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Abstract  1 

1. Age at reproduction can influence the survival and future reproduction of an individual as 2 

well as that of their offspring. Remarkably, it has been shown that grandmaternal age at 3 

reproduction can also affect the characteristics of grandoffspring in humans and in 4 

laboratory or semi-captive animals. However, currently we do not know whether 5 

grandmaternal age effects exist in wild populations. 6 

2. We gathered data on female age at reproduction, offspring and grandoffspring 7 

characteristics using a 16-year long-term survey of a natural population of the common 8 

lizard, Zootoca vivipara. The dataset contains 579 grandoffspring from 135 litters. 9 

3. Body size at birth was not correlated with grandmaternal age at reproduction. However, 10 

grandoffspring body condition at birth, grandoffspring survival and reproductive 11 

performance of granddaughters were dependent on grandmaternal age. These relationships 12 

were independent of maternal age. 13 

4. An age-structured model showed that the global effect of grandmaternal age was non linear 14 

and was largely driven by its effect on grandoffspring survival. Fitness was higher for 15 

granddaughters produced by grandmothers of intermediate ages. 16 



5. The study shows that age can shape life-history traits for more than one generation, 17 

documenting the importance that grandmaternal age can have in wild populations. 18 
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Introduction 21 

Age at reproduction is known to affect individual reproductive performance, with 22 

effects on both litter size and litter success (Clutton-Brock, 1988). First, these results can be 23 

explained in terms of the constraints imposed by age. If age is associated with improvements 24 

in physiology (e.g., developmental maturation), morphology (e.g., increase in size) or 25 

behavior (e.g., knowledge about breeding sites), we expect a positive effect of age in early 26 

adulthood (maturation) (Forslund and Pärt, 1995). In contrast, senescence is characterised by 27 

physiological deterioration in aged individuals. This process produces higher mortality rates 28 

and/or a decrease in reproductive success (Nussey et al., 2013). Second, the age-related 29 

performance of an organism can reflect adaptive strategies (Charlesworth & Leon, 1976). 30 

Indeed, according to life-history theory, reproductive effort should increase as residual 31 

reproductive value declines; this life-history strategy serves to maximise lifetime reproductive 32 

success, and we should thus expect a positive effect of age in late adulthood (terminal 33 

investment) (Pugesek, 1981; Clutton-Brock, 1984; Roff, 2002). 34 

Interestingly, these constraints and strategies can act at the intra-generational level 35 

(e.g., age affects reproductive success of the current generation) or at the inter-generational 36 

level with maternal age effects on offspring characteristics (Roff, 2002). Age-related selective 37 

pressures can even differ between intra-generational and inter-generational level (Moorad & 38 

Nussey, 2016). Even if they are not universal (Moore & Harris, 2003), maternal age effects 39 

can be observed on offspring traits at birth (Massot et al., 2011), on offspring survival 40 

(Ducatez et al., 2012; Ivimey-Cook & Moorad, 2020) or even on offspring reproductive 41 

success (Bouwhuis et al., 2010, 2015; Schroeder et al., 2015). If differences between offspring 42 

of the F1 generation (maternal age effects) persist and affect their own offspring in the F2 43 

generation, we may observe grandmaternal (GM) age effects. Inter-generational effects can 44 



create lagged effects in population dynamics and these effects are now recognised as a source 45 

of individual heterogeneity that is important to consider to increase our understanding of 46 

population dynamics and persistence (Benton et al., 2006). Inter-generational effects can also 47 

have evolutionary consequences. They induce time lags in the response of populations to 48 

selection, and this may facilitate or hinder adaptive evolution (Kirkpatrick & Lande, 1989; 49 

McGlothlin & Galloway, 2014). Importantly, it is crucial to determine whether the effects of 50 

age are constant over multiple generations, or cumulative as found in a pioneering study in 51 

rotifers (Lansing, 1947), to correctly assess their impact on the population and also to 52 

understand whether these effects are indeed adaptive. For instance, adaptive strategies could 53 

be selected if age is correlated with environmental variables and thus represents a source of 54 

information in itself that could enable to pre-adapt the offspring to the environmental 55 

conditions they will encounter. For example, a differential impact of environmental variables 56 

