(Supplementary Figure 3). Including the SPDE effect alongside these three spatial covariates removed 147 

the significant associations of age with degree and strength (P>0.15), but retained an association 148 

with group size (P Value=0.0002; Supplementary Figure 2B; Supplementary Figure 3). 149 

Discussion 150 

These findings demonstrate senescent declines in social connectedness in a wild ungulate, while 151 

providing much-needed insights into the potential underlying drivers. We uncovered no evidence for 152 

selective disappearance or demographic mechanisms governing age-related declines in social 153 

connectedness; instead, our results suggest that such declines occurred at the within-individual level. 154 

We found that various indicators of spatial behaviour also changed with age: older individuals were 155 

generally found with smaller home ranges, further from the centre of the population, in areas of 156 

lower density and with lower-quality grazing. This altered spatial behaviour explained age-related 157 

declines in degree centrality and connection strength, but not group size, implying the partial 158 

involvement of a non-spatial driver of social senescence. These observations support the value of 159 

examining spatial context when considering the intrinsic drivers of social network structure3,13,17, 160 

particularly when combining long-term data with spatially explicit network models. 161 

Social senescence could emerge from generalised reductions in spatial activity caused by physiological 162 

decline and inhibited movement ability10. This mechanism would be supported if older individuals’ 163 

ranges gradually shrank within themselves, while moving less in space. This explanation was not 164 

supported for several reasons: first, although an age-related decline in home range area was evident 165 

(supporting earlier findings10), it was not robust to controlling for spatial autocorrelation, which 166 

implies that this finding could originate from age-related changes in spatial locations or spatially 167 

structured observation effort rather than smaller home ranges per se. Second, older individuals’ home 168 

ranges did not increasingly fall within their previous home ranges, implying that they inhabited 169 

different areas rather than smaller subsets of the same area. Third, age-related declines in shifts in 170 

average annual location were very weak and not robust to controlling for spatial autocorrelation, 171 

demonstrating that home ranges shifted at a relatively constant rate across the landscape through an 172 

individual’s life rather than notably slowing down in old age. Taken together, these observations imply 173 

that ageing females exhibit similar spatial activity levels but in different areas of the landscape. 174 

Although reduced activity did not appear to be responsible, altered spatial behaviour did contribute to 175 

age-related declines in social connectedness. Ageing individuals were less social partly because they 176 

preferred to inhabit lower-density, lower-quality areas at the edge of the study area which offer fewer 177 

social opportunities. They may ultimately inhabit these areas because physiological changes cause 178 

ageing individuals to alter their habitat selection. Red deer incisors are worn down as they age27,28, 179 

reducing their ability to ingest food as efficiently, which they might accommodate by moving to areas 180 

that allow them to feed on different vegetation, while supporting lower densities of conspecifics. In 181 

this way, social declines could arise partly as a by-product of habitat selection rather than being 182 

related to social behaviour itself. 183 
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Nevertheless, we found that social senescence was evident even when spatial factors were accounted 184 

for: older individuals still had smaller groups even when considering their home range areas, local 185 

population density, and location on the landscape, implying that alterations in spatial behaviour are 186 

not the only reason the deer became less social with age. This observation invites further 187 

explanation. 188 

Social senescence could be a response to aggressive or competitive interactions with younger, fitter 189 

individuals that may have greater resource demands: to give an example, reproductive female olive 190 

baboons (Papio anubis) are more aggressive to other females for this reason29. Older female deer are 191 

less likely to reproduce26, but reproductive status was included in our models and is therefore unlikely 192 

to be directly responsible for the observed social senescence. Alternatively, ageing deer may reduce 193 

their connections to individuals with whom they have had more aggressive interactions in favour of 194 

more positive interactions, thereby becoming more “socially selective” as they age11. This tendency to 195 

avoid aggressive interactions could also cause them to have reduced grazing quality (as we observed) 196 

if younger individuals monopolise the higher quality resources, thereby competitively excluding them. 197 

