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Borger et al. � The estimation of  reproductive values from pedigrees

has the same probability of  siring any given o�spring: whenever an 
o�spring was produced, a father was drawn at random from the set 
of  all (young and adult) males.

Technical note
Simulations were ran in Visual Studio Enterprise 2019 (version 
16.8). Figures were made using R 3.4.1 (R Core Team 2021), with 
the packages ggplot2 (Wickham 2016) and cowplot (Wilke 2020).

RESULTS
Importance of stochasticity
For the case of  a population with three age classes, Figure 2 illus-
trates various sources of  stochasticity and the implications thereof  
for the estimation of  reproductive values. Figure 2a shows that, 
within a single simulation, stochasticity in individual reproductive 
success is extensive. In each age class, the majority of  individuals 
does not leave any descendants after ten time steps, while the few 
other individuals leave a large number of  descendants. In a popu-
lation of  constant size, this is not surprising, but it is important to 
keep the huge variation in individual reproductive success in mind. 
For evolutionary considerations, estimating RV based on single in-
dividuals is therefore not very meaningful: these values mainly re-
�ect stochasticity in realized long-term reproductive success, rather 
than the individuals� capability of  spreading their genes to future 
generations. It is, however, meaningful to estimate the RV of  in-
dividuals having a certain property in common, such as age, sex, 
migration status, or personality. For the pRV method, this means 
that the reproductive success (down the pedigree) is averaged for 
a su�ciently large number of  individuals sharing this property. 
For the property �age,� the result is shown in Figure 2b. The three 
panels illustrate that there is still substantial variation across repli-
cate simulations, even though all individuals have exactly the same 
life-history parameters, all simulations start in demographic and 
ecological equilibrium, and mean reproductive success in each age 
class is based on averaging hundreds of  individuals. As a �eld study 
on a single population is comparable to a single simulation, one 
should therefore expect considerable variation across populations, 
even if  these populations are living under similar conditions.

Estimation of pRVs in Scenario 2
Figure 2c illustrates the implications of  stochasticity on the 
pedigree-based estimation of  reproductive values. In the �rst ten 
time steps, the median pRV estimates of  100 simulations approach 
the �true� values (horizontal dashed lines) in a �zig-zag� manner. 
As shown in Supplementary Appendix A, this is not caused by 
short-term deviations from demographic equilibrium (�transient 
dynamics�; Hastings 2004; Hastings et al. 2018), but an intrinsic 
property of  the inheritance dynamics in a class-structured popula-
tion. Although the zig-zag pattern is to be expected in life-history 
models (see Supplementary Appendix A), it has the unfortunate im-
plication that, in a short-time perspective, the pRV estimates de-
viate strongly and systematically from the true reproductive values. 
These �true� RVs (which in Scenario 2 are given by equation 8b) 
are asymptotic values, and we will see below that only these as-
ymptotic values are relevant for evolutionary considerations. On a 
longer-term perspective (here: after about ten time steps), the me-
dian of  the pRV estimates converges to the true RVs, but the indi-
vidual estimates tend to di�er considerably from the true values. 
In other words, the pRV estimates are systematically biased (and 

hence inaccurate) on a short-term perspective and imprecise on a 
longer-term perspective.

Estimation of mRVs in Scenario 2
For the same simulations as in Figure 2c, Figure 2d illustrates the 
traditional model-based way of  estimating RVs. To this end, the 
life-history parameters are estimated from the (simulation) data, 
and the mRVs are subsequently obtained by plugging in these esti-
mates in equation 8b. Figure 2d reveals two things: First, the mRV 
estimates are highly accurate and precise. In other words, a single 
simulation (corresponding to a single �eld population) is su�cient 
to accurately derive reproductive values. Second, the mRV method 
is not �data hungry�: the data of  a single time step are su�cient to 
obtain a rather accurate RV estimate. However, the mRV method 
crucially depends on the availability of  a �correct� life-history 
model. We will later investigate a situation where the life-history 
model is incomplete.

Estimation of pRVs in Scenario 1 (two age 
classes)
Figure 3 shows that the conclusions drawn above also hold for the 
simplest life-history scenario considered in our study. On a short-
term perspective, a similar zig-zag pattern is observed, leading to a 
biased estimate of  the �true� asymptotic RV v2. On a longer-term 
perspective, the pRV estimates of  di�erent simulations di�er sub-
stantially from each other, implying that a single simulation (or, cor-
respondingly, a single population in a �eld study) may give a wrong 
impression of  the intensity and direction of  selection.