(density, resource availability, etc.) on survival rates of young and old individuals could 57 

correlate age and environmental conditions. For all these possible consequences, it may be 58 

important to measure and quantify GM age effects in natural population. 59 

However, few studies have addressed the persistence of age effects over several 60 

generations. We are only aware of a few examples in human and some animals studied in 61 

laboratory conditions. In human medicine, it has been shown that GM age is a risk factor for 62 

trisomy 21 (Papp et al., 1977; Aagesen et al., 1984; Malini & Ramachandra, 2006, but see 63 

also, Allen et al., 2009; Kovaleva et al., 2010) but not for breast cancer (de Haan et al., 2010) 64 

and that grandpaternal age is positively correlated with telomere size in grandoffspring 65 

(Eisenberg et al., 2012, 2019). In non-human animals, the pioneering study in rotifers 66 

(Lansing, 1947) showed that the repeated effects of the same maternal age over multiple 67 

generations increasingly influenced grandoffspring lifespan, i.e., with evidence of a 68 

cumulative effect over multiple generations. A study on aphids (MacKay & Wellington, 69 



1976) showed that GM age influenced grandoffspring reproductive phenotype. More recently, 70 

studies on fruit flies have shown that GM age influences grandoffspring viability (Hercus & 71 

Hoffmann, 2000; Bloch Qazi et al., 2017), developmental instability (Faurby et al., 2005; 72 

Røgilds et al., 2005; Kjarsgaard et al., 2007) and short-term memorisation capacities (Burns & 73 

Mery, 2010). GM age effects were also found affecting grandoffspring weight in the rice 74 

weevil (Opit & Throne, 2007) and grandoffspring growth and size at maturation in a Daphnia 75 

(Goos et al., 2019). At the population level, it has also been shown in soil mites that maternal 76 

age affects population dynamics for several generations (Benton et al., 2008; Plaistow & 77 

Benton, 2009). None of these studies have, however, examined the possibility that such GM 78 

age effects occur in natural populations. 79 

In the wild, GM age effects are unexpected for several reasons. First, it has often been 80 

assumed that too few individuals survive to advanced ages in the wild to be able to conduct 81 

robust statistical analyses on ageing (Kirkwood & Austad, 2000). Second, the high level of 82 

environmental variance in nature increases the amount of inter-individual variation (e.g., the 83 

variance in resource acquisition is increased), reducing the chance to detect GM age effects. 84 

Third, disappearance/appearance of different phenotypes at the population level (e.g., 85 

selection) (Forslund & Pärt, 1995; van de Pol et al., 2006) may obscure age effects. Thus, 86 

even if age effects are observed under laboratory conditions that enhance the overall survival 87 

of individuals, they may not be observed in natural conditions. Although it has been proven 88 

possible to measure maternal age effects in the wild (Clutton-Brock, 1988; Nussey et al., 89 

2013), sample sizes to investigate age effects on one additional generation (GM effects) are 90 

even more constrained. However, three studies that documented parental effects on the 91 

number of grandoffspring recruits showed the feasibility to test GM age effects in wild 92 

populations (Bouwhuis et al., 2010, 2015; Schroeder et al., 2015). The constraint on sample 93 

size can be circumvented by the long‐term monitoring of large populations. Recently, this was 94 



performed by a study on semi-captive Asian elephants in which it was shown a negative GM 95 

age effect on grandcalf survival (Reichert et al., 2020). The ultimate challenge for studies that 96 

will detect GM age effects in wild populations will be to have enough repeated measurements 97 

of the same grandmothers at different ages to discriminate between individual and population 98 

level mechanisms (e.g., age-specific selection). 99 

In our study, we tested the effects of grandmaternal age (F0 generation) on the 100 

characteristics of grandoffspring at birth (F2 generation), on grandoffspring survival and on 101 

the reproduction of granddaughters in a wild population of the common lizard, Zootoca 102 

vivipara (Figure 1). In this species, maternal age affects reproductive success and offspring 103 

characteristics at birth (Massot et al., 2011). In particular, there is a positive effect of female 104 

age on female offspring body condition and body size at birth, and this was related both to 105 

maturation in young females and terminal investment in old females (Massot et al., 2011). 106 