This explanation was supported by a longevity effect in high-density areas, which is congruent with 198 

competition-related mortality driven by insufficient local resources. Inferring such competitive or 199 

aggressive interactions would likely require high-resolution methods like direct behavioural 200 

observation in combination with telemetry, which provide detailed information on fine-scale 201 

movement patterns but which often currently come with important restrictive tradeoffs in terms of 202 

how many individuals are GPS-tagged and for how long30,31. However, telemetry-based approaches 203 

may not be able to run for the duration necessary to detect the subtle, life-long patterns of social 204 

senescence we observed. Crucially, our long-term longitudinal data (complete with high-certainty life 205 

history measures) were also able to differentiate selective disappearance and changes in 206 

demographic network structure from within-individual declines, which may be important for producing 207 

age-related social changes in other populations. These findings therefore imply a tradeoff between 208 

the resolution and breadth of behavioural data, while supporting the value of individual-based long-209 

term studies of wild animals for identifying senescence. 210 

The observed age-related decline in social connectedness could have important implications for the 211 

population’s ecology. For example, substantial recent research effort has asked how disease spread is 212 

governed by age-related changes in both social behaviour and susceptibility to infection, particularly 213 

in identifying how they govern age biases in the severity of important pathogens (e.g. SARS-CoV-214 

232,33). In our system, because older individuals have fewer social contacts, they may play a less 215 

important role in transmitting parasites because they will be less frequently exposed and, once 216 

infected, will be less likely to expose others1–3. Further, older animals are expected to have weaker 217 

immune systems (i.e., to “immunosenesce”), which should increase their susceptibility to disease34. 218 

Older individuals may therefore be more susceptible but less exposed, and it is unclear how these two 219 

contrasting processes might counteract each other to influence age-related changes in infection. 220 

Similarly, older individuals’ reduced social connectedness may reduce their ability to transfer social 221 

information to and from their conspecifics35,36 which can otherwise aid in providing access to 222 

resources20, avoiding predation37, or gaining new behaviours38. This loss of access to social 223 

information could come with a fitness cost that competes against the benefit of lower parasite 224 

exposure4,39.  225 

In sum, we provide evidence of social senescence in wild deer, and show that this senescence arises 226 

partly through altered spatial behaviour. These findings provide novel insights into the ecology and 227 

evolution of social behavioural changes and the ecological role played by ageing individuals, forming 228 

a foundation for understanding how age governs the structure of wild animal societies by shaping 229 

individual behaviour. 230 

  231 
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Mechanism Explanation 

Competition avoidance* 
Older individuals are less competitive (e.g. due to physiological 

changes), motivating them to avoid conspecifics. 

Exclusion* 
Older individuals are excluded by younger or more competitive 

individuals. 

Spatial behaviour changes* 
Older individuals alter spatial behaviours like habitat selection, 

with their social positions changing as a result. 

Selective disappearance 
More social individuals are more likely to die earlier (e.g. 

through competition), creating an apparent age-related decline. 

Demographic changes 
Older individuals’ associates die as they age, and are then not 

replaced. 

Table 1. Potential non-exclusive explanations causing animals to reduce social behaviour as they age. Asterisks 232 

denote within-individual changes. 233 

 234 

 235 

Figure 1: Ageing was associated with reduction in social connectedness. Panels A-C display age-related declines 236 

based on 3830 annual observations of 935 individuals, where each point is an observation. The text at the top of 237 

panels A-C displays the effect estimate (expressed in units per year), with 95% credibility intervals in brackets, 238 

and the P value. Opaque black lines are derived from linear model fits from Model Set 1, taking the mean of the 239 
posterior distribution. Transparent grey lines represent 100 fits drawn randomly from the posterior estimate 240 

distributions of each model, to demonstrate error in the slope and intercepts. Dotted black lines display the effect 241 

for the SPDE model, demonstrating the result’s robustness to controlling for spatial autocorrelation. Panel D 242 

displays the model effect estimates taken from Model Set 2 (N=3242; effects expressed in units of standard 243 
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deviations) for age and longevity effects for each social behaviour trait with increasingly complex model 244 

formulations, demonstrating that selective disappearance was not responsible for the age-related declines in 245 

social connectedness. Dots represent the mean of the posterior effect estimate distribution; error bars denote 246 

the 95% credibility intervals of the effect. NB each additional model includes the variables of the models above it 247 

