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 24 

Abstract 25 

 26 

Objectives 27 

We consider the relative contributions of maternal rank and sociability to the survival of infant 28 

vervet monkeys (Chlorocebus pygerythrus) to nutritional independence (~210 days) in a generally 29 

resource-poor environment.  30 

 31 

Methods 32 

We analysed survival data from 153 infants born to 60 mothers across three free-ranging troops and 33 

10 yearly birth cohorts at a South African research site experiencing general but variable resource 34 

scarcity. i 35 

 36 

Results 37 

The population was characterised by a pre-weaning mortality of 30% (Range: 9%-85%), with a 38 

median age at death of 50 days. In addition to the consequences of resource availability, increased 39 

infant survival was independently and equivalently positively associated with higher maternal rank 40 

and a greater number of maternal spatial partners.  41 

 42 

Discussion 43 

We use this outcome to suggest that apparent discrepancies across sites and species in the relative 44 

importance of different maternal attributes in determining reproductive outcomes may be resolved 45 

by considering more closely local sources of infant mortality. 46 

 47 
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1. Introduction 50 

 51 

Reproductive success hinges fundamentally on the survival of offspring to reproductive maturity. 52 

Within the constraints imposed by the need to balance current and future investment (Parker et al., 53 

2002), female mammals contribute directly to this through the postpartum provision of milk, the 54 

quantity and quality of which has direct consequences for offspring growth and survival well 55 

beyond weaning (Lee, 1987; Hinde & Milligan, 2011). Nevertheless, the pre-weaning period is 56 

critically important to a female’s reproductive success for the simple reason that the likelihood of 57 

infant survival is maximally under maternal control during this period. In this regard, early infant 58 

death is relatively common, occurring when offspring are still totally reliant on their mothers for 59 

both food and protection (Kerhoas et al., 2014; Henzi et al., 2010; McLean et al., 2019). Weaning 60 

therefore constitutes a watershed for both mother and infant, marking as it does the time from which 61 

maternal influence, while it may continue to be very significant, is less immediate for nutritionally 62 

independent offspring (Blomquist, 2013; Borries et al., 2014; Zipple et al., 2021). Consequently, in 63 

addition to buffering vulnerable offspring against external threats, a mother’s minimal post-partum 64 

objective must be to sustain lactation so as to ensure infant survival to independence. 65 

 66 

To this end, maternal diet is critical, as it underpins the dependent infant’s viability, through both 67 

initial gestational growth and subsequent milk composition and availability (Butte et al., 1984; 68 

Lummaa & Clutton-Brock, 2002; Blomquist et al., 2017). As the provision of milk also carries 69 

energy and time costs (Lee, 1996), maternal performance is likely to be contingent on optimising 70 

access to relevant resources, especially where these are limited and contested. In gregarious 71 

animals, such as primates, this resource holding potential (RHP: Parker, 1974) is usually indexed by 72 

within-group dominance relationships, where higher ranking animals are more competitively 73 

successful and presumed to be able to forage more efficiently and target higher quality foods when 74 

this is advantageous (Koenig, 2002).  75 
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 76 

Not surprisingly, therefore, there has been a long-standing presumption of a relationship between 77 

female rank and reproductive success (Ellis, 1995), at least under circumstances where RHP is 78 

relevant (Lee, 1996), and/or where high rank enables mothers to buffer young infants against social 79 

or environmental threats (Clutton-Brock & Huchard, 2013). Despite its intuitive appeal, however, 80 

the generality of the link between female rank and reproductive success is uncertain, especially 81 

once phylogeny is accounted for (Majolo et al., 2012), and may, in part, be traced back to mixed 82 

evidence for a relationship between rank and RHP (Majolo et al., 2012; Clutton-Brock & Huchard, 83 

2013).  84 

 85 

More recent evidence of links between female social integration and reproductive success also 86 

highlights the explanatory ambiguity of rank. That both higher rank and sociability can be 87 

beneficial for mothers (Silk et al., 2003; Ostner & Schülke, 2018), or that social integration, but not 88 

rank, predicts infant survival (Silk et al., 2009; Cameron et al., 2009; McFarland et al., 2015), points 89 

to the possibility that it is sociability that is of primary importance, especially since rank and social 90 

connectivity can be strongly correlated (Silk et al., 2009). At the same time, however, analyses 91 

flagging the importance of sociability do not always model maternal rank (see, for example, 92 

Kalbitzer et al., 2017; Menz et al., 2020), while those emphasising rank effects may not consider 93 

social integration (Wright et al., 2020; Arlet et al., 2021). All of this suggests a continued need to 94 

model explicitly the contributions of both rank and indices of social integration to reproductive 95 

success in order to account for the drivers of infant survival across circumstances where the relative 96 

value of each may vary (Clutton-Brock & Huchard, 2013), not only spatially but also temporally. 97 

 98 

We have been working on a population of vervet monkeys (Chlorocebus pygerythrus) that is 99 

detectably vulnerable to several features of the local environment (McFarland et al., 2014; 100 