This variation in female offspring quality due to the age of their mother could affect the 107 

reproductive outputs of female offspring and lead to GM age effects. 108 

 109 

Materials and Methods 110 

Model species and long-term survey 111 

The common lizard (Zootoca vivipara, formerly Lacerta vivipara) is a small ground-112 

dwelling lizard that is widely distributed across Eurasia. It is a live-bearing species, except in 113 

the extreme south of Europe where oviparous populations have been recorded (Surget-Groba 114 

et al., 2001). In the study population, the average litter size is five shell-less eggs, and females 115 

give birth to fully formed juveniles that emerge from the foetal membrane within one or two 116 

hours after laying. There is no parental care, and juveniles are independent from birth. Lizards 117 

reproduce once per year, during the summer, and hibernate from late September to April-May. 118 

Age-specific survival rates increase until maturity (usually at two years in our population), and 119 



then decrease with age in males and also in females that showed a high reproductive effort 120 

during their first reproduction (Massot et al., 2011). The data of our study were obtained from 121 

a long-term mark-recapture survey conducted each year from 1989 through 2004 in a natural 122 

population at Mont-Lozère (1420 m a.s.l., 44°23’03’’N, 3°52’40’’E, Cévennes National Park, 123 

southeastern France). This population and the long-term survey protocol have been described 124 

elsewhere (e.g., Massot & Clobert, 2000; Le Galliard et al., 2010; Massot et al., 2011; Bleu et 125 

al., 2013). Briefly, pregnant females are captured each year and kept in the laboratory for three-126 

four weeks until parturition. No sample bias is expected because capture probabilities of adult 127 

females do no vary with age (Massot et al., 2011). At birth, offspring are measured (snout-vent 128 

length, to the nearest mm), weighed (to the nearest mg), sexed and marked by toe-clipping with 129 

no effect on subsequent recapture and survival probabilities (Massot et al., 1992). This protocol 130 

allows us to determine the maternal lineages, the age at reproduction, litter size, litter success, 131 

offspring body size and body mass at birth, and offspring sex. Lizards that are not born in the 132 

laboratory can be aged if they are captured in the field as juveniles or subadults, and this allows 133 

us to age many grandmothers. Offspring are recaptured at the end of the reproductive season 134 

(in September, i.e. before hibernation) and the summer of the next years (in June-July) to 135 

estimate their survival. Litters do not always result in live offspring, they can contain stillborns, 136 

unfertilised eggs or abortive embryos. We defined litter size as the total litter size, and litter 137 

success as the proportion of live offspring in a litter. 138 

Dataset 139 

The full dataset contains 579 grandoffspring from 135 litters, with sampled 140 

grandmothers and mothers from two to eight years old (Tables S1 and S2 in Supporting 141 

Information). However, in this dataset, some litters were not independent because they were 142 

produced by the same grandmother or mother. More precisely, 25 grandmothers and 26 143 

mothers appeared two times in the dataset, five grandmothers and three mothers appeared 144 



three times, four grandmothers and one mother appeared four times and one grandmother 145 

appeared five times. The identity of a grandmother or a mother can be repeated for several 146 

reasons. Firstly, some litters were produced by different mothers but shared the same 147 

grandmother: in eight cases the grandmother had the same age (mothers were from the same 148 

litter) and in seven cases the grandmother had different ages (mothers from two different 149 

years). The last case is of particular interest because it could allow longitudinal analyses, 150 

however it was not very frequent. Secondly, some litters were produced by the same mother at 151 

different maternal ages (and thus the same grandmother at the same GM age). This was the 152 

most frequent case, with 26 cases where the mother was captured two different years, three 153 

cases three different years and one case four different years. 154 

Statistical analyses 155 

We tested the effects of grandmaternal (GM) age on grandoffspring characteristics at 156 

birth and on the reproduction of granddaughters with mixed and linear models using R 4.1.1 157 

statistical software (R Core Team, 2021). The significance of the fixed effects was tested 158 

using F statistics for linear mixed models and a chi-square test for logistic regression (Bolker 159 

et al., 2009). We checked the homoscedasticity and the normality of the residuals of the linear 160 

mixed models. The collinearity of the explanatory variables was also checked using variance 161 

inflation factors. 162 

Firstly, we analysed the effects of GM age on grandoffspring body size at birth (snout-vent 163 

length) and on grandoffspring body condition at birth. We defined body condition as the 164 

residuals of a linear regression of body mass against body size. The regression was performed 165 

for each sex separately because of sexual size dimorphism in juvenile common lizards (Le 166 