(e.g., the longevity model also includes the ID random effect). See Supplementary Table 2 for full effect 248 

estimates. 249 

 250 

 251 

Figure 2: Ageing was associated with changes in a range of socio-spatial behaviours. Each point represents an 252 

annual observation of an individual. The text at the top of the panels displays the effect estimate for the Base 253 

models, with 95% credibility intervals in brackets, and the P value, taken from Model Set 4. Opaque black lines 254 

are derived from linear model fits, taking the mean of the posterior distribution. Transparent grey lines represent 255 

100 fits drawn randomly from the posterior estimate distributions of each model, to demonstrate error in the 256 

slope and intercepts. Dotted black lines display the effect for the SPDE model, demonstrating the result’s 257 
robustness to controlling for spatial autocorrelation. The y axes are in units of standard deviations, and were 258 

centred around the mean. 259 

 260 

261 
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 262 

Figure 3: The spatial distributions of age of mature females (A) and grazing quality (B) within the study area. 263 

Darker colours relate to greater age or grazing quality. Both figures were obtained by plotting the two-264 

dimensional distribution of the SPDE random effect in INLA GLMMs, with age and grazing quality as response 265 

variables respectively. Triangle points represent the population’s centroid, obtained by taking the average 266 

location of all individuals’ annual centroids. Ten axis units = 1KM. 267 

 268 

Methods 269 

Data collection and study system 270 

The study was carried out on an unpredated long-term study population of red deer on the Isle of 271 

Rum, Scotland (57°N,6°20′W). The natural history of this matrilineal mammalian system has been 272 

studied extensively25, and we focussed on females aged 5+ years, as these females have the most 273 

complete associated census data, few males live year round in the study area, and nearly all females 274 

have bred for the first time at the age of 5. These individuals are known to exhibit age-related 275 

declines in a range of behavioural and life history traits10,26,40. Individuals are monitored from birth, 276 

providing substantial life history and behavioural data, and >90% of calves are caught and tagged, 277 

with tissue samples taken25. Census data were collected for the years 1974-2019, totalling 201,848 278 

census observations. Deer were censused by field workers five times a month, for eight months of 279 

the year, along one of two alternating routes25. Individuals’ identities, locations (to the nearest 280 

100M), and group membership were recorded. Grouping events were estimated by experienced field 281 

workers according to a variant of the “chain rule” (e.g.41), where individuals grazing in a contiguous 282 

group within close proximity of each other (under ~10 metres) were deemed to be associating, with 283 

mean 204.5 groups observed per individual across their lifetime (range 1-853). If they breed female 284 

deer on Rum give birth to a single offspring, typically in May, and we therefore consider their annual 285 

cycle as running from May in one calendar year to May the next. Accordingly, we summarised 286 

individuals’ behaviours based on a “deer year”, which runs from 1st May to 30th April; any female that 287 

died in the course of this period was removed. Our full dataset included 3830 observations of 935 288 

individuals. Previous work shows that gestation and lactation impose costs to subsequent survival and 289 

reproduction42,43. To characterise each female’s investment in reproduction the previous year, we 290 

used three categories based on field observations: None (did not give birth); Summer (the female’s 291 

calf died in the summer, before 1st October); and Winter (the female’s calf survived past 1st October). 292 
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Deriving behavioural metrics 293 