Ducheminsky et al., 2014; Young et al., 2019). In this population, female dominance hierarchies are 101 
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relatively shallow (Henzi et al., 2013), and the adaptive responses that have been measured point to 102 

the explanatory primacy of social integration over rank (Josephs et al., 2016; McFarland et al., 103 

2015). Here, we consider whether this extends similarly to infant survival, or if the ecological 104 

constraints that characterise the region (Pasternak et al., 2013) leads to the benefits of high rank 105 

(i.e., greater RHP and more access to resources) manifesting more prominently. To do so, we first 106 

account for the possible effects of maternal experience and reproductive history (Hinde et al., 2009; 107 

Menz et al., 2020; Arlet et al., 2021), and then model survival to weaning in relation to maternal 108 

rank, socio-spatial connectivity, and food availability. 109 

 110 

2. METHODS 111 

 112 

2.1 Study species and research site 113 

 114 

We have collected data from three fully habituated groups (RBM, RST since 2008; and PT from 115 

2012; Table 1 indicates the number of adults in each troop, and the size of each birth cohort) of wild 116 

vervet monkeys at Samara Private Game Reserve, South Africa (32022’S, 24052’E). The study area 117 

is semi-arid riverine woodland (Pasternak et al., 2013), with a declining annual average rainfall of 118 

386 mm, and average minimum and maximum temperatures of 6.1 C and 21.2 C respectively. 119 

While rainfall is generally low, the area is also characterised by periods of severe drought (Young et 120 

al., 2019). 121 

 122 

2.2 Births and Deaths 123 
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 124 

As at other locations (Butynski, 1988), vervet females in our study population experience a 125 

moderately circumscribed birth season with a peak centred on October. We classified infants into 126 

cohorts based on the year of conception (e.g. 2018), given that a birth season can extend into the 127 

next calendar year. Gestation in vervet monkeys has been estimated at ~163 days (Kavanagh et al., 128 

2011) and infants in our population are considered to have completed weaning by the age of seven 129 

months (Sashaw, 2012). While we recorded all births for two troops (RBM, RST) from 2008 130 

through 2018, we only tracked individual infant survival (with the addition of one animal in 2009) 131 

for the 2010-2017 cohorts (2012-2017 cohorts for PT). We considered only live births. Where births 132 

or deaths occurred on a weekend, when the animals were not under observation, we allocated 133 

Saturday’s date to the event. Age at death (days) was used to model the temporal distribution of 134 

those infant deaths that occurred before weaning. 135 

 136 

2.3 Behavioural data and female dominance hierarchies 137 

 138 

TABLE 1. Numbers of adult females/adult males/infants across the study period for each of the three study troops. Adult 
numbers indicate the maximum recorded for each sex in any month of the year. Infant numbers indicate the size of the birth 
cohort for infants conceived in that year. 

Year Troop: RST Troop: RBM Troop: PT 

2010 22 / 19 / 15 15 / 11 / 11 — 

2011 22 / 17 / 5 13 / 14 / 1 — 

2012 20 / 22 / 2 8 / 18 / 1 10 / 10 / 1 

2013 17 / 14 / 12 10 / 16 / 10 12 / 11 / 7 

2014 16 / 14 / 11 13 / 16 / 13 11 / 6 / 10 

2015 18 / 14 / 11 13 / 11 / 10 10 / 4 / 2 

2016 16 / 16 / 9 12 / 8 / 9 9 / 8 / 2 

2017 11 / 9 / 3 8 / 10 / 3 10 / 14 / 6 
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Each group was followed for five days each week, and data collected for 10 hours each day by three 139 

to five observers. We used data on nearest adult neighbours and grooming partners, collected during 140 

scan samples conducted every 30 minutes to construct social networks. We used ad libitum 141 

observations of agonistic interactions to estimate the dominance rank of each female over the period 142 

of each of her births. Given male-female co-dominance in this population (Young et al., 2017), we 143 

generated a single matrix that included all decided agonistic interactions, and extracted an 144 

interdigitated hierarchy. To enable direct comparison across groups of different size and interaction 145 

rates, dominance ranks were expressed as standardized David's scores using the package “compete” 146 

in R (Curley, 2016). 147 

 148 

2.4 Female social networks 149 

 150 

We used the “igraph” package (Csardi & Nepusz, 2006) in R 3.5.2 (R-Core-Team, 2018) to 151 

construct female grooming and nearest-neighbour spatial networks. As the presence of young 152 

infants alters maternal social interactions in the short-term (Henzi & Barrett, 2007), and because 153 

network structure is broadly consistent over the longer-term in this species (Blaszczyk, 2018), we 154 

used data from the two months prior to each birth. Doing so allowed us to target social structure at 155 

the time of the increased metabolic demand of the last trimester and the transition to lactation. 156 

Model outcomes were not affected by increasing the gestational period used to construct networks. 157 