Galliard et al., 2006). We used the ‘lmer’ function from the packages ‘lme4’ (version 1.1-27) 167 

(Bates et al., 2015) and ‘lmerTest’ (version 3.1-3) (Kuznetsova et al., 2017) to compute linear 168 

mixed models with the Satterthwaite's method to compute degrees of freedom and F-statistics. 169 



The explanatory variables of the full models were: GM age, maternal age (M age), offspring 170 

sex and the first-order interactions. Because age effects are often curvilinear (e.g., Massot et 171 

al., 2011), the quadratic terms of the GM age and M age were also included in the model. The 172 

random effects were the year of maternal reproduction and maternal identity (offspring from 173 

the same litter are not independent and some mothers may appear different years in the 174 

dataset). The identity of the grandmother was not included as a random effect because the 175 

variance explained by this effect was close to 0. We believe that it might not be relevant to 176 

include this effect as we did not have enough repetitions of grandoffspring from the same 177 

grandmother but different mothers to estimate this properly. We also did not have individual 178 

estimates of longevity of mothers and grandmothers to include as covariates to control for 179 

selective disappearance related to maternal and grandmaternal ages (e.g., Hayward et al., 180 

2013). 181 

Secondly, we analysed reproduction of granddaughters at the age of two years old, i.e. 182 

at their first reproduction (Massot et al. 2011). We analysed granddaughter litter size and 183 

granddaughter litter success with logistic regression (generalized linear models). For litter 184 

size, we used a Conway-Maxwell-Poisson regression to take into account underdispersion of 185 

these count data (dispersion parameter = 0.26) (Sellers & Premeaux, 2020). More precisely, 186 

we used the ‘glm.cmp’ function from the package ‘mpcmp’ (version 0.3.6). For litter success, 187 

we used a logistic regression with quasi-binomial error to take into account overdispersion of 188 

these proportion data  (dispersion parameter = 1.66). We used the ‘glm’ function (base 189 

package) and “Anova” from the car package (version 3.0-11) (Fox & Weisberg, 2019) to 190 

compute type 3 anova. Because of the small sample sizes, we tested only the interaction 191 

between GM age and M age and we did not add random effects (the identity of only one 192 

mother and two grandmothers were repeated in the dataset). The explanatory variables of the 193 

full model were: GM age (linear and quadratic terms), M age (linear and quadratic terms), and 194 



granddaughter body size. We included granddaughter body size because reproduction depends 195 

on body size in female common lizards (Massot et al., 1992, 2011). 196 

Survival analyses 197 

Grandoffspring were recaptured at the end of the summer before their first hibernation 198 

and each summer of the next years. The resulting capture-mark-recapture data allowed us to 199 

estimate the survival probabilities. Survival estimates were obtained while taking into account 200 

the capture probabilities using a capture-mark-recapture method based on the open population 201 

model of Cormack-Jolly-Seber (Clobert et al., 1987). This model produces apparent survival 202 

estimates resulting from mortality and emigration. Because we have shown that emigration is 203 

rare in our study population, our estimates may be assimilated to true survival rates (Massot et 204 

al., 1992). We used the program E-surge version 2.2.3 to fit models (Choquet et al., 2009b). 205 

We tested whether survival and capture probabilities were dependent on GM age and M age 206 

(linear and quadratic terms), and the interaction between the two. The full model of survival 207 

probabilities also included as factors the season (autumn/summer), the year and the sex in 208 

interaction with age classes (variation in survival between age classes are reported in Massot 209 

et al., 2011). Concerning capture probabilities, the full model included the season, year and 210 

sex factors in addition to the variables of GM age and M age (linear and quadratic terms, and 211 

their interaction). We first selected a model for capture probabilities (while keeping the full 212 

model for survival probabilities) and then a model for survival probabilities. The model 213 

selection was based on the quasi-likelihood Akaike information criterion (QAICc), this 214 

criterion accounts for the overdispersion of data that can be induced by missing factors 215 

