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1. Generation time is a fundamental component of extinction risk assessments for 25	

the International Union for Conservation of Nature (IUCN) Red List of 26	

Threatened Species. Calculation of generation time requires age-specific data 27	

on survival and fecundity rates and knowledge of population growth rates. 28	

These data are generally lacking for threatened species, so approximations 29	

including only partial demographic information need to be used. This leads to 30	

potential errors in generation time estimates.  31	

2. To quantify the magnitude of potential errors in generation time estimates, we 32	

compared seven approximations with exact generation time measures, 33	

calculated either from complete life tables available for 58 mammalian species 34	

or from simulated data. We tested the influence of these errors on conservation 35	

assessments conducting mock assessments for ten species. We also tested the 36	

commonly used prediction of generation time based on the allometric 37	

relationship with body mass using phylogenetic generalized least squares.  38	

3. Root-mean-square errors were largest in measures assuming constant fecundity 39	

with age, some of which are currently used in Red List assessments. We found 40	

that the measure of generation time that only ignores population growth rates 41	

performed relatively well, but tended to under-estimate generation time for 42	

decreasing populations, and over-estimate it for increasing populations. 43	

4. In the mock assessment, we found that we underestimated the threat level in 44	

10% to 90% of the species depending on the generation time approximation we 45	

used. 46	

5. The predictive metric of generation time based on body mass is inaccurate. We 47	

propose an alternative predictive metric based on body mass, age at first 48	

reproduction, and reproductive lifespan.  49	



	

6. Synthesis and applications. Our results demonstrate potential errors that occur 50	

when estimating generation time in absence of key demographic information. 51	

We offer practical recommendations for extinction risk assessments including 52	

more rigorous mathematical formulations of generation time, such as the 53	

measure of generation time that includes population growth rates and the 54	

appropriate age-specific vital rates. Furthermore, we recommend alerting risk 55	

assessors of the uncertainties in proxy measures, such as the underestimation 56	

of generation time resulting from the assumption of constant fecundity in 57	

future Red List assessments.  58	

 59	

Introduction 60	

Population demography is extremely variable across species and environments, as 61	

demonstrated by the diversity of age-specific trajectories of survival and fecundity 62	

across the tree of life (Jones et al., 2014). Identifying these trajectories allows 63	

researchers to estimate key measures of population dynamics such as population 64	

growth rates and generation time (Caswell, 2001; Gaillard et al., 2005; Tuljapurkar, 65	

Gaillard & Coulson, 2009; Bienvenu & Legendre, 2015). Three main definitions of 66	

generation time include: (1) the time required for a population at the stable age 67	

distribution to grow by the net reproductive rate (Birch, 1948, TR); (2) the mean age of 68	

the parents of offspring produced in the current time period once the population has 69	

reached the stable age distribution (henceforth the period definition, Leslie, 1966 Tb); 70	

and (3) the mean age at which members of a cohort of newborns produce offspring 71	

(henceforth the cohort definition, Dublin & Lotka, 1925 Ts) (Table 1). Generation time 72	

has been used in a wide range of applications, including measuring the pace of life 73	

across species (Gaillard et al., 2005; Baudisch, 2011), ranking species along the slow-74	



	

fast life history continuum (Gaillard et al., 2005), evaluating the response of species to 75	

variable environments (Tuljapurkar, Gaillard & Coulson, 2009), calculating evolution 76	

rates (Evans et al., 2012), and estimating extinction risk (Mace et al., 2008).  77	

Concerning extinction risk, generation time is routinely used as one important factor 78	

for species threat assessments by worldwide conservation organizations such as the 79	

International Union for Conservation of Nature (IUCN) or to assess bycatch limits in 80	

fisheries (Dillingham, 2010). Moreover, generation time influences the mutation rate, 81	

making it an indicator for species’ adaptability to climate change (Foden et al., 2013; 82	

Pearson et al., 2014). Based on such fundamental role in establishing conservation 83	

goals, it is necessary to obtain accurate generation time estimates for endangered 84	

species. When the necessary data for such estimation are missing, it is imperative to 85	

have a clear understanding of the errors in the available generation time values.  86	

The IUCN Red List of Threatened Species (IUCN, 2017a) is the primary 87	

authority for extinction risk assessments. In the Red List assessment, species are 88	

categorized as threatened based on criteria related to population decline, geographic 89	

range size, fragmentation, and small population size (IUCN, 2017b). In criteria related 90	

to population decline, generation time acts as a standardization for time units that 91	

allow using the same criteria on species with extremely different lifespans (Mace et 92	

al., 2008). In criterion A for example, population size reduction is measured over ten 93	

years or three generations, whichever is longer. Therefore, an underestimation of 94	

generation time would result in the population reduction being measured over a 95	

shorter time period possibly leading to an underestimation of extinction risk, with an 96	

opposite effect when overestimating generation time. Such potential inaccuracies 97	

could have consequences for many species, because criteria including generation time 98	