In order to describe the structure of these networks, with individuals represented as ‘nodes ’158 

connected by ‘edges’, we estimated three network parameters: (i) degree (the number of connections 159 

a node has), (ii) node strength (the sum of link weights of a given individual), and (iii) eigenvector 160 

centrality (a measure of the influence of each node in the network). We did so because all three 161 

measures have been implicated, in either their spatial or social configurations, in one or other aspect 162 

of the study population’s social engagement (McFarland et al., 2014; Ducheminsky et al., 2014; 163 

Young et al., 2019), making it difficult to offer a principled specification of a reduced set, which 164 
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would be preferable (Webber et al., 2020). At the same time, posterior pairwise comparisons 165 

indicated acceptable collinearity across the six measures, as they also do with estimates of rank.  166 

 167 

2.5 Food availability 168 

 169 

We quantified food availability in each troop’s home range by calculating the Normalized 170 

Difference Vegetation Index (NDVI) every 16 days (Young et al., 2019) from MODIS data 171 

collected by Earth Observing System (EOS) satellites Terra (EOS AM-1) and Aqua (EOS PM- 1). 172 

Using Moderate Resolution Imaging Spectroradiometer MOD13Q1 vegetation indices at a 250-173 

meter resolution (Didan, 2015), NDVI estimates biomass by calculating the difference between the 174 

visible red and near infrared bands divided by their sum, generating a range of values between -1 175 

and 1. This is a reliable measure of food availability in this species (Willems et al., 2009) and at this 176 

site (Jarrett et al., 2020). We assigned a value for each day in the 16-day period and calculated total 177 

NDVI over a four-month period for the two months prior to birth and the two months following 178 

this. We chose this period, following the results presented in Figure 1 below, because it captured the 179 

last trimester of gestation as well as the transition to lactation prior to infant mortality. 180 

 181 

2.6 Statistical analyses 182 

 183 

All statistical analyses were undertaken in a Bayesian framework, using the “brms” package 184 

(Bürkner, 2017) in R. Relevant behavioural data were initially only collected on adult females and 185 

network estimates were consequently unavailable for 10 of the 40 primiparous females. Similarly, 186 

we lacked sufficient data to estimate networks for the single, multiparous PT female who gave birth 187 

in 2012. We took advantage of brms’s capacity to impute these values during model fitting, via the 188 

‘mi()’ function, making it possible to fit a single multilevel, multivariate model to the data that used 189 

all the data and generated an outcome qualitatively the same as the model with a truncated data set. 190 
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We constructed a model with a Bernoulli distribution, where the response variable was survival to 191 

weaning (yes/no). The fixed effects, consequently, were parity (primiparous, multiparous), infant 192 

the previous year (yes/no), maternal rank, food availability (NDVI), and spatial and grooming 193 

network measures (degree, strength, eigenvector centrality). We included an interaction term 194 

between rank and NDVI to account for the possibility that high rank may be disproportionately 195 

influential during periods of drought. Similarly, to account for a possible interaction between our 196 

two statistical controls we also ran the model with an interaction between parity and infant last year. 197 

Maternal ID, nested in troop, was specified as a random effect. Continuous variables were scaled 198 

and mean centred. We conducted prior predictive checks and specified weakly informative priors 199 

(normal (0, 1)). We ran models with four chains and 4000 iterations. Chain convergence was 200 

confirmed ( =1.0), and model goodness-of-fit was assessed using the ‘pp_check()’ function from 201 

the “bayesplot” package (Gabry & Mahr, 2017). We used the ‘bayes_R2 ’function to generate 202 

conditional and marginal R2 values for each model (Gelman et al., 2019).  203 

 204 

We present summary statistics for posterior slopes, standard errors and 95% credible intervals (CIs) 205 

for the main effects, and indicate effective sample sizes (ESS). Interpretation of outcomes is guided 206 

by the extent to which CIs depart from zero (effect size) and the span between the lower and upper 207 

CI values (precision of the posterior estimate). We augment the CIs by providing probability of 208 

direction (PD) estimates as these, together with the specification of 95%, while not prescriptive 209 

(McElreath, 2016), are intuitively helpful for non-Bayesian interpretation (Henzi et al., 2021). To 210 

aid interpretation, we generated whole model predictions using brms’s ‘fitted()’ function to extract 211 

the fitted values of the variables in our model. Variables that were not the specific focus of the 212 

prediction were either fixed to their means, if continuous, or held constant, if categorical. These 213 

predictions were then used to construct predictive posterior plots. 214 

 215 

2.7 Ethical statement 216 
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 217 

All protocols were noninvasive and adhered to the laws and guidelines of South Africa and Canada. 218 

Procedures were approved by the University of Lethbridge Animal Welfare Committee (Protocols 219 

0702 and 1505).  220 

 221 

 222 

3 RESULTS 223 

 224 

3.1 Infant mortality 225 

 226 

Of the 154 live births across the nine years—from 60 mothers—for which we have appropriate 227 

survival data, 47 (30%) died prior to weaning. The mean age at death was 73.95 days (median: 50 228 

days) and the probability density was markedly right-skewed (Figure 1), with the peak in mortality 229 

occurring while infants were still spending most of their time ventral and on the nipple (Sashaw, 230 