All code is available at https://github.com/gfalbery/Lonely-Old-Deers.  Following previous 294 

methodology17, we constructed a series of 43 annual social networks using “gambit of the group,” 295 

where individuals in the same grouping event (as described above) were taken to be associating44. 296 

Dyadic associations were calculated using the ‘simple ratio index’45 derived as a proportion of total 297 

sightings (grouping events) in which the focal individuals were seen together: 298 

SightingsA,B/(SightingsA+SightingsB-SightingsA,B). In this dyadic matrix, 0=never seen together and 299 

1=never seen apart. Using the annual social networks, we derived three individual-level annual 300 

network metrics that are commonly used across animal social networks and have been considered in 301 

detail20,21,46,47. 302 

Our measures included three “direct” sociality metrics, which only consider an individual’s connections 303 

with other individuals:  304 

1) Group Size – the average number of individuals a deer associated with per sighting;  305 

2) Degree – the number of unique individuals she was observed with over the course of a year, 306 

irrespective of how frequently she was observed with them;  307 

3) Strength – the sum of all their weighted social associations to others, also known as 308 

“weighted degree”.  309 

Each metric was fitted as a response variable in separate Model Sets.   310 

We derived 6 metrics related to population structure and spatial behaviour, hereafter referred to 311 

collectively as ‘spatial metrics’. These metrics were to be used first as response variables to identify 312 

the drivers of spatial behaviours (Model Sets 4-5), and as explanatory variables to identify how 313 

spatial behaviours affect social metrics (Model Set 6). 314 

1) Local population density (hereafter “density”) was calculated based on an annual 315 

population-level space use kernel derived in AdeHabitatHR48 and using each individual’s 316 

annual centroids, following previous methodology17. Briefly, for each year, we took each 317 

individual’s annual centroid and calculated the spatial density of these centroids (i.e., 318 

individuals per KM2). Each individual was then assigned a local density value based on their 319 

location on this annual kernel. 320 

2) Distance between an individual’s annual centroids was taken to indicate shifting in average 321 

location from year to year, to identify whether individuals’ locations move more in their later 322 

years (“Annual centroid distance”).  323 

3) To detect long-term patterns of an individual’s space use on the two-dimensional landscape, 324 

and to identify whether ageing individuals move gradually outwards, we took distance from 325 

the overall centre of the population, calculated by taking the mean of all annual centroids’ 326 

easting and northing (“Population centroid distance”).  327 

4) To examine changes in range size over the course of an individual’s lifespan, we used the 328 

70% isocline of an individual’s space use kernel (“Home range area”). Based on each 329 

individual’s annual sighting locations and using the AdeHabitatHR package48, this was 330 

calculated using a density kernel estimator based on previous methodology10,17. 331 

5) To investigate the degree to which an individual’s annual home range fell within its previous 332 

home range, we used an asymmetrical measure of home range overlap from year to year, 333 

using the space use kernels (“Home range overlap”). A value of 1 for this variable would 334 

indicate that an individual’s home range in year t fell entirely within its home range in year t-335 

1; a value of 0.5 indicates that half of its home range lay within its previous home range; and 336 

a value of 0 indicates no overlap with its previous annual home range. Combined with the 337 

“Annual centroid distance” metric, this home range overlap metric aimed to test whether an 338 
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individual’s range generally shrunk to smaller areas within its known range, consistent with 339 

physiological decline, rather than an active movement to areas outside its previous range.  340 

6) To investigate changes in grazing quality, for each individual we calculated the proportion of 341 

sightings that occurred on high-quality short or long greens each year (“Grazing quality”). 342 

A value of 1 denoted that an individual was only ever present on these high-quality grasses, 343 

while a value of 0 denoted an individual was never seen grazing on them, and was instead 344 

always seen on other land types like rock, sand, or lower-quality grazing like heather or 345 