	

have been used to list 41% of mammals, 33% of birds, 14% of amphibians, 19% of 99	

reptiles, and 96% of corals categorized as threatened (IUCN, 2017a).  100	

In the IUCN Guidelines for Using the IUCN Red List Categories and Criteria 101	

(henceforth IUCN guidelines, IUCN, 2017b) generation time measures are commonly 102	

based on the cohort definition (Ts), which is considered to provide a reasonable 103	

approximation to generation time. However, using Ts is only appropriate for data 104	

collected from a single cohort, from which individuals are monitored from birth to 105	

death, or under the assumption of stationary populations (i.e. a population growth rate 106	

equal to one). In many studies of mammals in the wild, however, age-specific vital 107	

rates are calculated as averages across years on cross-sectional data (i.e. including 108	

multiple cohorts) (e.g. Nussey et al., 2008). Thus, the period approach to calculate 109	

generation time (Tb) is the most general measure as it accounts for overlapping 110	

generations by including the population growth rate.   111	

Both the cohort and the period definitions of generation time require complete 112	

age- and sex- specific data on survival and fecundity, but this detailed information is 113	

currently available for only ~1.6% of threatened tetrapods and probably even less for 114	

other taxonomic groups (Conde et al., unpublished data). Given the scarcity of 115	

demographic data, demographic traits such as the average age at first reproduction 116	

(Tsantes & Steiper, 2009) or evolutionary allometric relationships between generation 117	

time and body mass are frequently used to approximate generation time (Millar & 118	

Zammuto, 1983; Gaillard et al., 2005; Cooke et al., 2018).  119	

The IUCN guidelines explicitly mention two alternative generation time 120	

approximations: The first is the ‘reproductive lifespan proxy’ that calculates 121	

generation time as the sum of age at first reproduction and the product of a variable z 122	

and the species reproductive lifespan (Tz, Table 1). This variable z, bounded between 0 123	



	

and 1, is estimated as the average from species for which generation time can be 124	

accurately estimated, and then used to approximate generation time for species with no 125	

demographic information. For example, z has been fixed at 0.29 (Pacifici et al., 2013) 126	

and 0.28 (Keith et al., 2015), for mammals. The z-value simply states that generation 127	

time cannot be smaller than age at first reproduction or larger than the age at last 128	

reproduction and, based on the IUCN guidelines, scales accordingly to the relative 129	

fecundity of young vs. old individuals in the population. The second measure is the 130	

‘adult-mortality proxy’, which is calculated as the sum of age at first reproduction and 131	

the inverse of average annual adult mortality (Tq, Table 1). Using these measures 132	

facilitates approximating generation time for many species, as the required variables 133	

are more commonly available than age-specific vital rates. For example, data on age at 134	

first reproduction currently exist for at least 35% of mammals (Conde, et al., 135	

unpublished data). However, these measures should be applied under careful 136	

consideration as they may lead to considerable errors. For example, Cooke et al. 137	

(2018) found that calculating generation time from the ‘reproductive lifespan proxy’ 138	

for Bovidae species can lead to erroneous results when the age at last reproduction is 139	

estimated based on maximum longevity in captivity rather than in the wild. Such 140	

discrepancy comes from the consistently longer life of captive mammals compared to 141	

their wild counterparts (Tidière et al., 2016). Moreover, Fung and Waples (2017) 142	

reported that the estimation of generation time requires an adjustment, recently 143	

incorporated into the IUCN guidelines (2017b), that shifts ages by one year, 144	

particularly for species that start reproducing before their first year of age. Ignoring 145	

this adjustment may result in biased assessments of currently used generation time 146	

proxies. Fung and Waples (2017)’s study provides the first attempt to predict and 147	

correct for errors generated by using proxies instead of more accurate generation time 148	



	

estimates. However, their study stresses the use of approximations bearing many 149	

assumptions, such as constant adult mortality and stationary populations, rarely met in 150	

wildlife populations.  151	

Here, we review currently used generation time measures and compare the 152	

metric of generation time with the least number of assumptions (i.e. the period 153	

definition of generation time, Tb) to seven metrics including only partial demographic 154	

information on real and simulated data. We assess the influence of these errors on 155	