2012). Excluding 2009, for which we have a single datum from a larger cohort, annual cohort 231 

mortality ranged from 0.09 (1/11) to 0.85 (17/20). 232 

 233 

3.2 Predictors of survival to weaning 234 

 235 

Table 2 presents the results of the model, which identifies moderately strong but relatively 236 

imprecise effects for three variables (see also Figure 2). Survival to weaning was positively and 237 
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independently associated with increasing maternal rank, resource availability, and the number of 238 

other monkeys that constituted a mother’s spatial network (Median number of unique nearest 239 

neighbours: 22 ± 6.4 S.D.; Range: 4-41). There was, however, no indication that the influence of 240 

maternal rank on infant survival was contingent on resource availability. Similarly, there was little 241 

to indicate that a mother’s recent reproductive history, nor any of the remaining network measures, 242 

were implicated in infant survival.    243 

 244 

4 DISCUSSION 245 

 246 

Our results confirm that infants in our population were subject to substantial mortality at an age 247 

when they were very much still dependent on their mothers for food and safety. In this context, it is 248 

revealing that rising maternal rank, spatial degree, and NDVI independently predicted an increased 249 

probability of infant survival to nutritional independence. Examination of the slopes of the three 250 

variables suggests a generally equivalent contribution by each, while the spreads illustrated in 251 

Figure 2 point to increased uncertainty of outcome associated with low values, whereas predictions 252 

for high values were far more precise. Interestingly, since one might expect the RHP of high rank to 253 

Figure 1. Probability density of age at death for infants who 
died prior to nutritional independence (N=46). Median age: 
dashed line; mean age: solid line. 
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be even more influential when resources are scarce, we could detect no interaction between rank 254 

and resource availability. The answer here is likely to lie in the fact that, although we tailored our 255 

NDVI estimates to each birth, the variation in NDVI across birth cohorts was simply far greater 256 

than any variation across females within years. There is support for this in the observed variation of 257 

mortality across cohorts.   258 

 259 

TABLE 2. Posterior density estimates of population level predictors of infant survival to weaning. 260 
 261 

 262 

While we were not able to specify network measures a priori, the finding that increased spatial 263 

degree is associated with increased infant survival does confirm that social integration can make an 264 

 β SE Lower 95% CI Upper 95% CI Bulk_ESS Tail_ESS PD 

Intercept 0.92 0.84 -0.88 2.45 3974 4573 0.8644 

Infant previous year? (Ref: No) -0.3 0.79 -1.82 1.24 8401 6077 0.647 

Parity (Ref: Multiparous) 0.58 0.64 -0.67 1.87 10256 5728 0.8184 

Maternal rank 0.89 0.37 0.21 1.66 4322 4387 1 

NDVI 1.2 0.34 0.58 1.91 4548 4926 0.996 

Maternal rank*NDVI -0.28 0.29 -0.88 0.28 7340 6227 0.6466 

Infant previous year*Parity -0.3 0.78 -1.86 1.21 8307 6514 0.8364 

Grooming degree -0.27 0.51 -1.23 0.74 4337 5222 0.7074 

Grooming strength 0.6 0.57 -0.54 1.7 3804 4729 0.8517 

Grooming eigenvector centrality -0.11 0.36 -0.81 0.59 5211 5484 0.6152 

Spatial degree 1.03 0.38 0.35 1.82 3550 4254 0.999 

Spatial strength -0.26 0.48 -1.18 0.72 4294 4676 0.7139 

Spatial eigenvector centrality 0.12 0.35 -0.57 0.82 5772 5840 0.627 

 

Subject ID, nested in Troop was entered as a random effect. β: slope of the predictor; SE: standard error of the estimate 

of β; CI: credible interval; ESS: effective sample size; PD: probability of direction. R2
Marginal: 0.31; R2

Conditional: 0.39. 
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independent contribution to infant survival, even in resource-stressed environments, and emphasises 265 

the need to consider both RHP and sociability in analyses of survival outcomes. At the same time, it 266 

also suggests that future analyses might consider more precisely the intersection of maternal 267 

attributes and the proximate basis of adaptive outcomes (Ostner & Schülke, 2018). We were 268 

generally unable to differentiate the causes of infant mortality but this is a population at sustained 269 

risk of predation (Henzi et al., 2021; see also Isbell et al., 2009 for sources of infant vervet mortality 270 

in another population), where increased maternal sociability—but not rank—is associated with 271 

reduced ‘domains of danger’ (Josephs et al., 2016). That is, intrinsic and extrinsic threats to infant 272 

survival may independently promote different maternal attributes (see also McFarland et al., 2017). 273 

In summary, and from the perspective of an infant in our population, it would be best to be born to a 274 

high-ranking, spatially central mother, at a time when resources were plentiful. 275 