Molinia. 346 

For metrics that represented year-to-year changes (“Annual centroid distance” and “Home range 347 

overlap”), we only included observations that occurred in sequential years (year t and year t+1, year 348 

t+1 and year t+2, etc). For example, if a female was only observed in two non-sequential years (year 349 

t and year t+2), both timepoints were coded as missing. 350 

Statistical analysis 351 

To investigate phenotypic associations with social behaviour, we fitted Generalised Linear Mixed 352 

Models (GLMMs) using the Integrated Nested Laplace Approximation (INLA) in the R package R-353 

INLA49,50. This method allows fitting of a Stochastic Partial Differentiation Equation (SPDE) random 354 

effect to control for and quantify spatial autocorrelation51,52. The fits of equivalent models with and 355 

without the SPDE effect were compared using the Deviance Information Criterion (DIC) to investigate 356 

the importance of spatial autocorrelation. All P values are derived from estimating the proportion of 357 

the marginal distribution for a given effect that overlapped with zero, and multiplying it by 2. This can 358 

be thought of as being the probability of drawing a value greater than or lower than zero (depending 359 

on the direction of the effect), per a two-tailed test. 360 

We constructed 6 sets of models designed to test different mechanisms driving age-related changes 361 

in sociality (see Model Set details below). All models included the following “base” fixed effects: Year 362 

(continuous); annual Population Size (continuous, log-transformed); Number of observations per 363 

individual (continuous); Reproductive Status (three categories: No Calf; Calf Summer Death; Calf 364 

Survived to October 1st); Age in years (continuous). All continuous explanatory and response 365 

variables were scaled (mean=0; standard deviation=1) to help model fitting. All models included 366 

random effects of individual ID and observation year. 367 

Before beginning the behavioural analysis, to investigate the spatial autocorrelation of age and to 368 

examine its spatial distribution visually, we fitted a model with age as a response variable and with 369 

only the SPDE effect as an explanatory variable. 370 

Model Set 1: Social metrics and age  371 

Our first Model Set examined whether our sociality metrics changed over individuals’ lifespans, using 372 

mean annual measures (N=3581 female years), and including only the base covariates outlined 373 

above. We then added a spatial autocorrelation term using an SPDE random effect in INLA, to 374 

investigate whether the models were robust to spatial structuring. Comparing the effect of the base 375 

model with the spatial model would indicate whether the response variable is spatially structured, and 376 

comparing the effect estimates would reveal whether this changed our conclusions. We used the 377 

Deviance Information Criterion (DIC) as a measure of model fit; we chose a change in DIC (ΔDIC) of 378 

10 to identify whether the spatial autocorrelation effect improved the model.  379 

Model Set 2: Social metrics and selective disappearance 380 

To investigate whether selective disappearance of individuals may influence estimates of age-related 381 

social changes (e.g. if more social individuals were selectively lost), we sequentially added a selection 382 

of variables into the models. Because these models only used individuals with a known death year, 383 

they used a slightly smaller dataset (N=3242 female years). We first fitted a base model without 384 
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individual identity as a random effect, and we then sequentially added individual identity as a random 385 

effect, and then longevity as a fixed effect (i.e., age at death). If fitting these covariates altered the 386 

size of the age effect, it would imply important selective disappearance effects rather than within-387 

individual changes9,10. Finally, we included the SPDE effect to examine whether longevity effects were 388 

robust to spatial structuring.  389 

Model Set 3: Investigating demographic associations 390 

Because the social phenotype of any individual is dependent upon not just itself but also on the other 391 

individuals within the population, demographic processes, particularly the loss of an individual’s social 392 

associates over time, may passively contribute to age-related changes in remaining individuals’ 393 

sociality (e.g. through reducing the potential for encounters with previous associates).  To investigate 394 

whether these loss processes could drive age-related declines, we tested whether social network 395 

positions were predicted by the death of the female’s connections the previous year. We fitted this 396 

value as an explanatory variable in the models from Model Set 1, using either 1) connections to 397 

individuals that were shot, or 2) those that died for any reason. A negative estimate for this effect 398 

would imply that age-related declines could be explained by the death of a deer’s previous 399 

connections, rather than solely individual-level change. 400 

Model Set 4: Spatial metrics 401 

We investigated how age altered spatial behaviour, using our six spatial metrics as response variables 402 