IUCN Red List assessments by conducting mock assessments under criterion A for ten 156	

mammal populations. We further propose an alternative approach for estimating 157	

generation time based on allometric relationships between generation time and some 158	

key species-specific life history traits.  159	

 160	

Materials and Methods 161	

Life tables from wild populations 162	

We obtained published life tables of wild populations for 58 terrestrial and marine 163	

mammalian species (see Table S1 in Supporting Information). From these we 164	

extracted the cumulative survival probability at age x (lx) and the average number of 165	

female offspring born to females of age x (i.e. fecundity, mx). We defined α as the age 166	

at first reproduction (i.e. first age when mx ≠ 0), and ω as the age when reproduction 167	

was last observed. We equated missing values of mx at older ages to 0 when only a 168	

handful of individuals were still alive. From the lx and mx data, we built population 169	

projection matrices (Caswell, 2001) to calculate the asymptotic population growth rate 170	

λ (as the dominant eigenvalue) and the corresponding stable age distribution v (as the 171	

corresponding right eigenvector). Most life tables started at birth, but in 14 species 172	



	

survival was lacking prior to age at first reproduction. For these we used estimates of 173	

juvenile survival from a different population of the same species (Table S1). 174	

 175	

Simulated data 176	

We constructed 15 mortality and 15 fecundity trajectories resulting in 225 life tables, 177	

thereby allowing us to explore a wider range of mortality and fecundity combinations 178	

than those obtained from field data. We calculated mortality trajectories by varying the 179	

mortality or hazard rate function  180	

 
  
µ(x |θ ) = lim

Δx→0

Pr(x ≤ X < x + Δx | X ≥ x,θ )
Δx

,   (1)181	

    182	
which is the rate at which individuals die as a function of age x, given they survived to 183	

the beginning of the interval [x, x+Δx], where X is a random variable for ages at death 184	

and θ is a vector of mortality parameters. For the different shapes, we varied the 185	

parameters of the functions calculated as 186	

 

  

µ(x |θ ) =

c constant mortality
exp(b0 + b1x) increasing mortality

exp(a0 - a1x) decreasing mortality

exp(a0 - a1x)+ c + exp(b0 + b1x) bathtub mortality

exp(b0 + b1x) / 1+ b2

eb0

b1

eb1x −1( )⎡

⎣
⎢

⎤

⎦
⎥ logistic mortality

⎧

⎨

⎪
⎪
⎪
⎪
⎪

⎩

⎪
⎪
⎪
⎪
⎪

 (2) 187	

where θT = [a0, a1, c, b0, b1, b2] is the vector of mortality parameters, where -∞ < a0, b0 188	

< ∞ and a1, c, b1, b2 ≥ 0. We chose these mortality functions because they produce the 189	

most commonly encountered age-specific mortality profiles for vertebrates 190	

(Promislow, Montgomerie & Martin, 1992; Ricklefs, 2000; Ricklefs & Scheuerlein, 191	

2001; Bronikowski et al., 2011; Jones et al., 2014; Colchero et al., 2017). The 192	

resulting mortality patterns and life expectancy at birth, e0 are depicted in Fig. S1. 193	



	

 From the hazard rate, the cumulative survival probability is calculated as 194	

 
  
S(x |θ ) = Pr( X > x) = exp − µ(t |θ )dt

0

x

∫
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

  . (3) 195	

Here S(x) provides the expression for lx in continuous time. From the age-structured 196	

mortality rates, we calculated survival probabilities at every age interval as 197	

 

  

px = Pr( X > x + Δx | X > x)

= exp − µ(t)dt
x

x+Δx

∫
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

= S(x + Δx)
Sx

,

  (4) 198	

where ∆x = 1. We modelled the age-specific fecundity rate using the following 199	

flexible exponential function with a quadratic effect as a function of age (Emlen, 200	

1970) 201	

   m(x |γ ) = γ 0e−γ 1( x−γ 2)2

,  (5) 202	

where γT = [γ0, γ1, γ2] is a vector of parameters with γ0, γ1, γ2 > 0, where γ0 controls the 203	

maximum number of offspring produced when x = γ2 (i.e. age at maximum fecundity), 204	

and γ1 determines how fast fecundity increases with age. As with mortality, we varied 205	

the values of γ to simulate a range of fecundity trajectories (Fig. S2). We calculated 206	

fecundity for a given age interval as  207	

 
  
mx = m(t)dt

x

x+Δx

∫  . (6) 208	

With the resulting age-specific fecundity rates and survival probabilities, we 209	

constructed Leslie matrices (Leslie, 1945), and calculated the asymptotic population 210	

growth rate λ as described above, and obtained the corresponding stable age 211	

distribution, v⊤ = [v0,v1,...,vω], where ω is the age when only 0.1% of the population 212	