 276 

Interestingly, while not the principal focus of this study, we found little evidence that parity and 277 

recent reproductive history were influential in structuring infant survival in our population. The 278 

absence of an effect for reproductive history may be tied to the relatively fast life history of species 279 

under risk of higher mortality in marginal habitats (Isbell et al., 2009), even in a clade generally 280 

characterised by slow lives (Charnov & Berrigan, 1993). That is, a female who misses a year is not 281 

subsequently in any better state than a female who has not, and may perhaps have been worse off, 282 

consequently needing longer to recover from the previous birth (see Cheney et al., 1988). While 283 

infants of primiparous mothers may be at greater risk of early death in both wild (Glander, 1980) 284 

and provisioned populations, including vervets (Fairbanks & McGuire, 1985), this is not universal 285 

(Watanabe et al., 1992; Cords & Chowdhury, 2010; Nuñez et al., 2015). To the extent to which the 286 

effects of parity are assumed to be tied into maternal capacity and the ability to sustain early infant 287 

growth (Nuñez et al., 2015), it is worthwhile noting that we also found no effect of parity on 288 

juvenile growth rates in our population (Jarrett et al., 2020; see also Nuñez et al., 2015). Whether 289 
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primiparous mothers have more restrictive mothering styles that channel infant energy into growth, 290 

as suggested by Nuñez et al. (2015), remains to be determined.  291 

 292 

ACKNOWLEDGEMENTS 293 

We thank the Tompkins family for permission to work at Samara; Kitty and Richard Viloen for 294 

logistical support; and the many research assistants who contributed to the data sets. The manuscript 295 

benefitted from suggestions made by two anonymous reviewers.This work was funded by NRF 296 

(South Africa) and UNISA awards (SPH); NSERC (Canada) Discovery grants (LB, SPH); and the 297 

NSERC Canada Research Chair program (LB). 298 

 299 

AUTHOR CONTRIBUTIONS 300 

Rosemary Blersch: Formal analysis (lead); data collection (equal); visualization (equal); writing - 301 

review and editing (supporting). Tyler Bonnell: Formal analysis; writing - review and editing 302 

(supporting). Madison Clarke: data curation (equal); writing - review and editing. Marcus Dostie: 303 

Data collection (equal); formal analysis (supporting); data curation (supporting); writing - review 304 

and editing (supporting). Miranda Lucas: Data collection (equal); writing - review and editing 305 

 
 

Figure 2. Changes in the mean probability of survival in relation to spatial 

degree, maternal rank, and NDVI. Density plots indicate probability as 
predicted by the model, with the values of the continuous predictor 

variables dichotomously categorised as ‘Low ’(Orange) or ‘High ’(Blue) for 
the purposes of visualisation. The spread of each curve indicates the 
relative uncertainty of the prediction. 



 
 

  Page 15 

(supporting). Jon Jarrett: conceptualisation (supporting); data collection (equal); writing - review 306 

and editing (supporting). Richard McFarland: Data collection (equal); ; writing - review and 307 

editing (supporting). Christina Nord: Data collection (equal); writing - review and editing 308 

(supporting). April Takahashi: Data collection (equal); writing - review and editing (supporting). 309 

Stephanie Varsanyi: Conceptualisation (supporting); formal analysis (supporting). Chloé Vilette: 310 

Data collection (equal); Data curation (equal); writing - review and editing (supporting). Chris 311 

Young: Data collection (equal); Data curation (equal); writing - review and editing (supporting). 312 

Louise Barrett: Funding acquisition (equal); project administration (equal); Conceptualisation 313 

(equal); writing - review and editing (supporting). Peter Henzi: Funding acquisition (equal); project 314 

administration (equal); conceptualisation (equal); writing - original draft (lead); writing - review 315 

and editing (lead). 316 

 317 

CONFLICT OF INTEREST 318 

All authors declare no conflict of interest. 319 

 320 

DATA AVAILABILITY STATEMENT 321 

The data and code that support the findings of this study have been uploaded to 322 

Zenodo. https://doi.org/ 10.5281/zenodo.7500113 323 

 324 

REFERENCES 325 

 326 

Arlet, M. E., Balasubramaniam, K. N., Saha, R., Beisner, B., Marty, P. R., Kaburu, S. S. K., Bliss-327 

Moreau, E., Kaasik, A., Kodandaramaiah, U., & McCowan, B. (2021). Infant survival among 328 

free-living bonnet macaques (Macaca radiata) in south India. International Journal of 329 

Primatology, 42, 220–236. 330 

https://doi.org/10.5281/zenodo.7051960


 
 