(described above). These models included the same covariates as the social behaviour models (Model 403 

Set 1). For annual movement and the home range area and overlap metrics, we also fitted the SPDE 404 

effect; for density and population centroid distance, the response variables were explicitly spatially 405 

distributed on the landscape, so fitting the SPDE effect would be misleading.  406 

Model Set 5: Spatial metrics and selective disappearance 407 

We then repeated the selective disappearance protocol used for social metrics (Model Set 2) on our 408 

spatial metrics, to investigate whether any estimated age-related changes in spatial behaviour were 409 

altered by selective disappearance of certain individuals.  410 

Model Set 6: Investigating how spatial behaviour affects the ageing of sociality 411 

Finally, we investigated whether social metrics were driven by variation in spatial behaviour, and 412 

whether age-related declines were robust to these spatial drivers. Because several of our spatial 413 

measures were well-correlated, we used a model addition procedure to identify which spatial 414 

measures best explained social network metrics. We used the Deviance Information Criterion (DIC) as 415 

a measure of model fit. Beginning with the base model, we sequentially added each spatial metric 416 

and then compared the DIC of these models. The best-fitting variable (i.e., the one that reduced DIC 417 

by the most) was kept, and then the process was repeated, until all variables were fitted or no 418 

remaining variables improved the model. We used a change in DIC of 10 to identify variables that 419 

improved model fit. 420 
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 439 

Supplementary Table 1: DIC changes associated with including a variable representing “connections to 440 

individuals that died the previous year” in the models of social behaviours (Model Set 3). “Dead”=strength of 441 

connections to individuals that died. “Shot”=strength of connections to individuals that were shot (a subset of 442 

“dead”). To be kept in the model, these metrics would have to reduce DIC by a threshold value of -10. 443 

Response Variable ΔDIC Kept 

Group Size Dead 1.72 0 

 Shot 8.81 0 

    

Degree Dead 6.84 0 

 Shot 16.78 0 

    

Strength Dead -0.042 0 

 Shot 10.36 0 
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 444 

Response Variable Mean Lower Upper  SPDE 

Mean 

SPDE 

Lower 

SPDE 

Upper 

  