	

remains alive (i.e. S(x) = 0.001) (Caswell, 2001).  213	

To investigate discrepancies in the estimation of generation time for measures 214	

not considering population growth rates, we adjusted the values of mx for all 225 215	

simulated life tables such that the resulting population growth rate could take three 216	

values, namely λ = 0.9, λ = 1, and λ = 1.1, resulting in 675 populations that were either 217	

declining, stationary or increasing.  218	

 219	

Calculation of generation time 220	

We calculated generation time Tb (sensu Leslie, 1966) as the weighted mean age of the 221	

mothers at childbirth. We assumed this to be the most appropriate measure of 222	

generation time because it requires the least number of assumptions while 223	

incorporating all relevant demographic information from the population. We 224	

compared Tb with seven other generation time measures that require data from life 225	

tables, population projection matrices or are based on simpler aggregated demographic 226	

measures at the species level (Table 1). To compute IUCN’s ‘adult-mortality proxy’, 227	

Tq we calculated the average annual adult mortality ( q ) as the complement of the 228	

average age-specific survival probabilities,  p , weighted by their stable age-229	

distribution, v (see above) as 230	

 
  
p =

lx

lx−1

vx
x=α

ω

∑ / vx
x=α

ω

∑ .  (7) 231	

For the calculation of IUCN’s ‘reproductive lifespan proxy’, Tz, we used a z of 232	

0.28 for mammalian and simulated life tables (Keith et al., 2015).  233	

 234	

Performance of approximations based on life table information 235	

We fitted linear regression models of the form 236	



	

 
  
log Tib( ) = yib = β0 + log Tij( ) + ε ij ,   (8) 237	

with εij ~ N(0, σ2) for all i = 1,2,…, n, and all j = 1,2,…,7, where n is the total number 238	

of species, σ2 is the residual variance, Tij is generation time for each species i and 239	

approximation j, and   
ŷibj  are the fitted values. An accurate approximation would result 240	

in an intercept  β̂0 = 0 , and a slope   
!β1 = 1. We used standard hypothesis testing by 241	

means of t-tests (H0:   β̂k =
!βk  for k = 0,1) to determine whether the estimated values of 242	

the slope and intercept matched these expectations.  243	

Finally, we calculated root mean square errors (RMSEs) between each 244	

approximation and the log(Tib) as 245	

 
  
RMSE =

( yij − yib )2
i=1

n∑
n

.   (9) 246	

 247	

Performance of approximations in the absence of life tables  248	

We implemented phylogenetic generalized least squares (PGLS) regressions between 249	

log(Tib) and biological covariates that are more readily available than life tables. We 250	

started with the log of body mass in grams (m), which is allometrically related to Tib 251	

(Gaillard et al., 2005, Cooke et al., 2018), and sequentially added the log of age at first 252	

reproduction (α) and reproductive lifespan (r) in years, both known to capture 253	

demographic variation among mammals (Gaillard et al., 2016). The fully 254	

parameterized regression was  255	

   

log Tib( ) = β0 + β1 log(mi )+ β2 log(α i )+ β3 log(ri )
δ i (m,α ,r )

! "####### $#######
+ ε i , for i = 1,…,n  (10) 256	

with vector of residuals ε ~ N(0, σ2 λp Σ), where σ2 is the residual variance of the 257	

regression and Σ is the variance-covariance matrix (see Table S2 for coefficients and 258	



	

Figs S3, S4 for diagnostic plots). Preliminary analyses showed taking the log of m, α 259	

and r considerably improved the fit of the regression, which is expected from 260	

allometric laws (Huxley, 1932) linking life history traits (e.g. all biological times, such 261	

as any metric of generation time, scale isometrically on a log-log scale, West, 2017). 262	

The variance-covariance matrix Σ is derived from the phylogenetic relationships 263	

among the 58 species obtained from the ‘supertree’ phylogeny of Bininda-Emonds et 264	

al. (2007). We found the maximum likelihood estimate of the coefficient λp (0 ≤ λp ≤ 265	

1) known as Pagel’s lambda, which measures the intensity of the phylogenetic signal 266	

(Harvey & Pagel, 1991).  267	

 We used the resulting coefficients to estimate the values of Tib as 268	

   Ti(⋅) = eδ i (.)   (11) 269	

where Ti(.) was the median of Tib under the assumption that Tib is log-normally 270	

distributed and δi(.) was the fitted value including some or all covariates in equation 271	

10. 272	

 We used the Akaike’s information criterion (AIC, Akaike, 1974) for model 273	

selection (Table S3), and performed a cross-validation analysis to determine the 274	

predictive accuracy of the phylogenetic regression with respect to the z-approximation. 275	