  Page 16 

Blaszczyk, M. B. (2018). Consistency in social network position over changing environments in a 331 

seasonally breeding primate. Behavioral Ecology and Sociobiology, 72, 1–11. 332 

Blomquist, G. E. (2013). Maternal effects on offspring mortality in rhesus macaques (Macaca 333 

mulatta). American Journal of Primatology, 75, 238–251. 334 

Blomquist, G. E., Hinde, K., & Newmark, L. A. M. (2017). Diet predicts milk composition in 335 

primates. bioRxiv, 197004. 336 

Borries, C., Lu, A., Ossi-Lupo, K., Larney, E., & Koenig, A. (2014). The meaning of weaning in 337 

wild Phayre’s leaf monkeys: last nipple contact, survival, and independence. American 338 

Journal of Physical Anthropology, 154, 291–301. 339 

Bürkner, P.-C. (2017). brms: An R package for Bayesian multilevel models using Stan. Journal of 340 

Statistical Software, 80, 1–28. 341 

Butte, N. F., Garza, C., Stuff, J. E., Smith, E. O., & Nichols, B. L. (1984). Effect of maternal diet 342 

and body composition on lactational performance. The American Journal of Clinical 343 

Nutrition, 39, 296–306. 344 

Butynski, T. M. (1988). Guenon birth seasons and correlates with rainfall and food. In A. Gautier-345 

Hion, F. Bourliére, J.-P. Gautier, & J. Kingdon (Eds.), A Primate Radiation: Evolutionary 346 

Biology of the African Guenons (pp. 284-322). Cambridge Univ. Press, Cambridge.  347 

Cameron, E. Z., Setsaas, T. H., & Linklater, W. L. (2009). Social bonds between unrelated females 348 

increase reproductive success in feral horses. Proceedings of the National Academy of 349 

Sciences USA, 106, 13850–13853. 350 

Charnov, E. L., & Berrigan, D. (1993). Why do female primates have such long lifespans and so 351 

few babies? Or life in the slow lane. Evolutionary Anthropology, 1, 191–194. 352 

Cheney, D., Seyfarth, R. M., Andelman, S. J., & Lee, P. C. (1988). Reproductive success in vervet 353 

monkeys. In T. H. Clutton-Brock (Ed.), Reproductive Success (pp. 384-402). University of 354 

Chicago Press.  355 



 
 

  Page 17 

Clutton-Brock, T., & Huchard, E. (2013). Social competition and its consequences in female 356 

mammals. Journal of Zoology, 289, 151–171. 357 

Cords, M., & Chowdhury, S. (2010). Life history of Cercopithecus mitis stuhlmanni in the 358 

Kakamega Forest, Kenya. International Journal of Primatology, 31, 433–455. 359 

Csardi, G., & Nepusz, T. (2006). The igraph software package for complex network research. 360 

InterJournal, Complex Systems, 1695, 1–9. 361 

Curley, J. P. (2016). compete: Analyzing competitive interaction data: R package version 0.1. 362 

https://github.com/jalapic/compete.  363 

Didan, K. (2015). MOD13Q1 MODIS/Terra vegetation indices 16-day L3 global 250m SIN grid 364 

V006. NASA EOSDIS Land Processes DAAC,  365 

Ducheminsky, N., Henzi, S. P., & Barrett, L. (2014). Responses of vervet monkeys in large troops 366 

to terrestrial and aerial predator alarm calls. Behavioral Ecology, 25, 1474–1484. 367 

Ellis, L. (1995). Dominance and reproductive success among nonhuman animals: a cross-species 368 

comparison. Ethology and sociobiology, 16, 257–333. 369 

Fairbanks, L. A., & McGuire, M. T. (1985). Relationships of vervet mothers with sons and 370 

daughters from one through three years of age. Animal Behaviour, 33, 40–50. 371 

Gabry, J., & Mahr, T. (2017). bayesplot: Plotting for Bayesian models. R package version, 1,  372 

Gelman, A., Goodrich, B., Gabry, J., & Vehtari, A. (2019). R-squared for Bayesian regression 373 

models. The American Statistician, 73, 307–309. 374 

Glander, K. E. (1980). Reproduction and population growth in free-ranging mantled howling 375 

monkeys. American Journal of Physical Anthropology, 53, 25–36. 376 

Henzi, S. P., Clarke, P. M. R., van Schaik, C. P., Pradhan, G. R., & Barrett, L. (2010). Infanticide 377 

and reproductive restraint in a polygynous social mammal. Proceedings of the National 378 

Academy of Sciences USA, 107, 2130–2135. 379 



 
 

  Page 18 

Henzi, S. P., Forshaw, N., Boner, R., Barrett, L., & Lusseau, D. (2013). Scalar social dynamics in 380 

female vervet monkey cohorts. Philosophical Transactions of the Royal Society B: Biological 381 

Sciences, 368, 20120351. 382 

Henzi, S. P., & Barrett, L. (2007). Coexistence in female‐bonded primate groups. Advances in the 383 

Study of Behavior, 43–81. 384 

Henzi, S. P., Bonnell, T., Pasternak, G. M., Freeman, N. J., Dostie, M. J., Kienzle, S., Vilette, C., & 385 