(Burnham & Anderson, 2002). The goodness of fit of the Cormack-Jolly-Seber model to the 216 

data was checked with the program U-CARE version 2.3.4 (Choquet et al., 2009a).  217 

Age-structured matrix model 218 



In order to approximate the GM age effect on granddaughter fitness, we implemented 219 

an age-structured matrix model with the ULM software version 6.0 (Legendre & Clobert, 220 

1995). We modelled the life cycle of the common lizard from a 9-age class Leslie matrix, and 221 

we calculated the asymptotic multiplication rate as the dominant eigenvalue of the matrix. 222 

The asymptotic multiplication rate was used as a proxy of fitness. As usual for this kind of 223 

modelling, our model was based solely on females. This approach assumes that male 224 

abundance is always high enough to ensure reproduction of most females (Bessa-Gomes et 225 

al., 2010). This assumption is relevant to our studied population where all sexually mature 226 

females (females of three years of age and older, and two years old females with a body size 227 

larger than a threshold) reproduce (Massot et al., 2011). We fixed the female age at maturity 228 

at two years as usually observed (Massot et al., 2011). The proportion of females at birth was 229 

fixed at 50% (Le Galliard et al., 2005) to adjust fecundities to the numbers of females 230 

produced. The values of age-specific fecundity of granddaughters and survival for the first 231 

winter were the estimates from this study (Figure 1). The ULM software allows to compute 232 

the age-specific multiplication rates and to measure the multiplication rates sensitivity to 233 

change in the different vital parameters tested (Legendre & Clobert, 1995; Caswell, 2001). 234 

The ULM software can be downloaded from 235 

http://www.biologie.ens.fr/~legendre/ulm/ulm.html. 236 

 237 

Results 238 

Body size and body condition at birth of grandoffspring 239 

Table 1 shows the results of the analysis on body size. Body size at birth of F2 240 

individuals was dependent on maternal age (F1 generation) and grandoffspring sex. F2 241 

females were bigger than F2 males and the effect of maternal age was quadratic with a 242 



maximum for mothers of five years old (Figure S1). However, there was no significant effect 243 

of GM age (F0 generation). 244 

Body condition at birth of F2 individuals was dependent on maternal age (F1 245 

generation) and GM age (F0 generation) (Table 2). Body condition at birth was dependent on 246 

maternal age in interaction with sex. F2 males had lower body condition than F2 females from 247 

older mothers (Figure S1). Body condition of F2 individuals was also significantly related to 248 

GM age in interaction with sex (Table 2). Body condition decreased with GM age for F2 249 

males (estimate ± s.e. = -1.27 ± 1.07) but not for F2 females (estimate = 0.60 ± 1.10). As a 250 

consequence, F2 males had lower body condition than F2 females from older grandmothers 251 

(Figure 2). 252 

Survival of grandoffspring  253 

We studied M age (F1) and GM age (F0) effects on survival probabilities of 254 

grandoffspring (F2 individuals). Figure 3 shows survival probabilities of grandoffspring 255 

during their first hibernation, and the range of 95% confidence interval of survival 256 

probabilities for all the combinations of grandmaternal and maternal ages. Survival 257 

probabilities of grandoffspring had large confidence intervals mainly in the combinations of 258 

the oldest grandmothers and mothers (rigth panels of Figure 3). Grandoffspring survival was 259 

not confidently estimated in these combinations of the oldest ages as we could expect from 260 

their small sample sizes (Table S2). Figure 3 (left panels) reports only survival probabilities of 261 

grandoffspring the most confidently estimated. Overall, we found an effect of both M age 262 

(linear effect) and GM age (quadratic effect) (log-likelihood ratio tests: X2
1 = 6.1 P = 0.013 263 

for M age effect, X2
1 = 8.1 P = 0.005 for GM age quadratic effect; detailed analysis in Table 264 

S3). The maternal and grandmaternal effects were additive. Male and female offspring of the 265 

oldest mothers showed the highest survival rates (left panels of Figure 3). For the quadratic 266 



GM age effect, the survival rates of male and female grandoffspring were the highest for the 267 

three years old grandmothers (left panels of Figure 3). 268 

Reproduction of granddaughters 269 

 Twenty-two pregnant granddaughters were recaptured at the age of two years old, the 270 

age at which females may first reproduce in this population (Massot et al., 2011). Litter size 271 

and litter success of granddaughters (F2 females) were dependent on GM age (F0 females) 272 