GroupSize (Intercept) -0.002 -0.116 0.111  -0.945 -2.142 0.204  

 ReprodStatusSummer -0.038 -0.1 0.024  0.032 -0.005 0.069  

 ReprodStatusWinter -0.044 -0.084 -0.004 * 0.011 -0.043 0.065  

 Year 0.196 0.076 0.316 * 0.087 -0.019 0.192  

 Observations 0.134 0.094 0.173 * -0.036 -0.072 -0.001 * 

 Population size 0.179 0.079 0.281 * 0.179 0.084 0.274 * 

 Age -0.107 -0.131 -0.084 * -0.045 -0.065 -0.026 * 

Degree (Intercept) -0.012 -0.12 0.097  -0.623 -2.078 0.797  

 ReprodStatusSummer 0.005 -0.048 0.058  0.013 -0.018 0.045  

 ReprodStatusWinter -0.05 -0.085 -0.016 * 0.032 -0.014 0.078  

 Year 0.226 0.108 0.343 * 0.184 0.074 0.295 * 

 Observations 0.466 0.433 0.498 * 0.378 0.348 0.408 * 

 Population size 0.167 0.065 0.27 * 0.185 0.084 0.285 * 

 Age -0.071 -0.09 -0.051 * -0.006 -0.023 0.01  

Strength (Intercept) 0.012 -0.119 0.143  -0.483 -0.855 -0.131 * 

 ReprodStatusSummer 0.002 -0.049 0.053  0.095 0.063 0.126 * 

 ReprodStatusWinter -0.104 -0.137 -0.071 * 0.106 0.06 0.153 * 

 Year 0.233 0.089 0.377 * 0.168 0.029 0.307 * 

 Observations 0.411 0.379 0.444 * 0.368 0.336 0.399 * 

 Population size 0.15 0.023 0.278 * 0.158 0.031 0.284 * 

 Age -0.07 -0.089 -0.05 * -0.023 -0.04 -0.006 * 

 445 

Supplementary Table 2: Effect estimates associated with fixed effects in our models of social behaviour (Model 446 

Set 1). Estimates include the posterior mean and lower and upper 95% credibility intervals, both for the base 447 

model and the SPDE model. Asterisks represent significant estimates (i.e., estimates that did not overlap with 448 

zero). Estimates are displayed in units of standard deviations, differing from the yearly numbers for raw data 449 
changes displayed in Figure 1.  450 
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Response Variable Mean Lower Upper  SPDE 

Mean 

SPDE 

Lower 

SPDE 

Upper 

Annual density (Intercept) -0.022 -0.104 0.059      
 ReprodStatusSummer 0.024 -0.024 0.072      
 ReprodStatusWinter -0.031 -0.062 0      
 Year -0.11 -0.19 -0.03 *     
 Population size 0.037 -0.014 0.089      
 Observations 0.269 0.234 0.305 *     
 Age -0.048 -0.069 -0.028 *     
Annual centroid 

distance 

(Intercept) 0.015 -0.066 0.096  0.695 -0.055 1.457  

 ReprodStatusSummer 0.003 -0.09 0.095  -0.022 -0.11 0.067  

 ReprodStatusWinter -0.015 -0.075 0.044  0 -0.058 0.058  

 Age -0.032 -0.063 -0.001 * -0.034 -0.063 -0.005 * 

 Year -0.06 -0.136 0.015  0.007 -0.05 0.063  

 Population size -0.061 -0.122 -0.002 * -0.052 -0.101 -0.004 * 

 Observations -0.414 -0.46 -0.367 * -0.279 -0.326 -0.233 * 

Population 

centroid Distance 

(Intercept) 0.015 -0.07 0.099      

 ReprodStatusSummer 0.027 -0.016 0.069      
 ReprodStatusWinter 0.049 0.022 0.077 *     
 Age 0.116 0.093 0.139 *     
 Year -0.06 -0.14 0.02      
 Population size 0.02 -0.007 0.047      
 Observations -0.095 -0.125 -0.065 *     
 AnnualDistance 0.055 0.038 0.073 *     
Home range area (Intercept) 0.114 0.031 0.197 * 1.011 -1.767 3.804  