Barrett, L. (2021). Keep calm and carry on: reactive indifference to predator encounters by a 386 

gregarious prey species. Animal Behaviour, 181, 1–11. 387 

Hinde, K., & Milligan, L. A. (2011). Primate milk: proximate mechanisms and ultimate 388 

perspectives. Evolutionary Anthropology, 20, 9–23. 389 

Hinde, K., Power, M. L., & Oftedal, O. T. (2009). Rhesus macaque milk: magnitude, sources, and 390 

consequences of individual variation over lactation. American Journal of Physical 391 

Anthropology, 138, 148–157. 392 

Isbell, L. A., Young, T. P., Jaffe, K. E., Carlson, A. A., & Chancellor, R. L. (2009). Demography 393 

and life histories of sympatric patas monkeys, Erythrocebus patas, and vervets, Cercopithecus 394 

aethiops, in Laikipia, Kenya. International Journal of Primatology, 30, 103–124. 395 

Jarrett, J. D., Bonnell, T., Jorgensen, M. J., Schmitt, C. A., Young, C., Dostie, M., Barrett, L., & 396 

Henzi, S. P. (2020). Modeling variation in the growth of wild and captive juvenile vervet 397 

monkeys in relation to diet and resource availability. American Journal of Physical 398 

Anthropology, 171, 89–99. 399 

Josephs, N., Bonnell, T., Dostie, M., Barrett, L., & Henzi, S. P. (2016). Working the crowd: 400 

sociable vervets benefit by reducing exposure to risk. Behavioral Ecology, 27, 988–994. 401 

Kalbitzer, U., Bergstrom, M. L., Carnegie, S. D., Wikberg, E. C., Kawamura, S., Campos, F. A., 402 

Jack, K. M., & Fedigan, L. M. (2017). Female sociality and sexual conflict shape offspring 403 

survival in a Neotropical primate. Proceedings of the National Academy of Sciences USA, 404 

114, 1892–1897. 405 



 
 

  Page 19 

Kavanagh, K., Dozier, B. L., Chavanne, T. J., Fairbanks, L. A., Jorgensen, M. J., & Kaplan, J. R. 406 

(2011). Fetal and maternal factors associated with infant mortality in vervet monkeys. Journal 407 

of Medical Primatology, 40, 27–36. 408 

Kerhoas, D., Perwitasari-Farajallah, D., Agil, M., Widdig, A., & Engelhardt, A. (2014). Social and 409 

ecological factors influencing offspring survival in wild macaques. Behavioral Ecology, 25, 410 

1164–1172. 411 

Koenig, A. (2002). Competition for resources and its behavioral consequences among female 412 

primates. International Journal of Primatology, 23, 759–783. 413 

Lee, P. C. (1987). Nutrition, fertility and maternal investment in primates. Journal of Zoology, 213, 414 

409–422. 415 

Lee, P. C. (1996). The meanings of weaning: growth, lactation, and life history. Evolutionary 416 

Anthropology, 5, 87–98. 417 

Lummaa, V., & Clutton-Brock, T. (2002). Early development, survival and reproduction in humans. 418 

Trends in Ecology & Evolution, 17, 141–147. 419 

Majolo, B., Lehmann, J., de Bortoli Vizioli, A., & Schino, G. (2012). Fitness-related benefits of 420 

dominance in primates. American Journal of Physical Anthropology, 147, 652–660. 421 

McElreath, R. (2016). Statistical Rethinking: A Bayesian Course with Examples in R and Stan 422 

(122). CRC Press.  423 

McFarland, R., Barrett, L., Boner, R., Freeman, N. J., & Henzi, S. P. (2014). Behavioral flexibility 424 

of vervet monkeys in response to climatic and social variability. American Journal of Physical 425 

Anthropology, 154, 357–364. 426 

McFarland, R., Fuller, A., Hetem, R. S., Mitchell, D., Maloney, S. K., Henzi, S. P., & Barrett, L. 427 

(2015). Social integration confers thermal benefits in a gregarious primate. Journal of Animal 428 

Ecology, 84, 871–878. 429 



 
 

  Page 20 

McFarland, R., Murphy, D., Lusseau, D., Henzi, S. P., Parker, J. L., Pollet, T. V., & Barrett, L. 430 

(2017). The ‘strength of weak ties ’among female baboons: fitness-related benefits of social 431 

bonds. Animal Behaviour, 126, 101–106. 432 

McLean, E. M., Archie, E. A., & Alberts, S. C. (2019). Lifetime fitness in wild female baboons: 433 

trade-offs and individual heterogeneity in quality. The American Naturalist, 194, 745–759. 434 

Menz, C. S., Carter, A. J., Best, E. C., Freeman, N. J., Dwyer, R. G., Blomberg, S. P., & Goldizen, 435 

A. W. (2020). Higher sociability leads to lower reproductive success in female kangaroos. 436 

Royal Society Open Science, 7, 200950. 437 

Nuñez, C. L., Grote, M. N., Wechsler, M., Allen-Blevins, C. R., & Hinde, K. (2015). Offspring of 438 

primiparous mothers do not experience greater mortality or poorer growth: Revisiting the 439 

conventional wisdom with archival records of rhesus macaques. American Journal of 440 