(Tables 3 and 4). The reproductive performances of granddaughters increased with GM age 273 

(Figure 4). Granddaughter litter size was also positively correlated with granddaughter body 274 

size (Table 3). Granddaughter litter size and success were not significantly related to maternal 275 

age (Tables 3 and 4). 276 

Age-structured population model 277 

We calculated the net effect of GM age effects by estimating the multiplication rate (λ) 278 

of granddaughters produced by GM of different ages with an aged-structured matrix model. 279 

This measure is an approximation of the fitness of granddaughters since it takes into account 280 

both the GM age effects on survival and fecundity. GM age has a non linear effect on λ, with 281 

maximum values for three and four years old GM (Figure 5). λ is clearly smaller for the 282 

granddaughters produced by grandmothers older than four years old (Figure 5). The 283 

sensitivity was 0.71 for juvenile survival, 0.05 for fecundity at age 2, 0.03 for fecundity at age 284 

3, and less than 0.02 for fecundity at older ages. This indicates that most of this pattern is 285 

driven by the GM effects on grandoffspring survival. 286 

 287 

Discussion 288 

A recent review of animal populations has illustrated that offspring quality often 289 

depends on maternal traits (Moore et al., 2019). The literature on maternal effects expanded 290 

greatly over the last three decades and showed that these effects are common and affect a 291 



diversity of traits. Specifically, a series of previous studies in the common lizard found that 292 

this live-bearing species exhibits multiple maternal effects. For example, offspring body size 293 

and body condition were dependent on maternal age (Massot et al., 2011), offspring growth 294 

and survival were influenced by temperature during gestation (Lorenzon et al., 2001), 295 

offspring dispersal responded to food availability during gestation (Massot et al., 2008), and 296 

litter size was related to rainfall during vitellogenesis (Bleu et al., 2013). The commonness of 297 

maternal effects in the common lizard might explain why we found grandmaternal age effects 298 

on four out of the five parameters tested, with GM age effects on body condition at birth, 299 

survival and two reproductive parameters. Interestingly, these grandmaternal age effects were 300 

independent of maternal age effects. GM age and M age had only additive effects on 301 

grandoffspring body condition and survival. We found only a GM age effect on 302 

granddaughter reproduction. We found no interaction between GM age and M age effects for 303 

all the tested parameters (i.e., no M age x GM age interaction in Tables 1 to 4, and Table S3). 304 

Therefore, we did not detect a cumulative effect of maternal age effects over multiple 305 

generations as in the pioneering study of Lansing (1947). 306 

Our study illustrates that the effects of age at reproduction can persist for up to two 307 

generations in a wild population, with age effects on grandoffpsring body condition, survival 308 

and reproduction. Age effects may be explained by individual consequences of ageing 309 

(maturation, senescence and terminal investment) or by the age-specific 310 

disappearance/appearance of different phenotypes at the population level (e.g., selection) 311 

(Forslund & Pärt, 1995; van de Pol et al., 2006). In this study, we did not have enough data to 312 

perform longitudinal analyses with repeated measurements of the same grandmothers at 313 

different ages. We also did not have the possibility to use individual estimates of longevity of 314 

mothers and grandmothers as covariates to control for selective disappearance related to 315 

maternal and grandmaternal ages (e.g., Hayward et al., 2013). For this reason, we analysed 316 



only the patterns at the population level and we cannot formally distinguish between 317 

individual and population effects. A previous study in the common lizard supports the 318 

hypothesis of responses at the individual level for at least a part of the grandmaternal age 319 

effects we observed. This study performed analyses on longitudinal data with repeated 320 

measurements of the same mothers at different ages (Massot et al., 2011) and found 321 

relationships between maternal age and offspring traits at birth (body size and body 322 

condition). However, we cannot know if these individual responses at the first generation span 323 

the next generation. We also cannot rule out the possibility that these individual responses 324 

were modified or replaced by a differential mortality among offspring of the first generation 325 