We only compared the phylogenetic regression and the z-approximation because, 276	

unlike the other generation time proxies, both methods can be used in the absence of 277	

life table data. We repeated the analysis for 5000 iterations where, at each iteration, we 278	

randomly separated the dataset into a training subset of 53 species, and a validation 279	

subset of 5 species. We then fitted the phylogenetic regression in equation 10 to the 280	

training set and used the estimated parameters to predict log(Ti(m,α,r)) ≈ δi(m,α,r) on 281	

the validation set. We then calculated RMSEs on the validation set between the real, 282	



	

yib, and estimated values, δi(m,α,r), and, for comparison, between the real values and 283	

the log of the reproductive lifespan proxy (i.e. z-approximation), yiz.  284	

 285	

Red List mock assessments 286	

To illustrate the influence of the different approximations on IUCN Red Listing we 287	

conducted mock assessments under Criterion A (IUCN, 2017b). The criterion applies 288	

only to declining populations (λ < 1) for which three generation times exceed 10 years. 289	

Given these constraints, we were only able to conduct mock assessments for ten out of 290	

the 58 populations. For population reduction, we chose thresholds defined under 291	

subcriteria A2-A4, because they represent the most commonly used criteria featuring 292	

generation time. For each species i, we calculated the proportional decline based on 293	

reduction of population size after t = three generations as 294	

   Nit = λi
t Ni0 ,   (12) 295	

for all i = 1,2,…, n, assuming Ni0 = 100. We emphasize that our results do not 296	

represent a full Red List assessment nor do they reflect the true conservation status of 297	

that population. It solely serves the purpose of illustrating how choosing different 298	

generation time measures could potentially influence the assessment. 299	

We performed all calculations and analyses using the free-open-source 300	

software R (R Core Development Team, 2017). For the phylogenetic regressions, we 301	

used the R package ‘ape’ v.4.1 (Paradis, Claude & Strimmer, 2004).  302	

 303	

Results 304	

Performance of approximations based on life table information 305	

Generation time measures excluding λ differed from Tb (Fig. 1, Table S4). Differences 306	

were most severe in the simulated life tables and less pronounced in the observed 307	



	

mammalian life tables. Generation time was underestimated for decreasing 308	

populations (λ < 1) and overestimated for increasing populations in measures 309	

neglecting λ (λ > 1, Fig. 1, Ts, Tsc, Tq). From observed mammalian life tables, λ ranged 310	

from 0.78 to 1.28 with a mean of 1.02. In simulated life tables, over- or under-311	

estimation in Ts increased in longer-lived species (Fig. 1h).  312	

Furthermore, the assumption of constant demographic rates over the lifetime 313	

led to considerable estimation differences (Fig. 1, Tc). This was primarily driven by 314	

constant mx (Fig. 1, Tc, Tcm, Tsc), leading to strong underestimation of generation time 315	

in shorter-lived mammals and overestimation of longer-lived species in simulated 316	

data. The assumption of constant survival had a considerably lower effect (Fig. 1, Tcp). 317	

In most cases, the regression analysis yielded statistically significant deviations in 318	

both estimated intercepts and slopes from the expected values of 0 and 1, respectively 319	

(Table 2). Exceptions were the intercepts of Ts and Tq for the real data, and the 320	

intercept of Tc for the simulated data. Only Tz on the real data did not display 321	

detectable deviations in both parameters, although deviations were both statistically 322	

significant for the simulated data. 323	

Comparison of RMSEs across different approximations of generation time for 324	

mammals (Table 2) showed that Ts performed best on the real data while Tcp 325	

performed best on the simulated data. 326	

 327	

Performance of approximations in the absence of life tables  328	

The phylogenetic regression between body mass and Tbi (T(m)) had the highest AIC 329	

(AIC = 70.3, R2 = 0.45, λp = 0.89), where Tb was markedly overestimated for shorter-330	

lived species and strongly under-estimated for longer-lived species (Fig. 2). The model 331	

with the lowest AIC only included age at first reproduction and reproductive lifespan 332	



	

(AIC = -11.3, R2 = 0.94, λp = 0.1, RMSE = 0.178). However, the cross-validation 333	

analysis showed that the approximation based on the full phylogenetic regression 334	

performed best of all phylogenetic regressions, and at least as well as the z-335	

approximation (Fig. 3). For more information on model selection see also Table S3 336	

and Fig. S5.  337	

 338	

Red List mock assessments 339	

In the assessment of population reduction according to criterion A, errors in generation 340	

time led to considerable changes in the IUCN threat status in most species. Generally, 341	

extinction risk was underestimated when using generation time approximations, 342	

reducing the threat status in many cases (Fig. 4).  343	

 344	

Discussion 345	

We show that generation time measures are sensitive to the population growth rate λ 346	

and to the amount of age-dependence in the vital rates. Assuming stationary 347	

populations (λ = 1) or constant fecundity with age resulted in over- or under-348	

estimation in generation time even when high-quality life table data were available. 349	