Primatology, 77, 963–973. 441 

Ostner, J., & Schülke, O. (2018). Linking sociality to fitness in primates: A call for mechanisms. 442 

Advances in the Study of Behavior, 50, 127–175. 443 

Parker, G. A., Royle, N. J., & Hartley, I. R. (2002). Intrafamilial conflict and parental investment: a 444 

synthesis. Philosophical Transactions of the Royal Society B: Biological Sciences, 357, 295–445 

307. 446 

Parker, G. A. (1974). Assessment strategy and the evolution of fighting behaviour. Journal of 447 

Theoretical Biology, 47, 223–243. 448 

Pasternak, G. M., Brown, L. R., Kienzle, S., Fuller, A., Barrett, L., & Henzi, S. P. (2013). 449 

Population ecology of vervet monkeys in a high latitude, semi-arid riparian woodland. 450 

Koedoe, 55, 1–9. 451 

R-Core-Team. (2018). R: A language and environment for statistical computing. R Foundation for 452 

Statistical Computing.  453 

Sashaw, J. J. H.  (2012). Maternal Strategies in Vervet Monkeys. University of Lethbridge].  454 



 
 

  Page 21 

Silk, J. B., Beehner, J. C., Bergman, T. J., Crockford, C., Engh, A. L., Moscovice, L. R., Wittig, R. 455 

M., Seyfarth, R. M., & Cheney, D. L. (2009). The benefits of social capital: close social bonds 456 

among female baboons enhance offspring survival. Proceedings of the Royal Society B: 457 

Biological Sciences, 276, 3099–3104. 458 

Silk, J. B., Alberts, S. C., & Altmann, J. (2003). Social bonds of female baboons enhance infant 459 

survival. Science, 302, 1231–1234. 460 

Watanabe, K., Mori, A., & Kawai, M. (1992). Characteristic features of the reproduction of 461 

Koshima monkeys, Macaca fuscata fuscata: a summary of thirty-four years of observation. 462 

Primates, 33, 1–32. 463 

Webber, Q. M. R., Schneider, D. C., & Vander Wal, E. (2020). Is less more? A commentary on the 464 

practice of ‘metric hacking ’in animal social network analysis. Animal Behaviour, 168, 109–465 

120. 466 

Willems, E. P., Barton, R. A., & Hill, R. A. (2009). Remotely sensed productivity, regional home 467 

range selection, and local range use by an omnivorous primate. Behavioral Ecology, 20, 985–468 

992. 469 

Wright, E., Galbany, J., McFarlin, S. C., Ndayishimiye, E., Stoinski, T. S., & Robbins, M. M. 470 

(2020). Dominance rank but not body size influences female reproductive success in mountain 471 

gorillas. PLoS One, 15, e0233235. 472 

Young, C., Bonnell, T. R., Brown, L. R., Dostie, M. J., Ganswindt, A., Kienzle, S., McFarland, R., 473 

Henzi, S. P., & Barrett, L. (2019). Climate induced stress and mortality in vervet monkeys. 474 

Royal Society Open Science, 6, 191078. 475 

Young, C., McFarland, R., Barrett, L., & Henzi, S. P. (2017). Formidable females and the power 476 

trajectories of socially integrated male vervet monkeys. Animal Behaviour, 125, 61–67. 477 

Zipple, M. N., Altmann, J., Campos, F. A., Cords, M., Fedigan, L. M., Lawler, R. R., Lonsdorf, E. 478 

V., Perry, S., Pusey, A. E., Stoinski, T. S., Strier, K. B., & Alberts, S. C. (2021). Maternal 479 



 
 

  Page 22 

death and offspring fitness in multiple wild primates. Proceedings of the National Academy of 480 

Sciences USA, 118, e2015317118. 481 

  482 



 
 

  Page 23 

Figure legends 483 

 484 

Figure 1. Probability density of age at death for infants who died prior to nutritional independence 485 

(N=47). Median age: dashed line; mean age: solid line. 486 

 487 

Figure 2. Changes in the mean probability of survival in relation to spatial degree, maternal rank, 488 

and NDVI. Density plots indicate probability as predicted by the model, with the values of the 489 

continuous predictor variables dichotomously categorised as ‘Low ’(Orange) or ‘High ’(Blue) for the 490 

purposes of visualisation. The spread of each curve indicates the relative uncertainty of the 491 

prediction. 492 

 493 

Figure 2 (Greyscale). Changes in the mean probability of survival in relation to spatial degree, 494 

maternal rank, and NDVI. Density plots indicate probability as predicted by the model, with the 495 

values of the continuous predictor variables dichotomously categorised as ‘Low ’(Light grey) or 496 

‘High ’(Dark grey) for the purposes of visualisation. The spread of each curve indicates the relative 497 

uncertainty of the prediction. 498 