Estimation of pRVs in Scenarios 3 and 4
Figure 4 illustrates that the problems with pRV estimation also arise 
in other life-history scenarios. In Scenario 3 (Figure 4a), the pRV 
estimates can be two or even three times as large as the true RVs 
in a considerable percentage of  the simulations. Although the ini-
tial zig-zag pattern observed in Scenarios 1 and 2 does not appear 
in Scenario 4 (Figure 4b), pRV remains an biased estimator of  the 
true (asymptotic) RV in the initial period; in fact, the systematic bias 
in this estimate only disappears after a long period (in this case 10 
time steps). Hence, the simulations in Figure 4 con�rm our earlier 
conclusions: in an initial time period, the pRV values (including 
their median) di�er substantially and systematically from the true 
RVs. On a longer time horizon, the accuracy of  pRV increases (the 
median pRVs approach the true RVs), but now the estimates are 
very imprecise, as the individual simulations di�er considerable 
from each other. This results in the unfortunate conclusion that 
pedigree-based estimation of  RVs is either inaccurate (in case of  a 
shallow pedigrees including relatively few time steps) or imprecise 
(in case of  deep pedigrees), even if  the study population is relatively 
large (N = 1,000 in the simulations shown thus far), well-mixed, and 
in demographic and ecological equilibrium.

Effects of population size and time scale
In Supplementary Appendix C, we also show the e�ects of  pop-
ulation size and a longer time horizon on pRV estimates. When 
population sizes are small, pRV estimates are strongly a�ected by 
demographic stochasticity. After a while, all individuals present at a 
later time step are descendants of  just one individual of  the initial 
population. Accordingly, in each simulation, eventually pRV is equal 
to zero for all but one of  the categories considered. Therefore, in 
small populations, the median pRV of  100 simulations converges to 
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Figure 2
Stochasticity in the simulation outcomes. Example simulations based on Scenario 2 (three age classes) illustrate stochasticity within and across simulations. (a) 
Variation within a simulation. The number of  descendants (down the pedigree) of  25 randomly chosen individuals per age class within the same simulation. 
There is considerable variation between individuals, but as it is purely caused by stochastic events (all individuals in an age class have the same life-history 
parameters), it is not meaningful from an evolutionary perspective. (b) Variation across simulations. The average number of  descendants per age class in 25 
randomly chosen simulations. Despite the fact that averages are based on hundreds of  individuals per age class, there is still considerable variation across 
simulations. (c, d) Graphs summarizing the estimates of  pRV and mRV for the same 100 replicate simulations. In both cases, RV1 was normalized to 1. For 
the parameter values of  the simulation (P1 = 0.25, P2 = 0.25, F2 = 2, and F3 = 8), the �true� reproductive values of  age classes 2 and 3 are v2 = 4 and v3 = 
8 (see equation 8b); dashed horizontal lines in the graphs). The dots connected by solid lines indicate the median value of  the simulations, the dark shades 
indicate the 50% central values and the lighter shades indicate the 90% central values of  the simulations. (c) The pRV estimates are based on the average 
number of  descendants per age class. (d) The mRV estimates are based on equation 8b, where the age-dependent survival probabilities and fecundities were 
estimated from the simulation data. Already after a single time step, the mRV estimates are quite accurate and precise.
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Figure 3
pRV estimates in Scenario 1 (two age classes). Summary graph of  the (normalized) pRV estimates of  the second age class in 100 replicate simulations. 
Graphical conventions are as in Figure 2c: the horizontal dashed line indicates the �true� RV of  age class 2, and the dots connected by a solid line indicate 
the median of  the pRV estimates. The dashed outer lines indicate the most extreme values of  the 100 simulations. Parameter values: F1 = 0.5, P1 = 0.25, F2 
= 2. In view of  equation 7b, v2 = F2 = 2.
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Figure 4
Pedigree-based estimates of  RV in two more complex scenarios. Summary graph of  the (normalized) pRV estimates in 100 replicate simulations based on (a) 
Scenario 3 (juvenile-helper-breeder), and (b) Scenario 4 (young and old males and females in a sexually reproducing population). The inserts show the life-
cycle graphs. Graphical conventions are as in Figure 2c: the dashed lines indicate the true RVs, and the dots connected by a solid line indicate the median of  
the pRV estimates. In (a), blue represents the RV values of  helpers and red the RV values of  breeders. In (b), yellow represents the RV values of  young males, 
while red and blue represent the RV values of  adult females and males, respectively. Parameter values (a): Fj = 0, Fh = 0.05, Fb = 12.5, Thj = 0.15, Ph = 0.2, Thb 
= 0, Tbj = 0.01, Tbh = 0.2, Pb = 0.4 and (b): Pfy = 0.1, Pfa = 0.85, Pmy = 0.5, Pma = 0.9, Ffy = 0.095, Ffa = 2, s = 0.3.
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