For instance, measures assuming stationary populations over-estimated generation 350	

time for populations with λ > 1, and under-estimated generation time when λ < 1. 351	

These biases simply resulted from the scaling of Tb by the reciprocal of λ (i.e. 1/λ; 352	

Table 1). Some of the generation time proxies often used for threat assessments could 353	

be inaccurate, except for the reproductive lifespan proxy, Tz, which provides a close 354	

approximation when accurate data on age at first reproduction and reproductive 355	

lifespan are available. However, when expanding the set of age-specific vital rates 356	

with simulated data, this proxy’s accuracy diminishes drastically (Fig. 1m).  357	



	

The generation time metrics described in the IUCN guidelines are cohort-based 358	

and therefore do not account for non-stationarity of populations. This assumption is 359	

rarely met as illustrated by our analysis of 58 wild mammalian populations and leads 360	

to over- or under-estimation even when populations are only slightly increasing or 361	

decreasing. While Tb assumes that the population is at the stable age distribution, 362	

which might not apply to many populations, using Ts on cross-sectional data assumes 363	

not only stable age structure, but also stationarity.  364	

The IUCN guidelines explicitly mention that estimating generation time in 365	

populations displaying strong age-dependence in vital rates is especially difficult 366	

(IUCN, 2017b). Concurrently, we found substantial errors when assuming constant 367	

vital rates with age involving a downward bias from mammalian life tables, 368	

particularly when assuming constant fecundity with age. Also, Dillingham (2010) 369	

showed that the incorrect assumption of constant fecundity with age led to an 370	

underestimation of generation time and thereby to overharvesting of birds. 371	

Considering extinction risk assessments, underestimation of generation time is 372	

especially worrisome because it can lead to wrongly assigning a species to a lower risk 373	

category (Fig. 4). Our simulations showed larger errors for longer-lived species, which 374	

are particularly vulnerable to extinction due to their slow life histories and long 375	

generation times (e.g. Cardillo et al., 2005).  376	

 Of the two IUCN proxies, Tz outperformed Tq and performed especially well in 377	

mammals for which we estimated ages at first reproduction directly from the life 378	

tables. However, for most species, this information is unavailable and estimates are 379	

likely to be more severely biased. This is evident from the analysis on simulated data, 380	

where Tz performed poorly. As previously suggested (Fung & Waples, 2017), Tz might 381	

only be useful when z estimates for species with similar life history are available.  382	



	

Contrary to our findings in mammals, Fung and Waples (2017) found that Tz 383	

generated higher errors than Tq, when compared to the cohort proxy, Tc which, as we 384	

explain here, is not the most appropriate metric of generation time. Additionally, they 385	

calculated average mortality  p  based on the geometric mean between the survival at α 386	

and ω (i.e. (lω / lα)1/(ω – α)). We advise against using the geometric mean since it 387	

strongly depends on the mortality rates observed at first and last reproduction and is 388	

only valid for species with constant survival with age. Constant survival has not been 389	

recorded in mammals (see e.g. Gaillard et al., 2017) and has only been reported in few 390	

species of aquatic invertebrates and plants (Roach & Gampe, 2004; Dańko, Kozłowski 391	

& Schaible, 2015).  392	

The estimation of generation time from phylogenetic regression on body mass 393	

alone did not provide reliable results across mammals but may provide some useful 394	

information if only body mass is available for the focal species. Cooke et al. (2018) 395	

showed that body mass and phylogeny are reliable predictors of generation time across 396	

Bovidae species; thus body mass might improve the estimation of generation time 397	

among closely related species. We found that including two biological times, age at 398	

first reproduction and reproductive lifespan, improved the prediction (Fig. 2). The full 399	

model requires a similar amount of information (it does not require z, but includes 400	

body mass) as the reproductive lifespan proxy, Tz, but is more consistent with general 401	

life-history theory as it predicts generation time from species-specific values. 402	

Furthermore, it can facilitate using available information from related species in the 403	

estimation of generation time.  404	

We assumed life tables provide accurate species-specific generation time 405	

measures, but this metric can vary considerably within a species. Empirical studies 406	

have revealed an almost twofold variation in generation time within a given 407	



	

mammalian species (e.g. from 3.93 to 6.80 years in roe deer (Capreolus capreolus, 408	

Nilsen et al., 2009), or from 2.3 to 3.6 years in wild boar (Sus scrofa, Servanty et al., 409	

2011)). This further stresses that the cohort approach to calculate generation time 410	

needs to be evaluated carefully, particularly for populations exhibiting large variation 411	

in vital rates due to cohort environmental effects (e.g. Gaillard et al., 1997; Le 412	