(hypothesis of selective disappearance at the population level). 326 

Yet, whatever the levels of action, this study shows that variation of the age at 327 

reproduction had effects lasting for up to two generations. Although it would be interesting to 328 

understand the mechanisms, finding an overall GM age effect is a first and necessary step. 329 

This shows that GM age effects are a reality in wild populations that can affect population 330 

dynamics, and that they are not just a human specificity or a laboratory curiosity. This is 331 

consistent with a study on semi-captive Asian elephants (Reichert et al., 2020) in which it has 332 

been shown that grandoffspring of old grandmothers had reduced survival (Reichert et al., 333 

2020). Our study found also that male and female grandoffspring of old grandmothers had 334 

reduced survival. Maternal effects were also observed in elephants. Offspring of older 335 

mothers had reduced survival and higher reproductive success. In addition, it was suggested a 336 

quadratic effect of maternal age on offspring body condition. Because offspring of older 337 

mothers had reduced survival, the authors discussed the hypothesis that the differential 338 

mortality between F0 and F1 generations led to the GM age effect at the F2 generation 339 

(Reichert et al., 2020). As in our study, it appeared challenging to discriminate between 340 

individual and population level mechanisms. 341 



In our study, we analysed long-term GM effects on grandoffspring survival and 342 

reproduction. The effect of GM age on survival was globally negative with a decrease of 343 

grandoffspring survival when grandmothers were older than four years old (Figure 3). For the 344 

fecundity of grandaugthers, the effect of GM age was positive. Litter size and litter success of 345 

granddaughters increased with increasing GM age (Figure 4). To understand the combined 346 

effects of GM age on survival and fecundity, we compared the multiplication rates of 347 

granddaughters produced by grandmothers of different ages. The overall pattern shows a non 348 

linear trend with a maximum of fitness for the granddaughters of grandmothers of three and 349 

four years old (Figure 5). Even if it is difficult to conclude on the adaptive value of the GM 350 

effects detected since we do not know if they are at the population or individual levels, these 351 

GM age effects seem concordant with individual responses related to maturation in young 352 

grandmothers and senescence in old grandmothers. 353 

In conclusion, we found evidence that the age of grandmothers at reproduction (F0 354 

generation) has effects on grandoffspring (F2 generation) in a wild population. These effects 355 

that persist for up to two generations induce time lags in the response of populations to 356 

selective pressures, and may facilitate or hinder adaptive evolution (Kirkpatrick & Lande, 357 

1989; McGlothlin & Galloway, 2014). Our study provides two useful avenues for future 358 

research. First, it will be important to understand the mechanisms underlying the 359 

grandmaternal age effects, especially determining if they are individual or/and population 360 

responses. Second, it would be interesting to test whether the age of the grandfathers at 361 

reproduction may also have effects in wild populations, as found in humans (Eisenberg et al., 362 

2012, 2019). 363 
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Table 1. Analysis of grandoffspring body size at birth. We used a mixed-effects model 557 

with year of maternal reproduction and maternal identity as random effects. Three outliers 558 

were removed to conform to normality assumption of the model. Significant effects are in 559 

bold. M age and GM age are maternal age and grandmaternal age, respectively. Estimates are 560 

given considering male as the level of reference for grandoffspring sex. 561 

 F-value df P-value Estimate SE 

Intercept    20.74 0.81 

M age 6.25 1, 538.3 0.013 0.70 0.28 

M age² 8.66 1, 527.5 0.003 -0.08 0.03 

GM age 0.14 1, 113.3 0.71 0.12 0.33 

GM age² 0.26 1, 101.9 0.61 -0.02 0.04 

grandoffspring sex 8.75 1, 477.3 0.003 -0.60 0.20 

M age x grandoffspring sex 0.12 1, 478.3 0.73 -0.02 0.05 

GM age x grandoffspring sex 0.03 1, 479.8 0.87 0.01 0.04 

M age x GM age 0.08 1, 553.0 0.78 0.01 0.04 

 

  562 



 

Table 2. Analysis of grandoffspring body condition at birth. We used a mixed-effects 563 

model with year of maternal reproduction and maternal identity as random effects. Two 564 

outliers were removed to conform to normality assumption of the model. Significant effects 565 

are in bold. M age and GM age are maternal age and grandmaternal age, respectively. 566 

Estimates are given considering male as the level of reference for grandoffspring sex. 567 