 ReprodStatusSummer -0.061 -0.121 -0.002 * -0.024 -0.066 0.018  

 ReprodStatusWinter -0.126 -0.164 -0.088 * -0.037 -0.064 -0.009 * 

 Age -0.044 -0.068 -0.019 * 0.011 -0.003 0.026  

 Year -0.01 -0.085 0.067  0.047 0.015 0.079 * 

 Population size -0.053 -0.089 -0.019 * 0.009 -0.014 0.032  

Home range 

overlap 

(Intercept) -0.172 -0.249 -0.094 * -0.501 -0.936 -0.104 * 

 ReprodStatusSummer 0.186 0.071 0.301 * 0.155 0.044 0.266 * 

 ReprodStatusWinter 0.275 0.2 0.35 * 0.22 0.147 0.294 * 

 Age 0.014 -0.02 0.048  0.005 -0.029 0.039  

 Year -0.039 -0.108 0.029  -0.045 -0.112 0.021  

 Population size -0.02 -0.086 0.045  -0.027 -0.09 0.035  

Grazing quality (Intercept) -0.029 -0.107 0.048  -0.965 -1.96 -0.034 * 

 ReprodStatusSummer -0.03 -0.089 0.029  -0.047 -0.102 0.008  

 ReprodStatusWinter 0.02 -0.017 0.057  0.005 -0.03 0.041  

 Year 0.213 0.134 0.293 * 0.084 0.009 0.159 * 

 Observations 0.179 0.144 0.214 * 0.021 -0.011 0.053  

 Population size 0.149 0.086 0.213 * 0.136 0.069 0.204 * 

 Age -0.088 -0.111 -0.066 * -0.047 -0.065 -0.029 * 

 451 

Supplementary Table 3: Effect estimates associated with fixed effects in our models of spatial behaviour (Model 452 

Set 4). Estimates include the posterior mean of the posterior and lower and upper 95% credibility intervals, both 453 

for the base model and the SPDE model. Asterisks represent significant estimates (i.e., estimates that did not 454 

overlap with zero). Estimates are displayed in units of standard deviations. NB there are no estimates for SPDE 455 
effects for annual density and population centroid distance because these are spatially distributed variables for 456 

which an SPDE effect was not fitted. 457 
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 463 

 464 

 465 

 466 

 467 

 468 

 469 

 470 

 471 

 472 

 473 

 474 

 475 

Supplementary Table 4: DIC changes associated with adding spatial behaviours as explanatory variables in the 476 

models of social behaviours (Model Set 6). Variables with asterisks were retained in the round. HRA = Home 477 

Range Area. 478 

Response Round Variable ΔDIC Kept 

Group Size 1 **PopnDistance** -165.104 1 

 1 AnnualDensity -140.133 0 

 1 HRA 1.813998 0 

 2 **AnnualDensity** -93.2626 1 

 2 HRA 1.094292 0 

 3 **HRA** -2.18501 1 

Degree 1 **PopnDistance** -285.413 1 

 1 AnnualDensity -182.979 0 

 1 HRA -137.134 0 

 2 AnnualDensity -79.7089 0 

 2 **HRA** -88.2182 1 

 3 **AnnualDensity** -211.199 1 

Strength 1 PopnDistance -109.92 0 

 1 **AnnualDensity** -234.801 1 

 1 HRA 4.165836 0 

 2 **PopnDistance** -49.6076 1 

 2 HRA -13.5552 0 

 3 **HRA** -2.74231 1 
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 479 

Supplementary Figure 1: Model effect estimates investigating how selective disappearance drives age-related 480 

changes in spatial behaviour (Model Set 5). Each panel displays the model effect estimates for age and 481 

longevity for each spatial metric, demonstrating that selective disappearance was not responsible for the age-482 

related changes in spatial behaviour, except in the case of density (A). Dots represent the mean of the posterior 483 

effect estimate distribution; error bars denote the 95% credibility intervals of the effect. The y axis is in units of 484 

standard deviations. NB density and centroid distance did not have an SPDE effect fitted to control for spatial 485 

autocorrelation because they are deterministically distributed in space, such that the SPDE effect would be 486 

uninformative. 487 
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 488 

Supplementary Figure 2: Model estimates describing associations between spatial behaviours and social 489 

behaviours, and age-related declines in social behaviour when these variables were accounted for (Model Set 490 

6). Dots represent the mean of the posterior effect estimate distribution; error bars denote the 95% credibility 491 

intervals of the effect. These estimates are displayed both for the base model (A) and the SPDE model (B). HRA 492 

= home range area. 493 

 494 
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 495 

Supplementary Figure 3: Model estimates for age effects on sociality in our longevity models (blue colours; 496 

Model Set 2); and in the same models with spatial behaviours accounted for (red colours; Model set 6). Dots 497 

represent the mean of the posterior effect estimate distribution; error bars denote the 95% credibility intervals of 498 

the effect. Panel A displays the effects without an SPDE effect fitted; panel B displays the same effects with 499 

SPDE fitted. 500 

501 
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