Galliard, Marquis & Massot, 2010; Gaillard et al., 2016). To benefit extinction risk 413	

assessments, studies investigating intra- vs. inter-specific variation, and variation in 414	

relation to environmental changes and increasing stressors, such as harvesting and 415	

climate change will be required. 416	

 Even the best estimation methods are only as good as the data used. A 417	

challenge will be to fill the glaring data gaps of demographic knowledge occurring 418	

even among some of the best-studied taxa. Efforts to collect age and stage-specific 419	

data across the tree of life, e.g. the COMADRE Animal Matrix Database (Salguero-420	

Gómez et al., 2016), will continue making these data available, as illustrated in the 421	

increasing publication record of vital rates since the 1960s (Fig. S6). Moreover, the 422	

exploration of new data sources such as captive data from the Zoological Information 423	

Management System (ZIMS), with standardized information for over 10 million 424	

individuals from 21,000 species (Species360, 2018), can provide knowledge for 425	

threatened species where field data is not yet available. 426	

 Until we are able to gather sufficient demographic information for a wide 427	

range of species to estimate key demographic traits such as generation time, we will 428	

have to rely on proxies such as those provided in the IUCN guidelines. Based on our 429	

findings, we provide the following recommendations:  430	

1. We recommend Tb as the complete measure of generation time to be included 431	

in the IUCN guidelines.  432	



	

2. We further recommend alerting assessors of our results, such as the 433	

underestimation of generation time resulting from the assumption of constant 434	

mx and clear guidelines on the calculation of average vital rates.  435	

3. To spur initiatives for further research on generation time it would be desirable 436	

to include data and methods used for the estimation of generation time, where 437	

this is appropriate, in the online database of Red List assessments 438	

(http://www.iucnredlist.org).  439	

Further knowledge on generation times is urgently needed to design effective 440	

conservation management and prioritize species at greatest risk.  441	
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Tables: 636	
 637	
Table 1: Methods to estimate generation time 638	

 Generation time 
formula 

Description Assumptions References 
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ω
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ω

∑
 

Mean age of the parents of 
offspring produced in the 
current time period once the 
population has reached the 
stable age distribution *† 
 

Population at its stable 
(st)age distribution, 
overlapping generations. 

(Leslie 1966; 
Caswell 2001) 

 

Ts =
xlxmx

x=α

ω

∑

lxmx
x=α

ω

∑
  

Mean age at which members of 
a cohort of newborns produce 
offspring* 

Applied to cohort life 
tables or stationary 
populations (λ=1). 

(Dublin & Lotka 
1925; Caswell 
2001) 
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TR =

log R0

logλ
  

Time required for the 
population to grow by the net 
reproductive rate, R0 *‡ 
 

Population at its stable 
(st)age distribution 

(Birch, 1948; 
Caswell, 2001) 

  
TA =

λvw
vFw

  
Average time between two 
reproductive events in the 
genealogy of a population*¶ 

Population at its stable 
(st)age distribution, 
matrix entries are 
normalized (sum to 1) 

Bienvenu & 
Legendre, 2015 
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Tc =
xλ− x px

x=0

ω

∑

λ− x px

x=0

ω

∑
 

As in Tb but with constant 
fecundity and survival model* 
 

Constant survival and 
fecundity from onset of 
breeding 
 

(Niel & 
Lebreton, 2005; 
Gaillard et al., 
2005) 

   

Tcp =
xλ− x pxmx

x=0

ω

∑

λ− x pxmx
x=0

ω

∑
 

As in Tb but with constant 
survival, varying fecundity 
model* 

Constant survival from 
onset of breeding, 
fecundity can vary 

(Dillingham, 
2010) 

  

Tcm =
xλ− xlx

x=0

ω

∑

λ− xlx
x=0

ω

∑
 

As in Ts but with constant 
fecundity and varying survival 
model* 

Constant fecundity, 
survival can vary 

 

  

Tsc =
xpx

x=0

ω

∑

px

x=0

ω

∑
 

As in Ts but with constant 
fecundity and survival model 
for stationary populations* 
 

Constant survival and 
fecundity, stationary 
populations. 