 F-value df P-value Estimate SE 

Intercept    -15.68 13.50 

M age 2.67 1, 515.0 0.10 9.02 5.00 

M age² 6.08 1, 511.8 0.014 -1.11 0.45 

GM age 0.38 1, 120.9 0.54 -2.31 5.31 

GM age² 0.19 1, 108.1 0.66 0.27 0.61 

grandoffspring sex 9.49 1, 485.4 0.002 11.40 3.70 

M age x grandoffspring sex 4.75 1, 583.7 0.030 -2.06 0.94 

GM age x grandoffspring sex 5.44 1, 668.8 0.020 -1.89 0.81 

M age x GM age 0.22 1, 517.6 0.64 0.30 0.64 

  



 

Table 3. Analysis of granddaughter litter size. We used a Conway-Maxwell-Poisson 568 

regression to take into account underdispersion of data. Significant effects are in bold. M age 569 

and GM age are maternal age and grandmaternal age, respectively. 570 

 Z-value P-value Estimate SE 

Intercept   -3.72 1.29 

M age 0.61 0.54 0.18 0.29 

M age² -0.42 0.68 -0.02 0.04 

GM age 2.18 0.029 0.82 0.38 

GM age² -1.93 0.054 -0.10 0.05 

granddaughter body size 3.92 < 0.001 0.06 0.01 

M age x GM age -0.11 0.91 -0.01 0.07 

 

  571 



 

Table 4. Analysis of granddaughter litter success. We used a logistic regression with quasi-572 

binomial error to take into account overdispersion of data. Significant effects are in bold. M 573 

age and GM age are maternal age and grandmaternal age, respectively. 574 

 X²-value df P-value Estimate SE 

Intercept    -18.80 14.53 

M age 0.16 1 0.69 -3.92 10.00 

M age² 0.56 1 0.45 1.54 2.38 

GM age 3.97 1 0.046 7.98 5.20 

GM age² 2.14 1 0.14 -0.80 0.56 

granddaughter body size 1.38 1 0.24 0.20 0.17 

M age x GM age 1.22 1 0.27 -1.01 1.16 

 

  575 



 

Figure legends 

 

Figure 1. Terminology. The individuals of the first generation (F0) are consistently called 576 

grandmothers, those of the second generation (F1) mothers and those of the third generation 577 

(F2) grandoffspring. The distinction between an age effect, a maternal effect and a 578 

grandmaternal effect depends on the number of generations between the individuals and not 579 

on the name of the explanatory variable (M age or GM age). 580 

 

Figure 2.  Grandmaternal age effect on grandoffspring body condition at birth. 581 

Grandoffspring body condition was dependent on the interaction between GM age and sex as 582 

illustrated here in grandoffspring males (blue) and females (red). The figure shows mean 583 

values ± s.e.m., with the predicted relationships of a statistical model including only 584 

significant effets. 585 

 

Figure 3. Grandmaternal age and maternal age effects on grandoffspring survival 586 

during their first hibernation. Grandoffspring survival rate was dependent on the additive 587 

effects of GM age, M age and sex (Table S3) as illustrated here in grandoffspring females 588 

(panel A) and males (panel B). Left panels show the survival rates estimated with a range of 589 

95% confidence interval less than 0.5. Right panels show the range of 95% confidence 590 

interval of survival rates for all the combinations of grandmaternal and maternal ages, with 591 

the range limit for the value of 0.5 indicated by the dashed line. 592 

 

Figure 4. Grandmaternal age effects on granddaughter reproduction at two years old. 593 

The litter size (panel A) and litter success (panel B) of the two-year-old granddaughters 594 

recaptured at their first reproduction depended on grandmaternal age. Litter success is the 595 



proportion of live offspring in a litter. Litter size and litter success are presented as the mean ± 596 

s.e.m., with the predictions of the significant effects of the statistical models (blue lines are 597 

predicted values, and shaded areas are their 95% confidence intervals). 598 

 

Figure 5. Age-dependent multiplication rates of granddaughters. Multiplication rates 599 

were computed with age-structured matrix models implemented in the ULM software. This 600 

measure takes into account both the effects of grandmaternal age on granddaughter survival 601 

and fecundity. 602 
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