 

  Tz =α + z(ω −α )

  

Reproductive-lifespan proxy* z, α and ω are well 
known 

(IUCN, 2017b) 

 

Tq =
xlx

x=α

ω

∑

lx
x=α

ω

∑
 

Adult-mortality proxy* 
 

Constant survival and 
fecundity from onset of 
breeding; q and α are 
well known 

(IUCN, 2017b) 

* x = age, lx = probability of surviving to age x, mx = number of female offspring born 639	

to females at age x, λ = population growth rate at its stable (st)age distribution, p = 640	

mean annual survival, q = mean annual mortality, α = age at first reproduction, ω = 641	



	

age at last reproduction, z = species-specific constant. For ω = ∞, Tc becomes Tc = α+ 642	

p/(λ - p)

 

(Gaillard et al., 2005)

 

and Tq becomes Tq = α + 1/q (IUCN, 2017b).  643	

† The denominator in Tb is necessary to account for small errors in the estimation of 644	

the continuous Euler-Lotka equation from a discrete approximation. 645	

‡ 
  
R0 = lxmx

x=α

ω

∑   646	

¶ F = fecundity matrix of population projection matrix, v reproductive value (left-647	

eigenvector) of population projection matrix, w stable (st)age distribution (right-648	

eigenvector) of population projection matrix 649	

650	



	

Table 2: Results of the regression analysis and root mean square errors (RMSE) 651	

between Tb and the different approximations for 58 mammalian life tables (upper 652	

panel) and simulated life tables (lower panel). Values include estimated regression 653	

coefficients with standard errors in parentheses, p-values for the hypothesis described 654	

in the methods, and ranks based on RMSEs  655	

 656	

Approx. Intercept 
(SE) 

Slope 
(SE) 

p-val.  
Interc. 

p-val.  
Slope RMSE R2 Rank 

Real data 
Ts 0.05 (0.04) 0.95 (0.02) 0.225 0.028 0.132 0.97 1 
Tc 1.10 (0.05) 0.71 (0.04) < 0.001 < 0.001 0.879 0.88 7 
Tcp 0.23 (0.04) 0.92 (0.02) < 0.001 < 0.001 0.163 0.97 2 
Tcm 0.91 (0.04) 0.77 (0.03) < 0.001 < 0.001 0.682 0.94 5 
Tsc 1.13 (0.07) 0.61 (0.04) < 0.001 < 0.001 0.861 0.79 6 
Tz 0.06 (0.06) 1.01 (0.03) 0.297 0.98 0.186 0.95 3 
Tq 0.28 (0.17) 0.73 (0.08) 0.112 0.001 0.578 0.62 4 

Simulated data 
Ts 0.26 (0.03) 0.89 (0.01) < 0.001 < 0.001 0.272 0.85 2 
Tc 0.05 (0.05) 1.15 (0.03) 0.337 < 0.001 0.493 0.72 4 
Tcp 0.02 (0.01) 0.98 (0.01) 0.020 < 0.001 0.068 0.99 1 
Tcm 0.12 (0.06) 1.13 (0.03) 0.028 < 0.001 0.524 0.69 5 
Tsc 0.55 (0.06) 0.88 (0.03) < 0.001 < 0.001 0.545 0.58 6 
Tz 0.60 (0.10) 0.58 (0.04) < 0.001 < 0.001 0.857 0.28 7 
Tq 0.30 (0.07) 0.93 (0.03) < 0.001 0.023 0.481 0.54 3 

 657	
658	



	

Figures: 659	

 660	

Figure 1: Comparison between Tb and seven generation time approximations. 661	

Generation time calculated from 58 life tables of mammalian populations (a-g), and 662	

from life tables constructed from simulated data (h-n) on log-log-scale. The grey 663	

dashed line represents isometry (i.e. the equation y = x). The black solid line shows the 664	

fitted regression of the data points. The grey shaded areas correspond to standard 665	

errors. Colour and shape indicate population growth rates. For interpretability we 666	

inverted the axes whereby log(Tb) is on the x-axis and log(Tj) on the y-axis.  667	

 668	

Figure 2: Relationship between Tb and generation time fitted values from three 669	

phylogenetic generalized least squares. PGLS include either body mass only (T(m)), 670	

age at first reproduction and reproductive lifespan (T(α,r)), or body mass, age at first 671	

reproduction, and reproductive lifespan (T(m,α,r)). Linear regression (on log-log 672	

scale) was fitted to life tables from 58 mammalian populations. The black dashed line 673	

represents isometry (i.e. the equation y = x). The red solid line represents the best 674	

regression line fitted to the data points. Grey shaded areas correspond to standard 675	

errors. 676	

 677	

Figure 3: Boxplots of the RMSE between the log(Tib) and the predicted δi(m,α,r) 678	

values (T(m,α,r), left) and the z-approximation log(Tiz) (Tz, right) on the validation set.  679	

680	



	

Figure 4: Influence of generation time metrics on mock Red List assessments under 681	

criterion A. Population reduction is measured over three generations calculated for the 682	

different generation time approximations (represented by shapes and colours) for ten 683	

mammalian species. Coloured backgrounds show thresholds for Red List categories 684	

CR: Critically endangered, EN: Endangered, VU: Vulnerable.  685	
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