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Abstract.  Phenotypic traits partly determine expected survival and reproduction
and so have been used as the basis for demographic models of population dynamics.
Within a population, the distribution of phenotypic traits depends upon their transmis-
sion from parents to offspring, yet we still have a limited understanding of the factors
shaping phenotypic transmission in wild populations. Phenotypic transmission can be
measured using the phenotypic parent-offspring correlation (C), defined as the slope
of the regression of offspring phenotypic trait on parental phenotypic trait, both traits
measured at the same age, often at birth. This correlation reflects phenotypic vari-
ation due to both additive genetic effects and parental effects. Researchers seldom
account for the possible influence of selection on estimates of the phenotypic parent-
offspring correlation. However, because individuals must grow, survive and reproduce
before giving birth to offspring, these demographic processes might influence the phe-
notypic parent-offspring correlation in addition to the inheritance process, the latter
being the direct relationship between parental and offspring phenotypic traits when the
parental trait is measured at age of reproduction while the offspring trait is measured
at birth. Here we used a female-based population model to study the relative effects
of fertility and viability selections, trait ontogeny and inheritance on C. The relative
influence of each demographic process is estimated by deriving the exact formulas
for the proportional changes in C to changes in the parameters of integral projection
models structured by age and phenotypic traits. We illustrate our method for two long-
lived species. We find that C can be strongly affected by both viability and fertility
selections, mediated by growth and inheritance. Generally, demographic processes
that result in mothers reproducing at similar phenotypic traits regardless of their birth
traits, such as high fertility selection or converging developmental trajectories, lead to
a decreased C. More generally, our models show how the age and phenotypic depen-

dence of fertility and viability selections can influence phenotypic mother-offspring



correlation to a much larger extent than ontogeny and inheritance. Our results suggest
that accounting for such dependence is needed to reliably model the distribution of

offspring phenotypic traits and the eco-evolutionary dynamics of phenotypic traits.

Key words:  heritability, inheritance, integral projection model, IPM, parent-offspring
covariance, parent-offspring regression, phenotypic variance, roe deer, Soay sheep, transmis-

sion
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INTRODUCTION

The dynamics of phenotypic traits are influenced by ecological and evolutionary processes (Pel-
letier et al. 2009, Schoener 2011). Ecological studies show that the influence of environmental
factors on population dynamics can be mediated by the distribution of individual traits such as
body mass or size that influence vital rates (Ozgul et al. 2010, Jenouvrier et al. 2018, Plard et al.
2019). Evolutionary studies seek to understand how traits evolve in natural systems. Models of
eco-evolutionary dynamics describe the dynamics of the distribution of continuous traits in popu-
lations and require the appropriate modeling of trait transmission between parents and offspring.
The aim of this paper is to disentangle the relative influences of selection, ontogeny and inheritance
on the parent-offspring correlation.

To evolve in response to selection, a trait needs to vary and to be transmitted to the next gen-
eration (Falconer and Mackay 1996). The historical approach to study the evolution of phenotypic
traits is based on measuring selection acting on a trait and the trait’s heritability. While many phe-
notypic traits appear to be heritable in wild populations of animals and plants, they do not always
evolve as expected under directional selection. In particular, some traits appear to be at evolution-
ary stasis (Merild et al. 2001, Kruuk 2004), an observation that challenges our understanding of
the dynamics of these traits. While many studies have provided unbiased estimates of heritability
(Postma 2006, Morrissey et al. 2010), the difference between expected and observed dynamics
of phenotypic traits shows that our understanding of phenotypic transmission from parents to off-
spring is still limited and does not allow accurate prediction of eco-evolutionary dynamics. A tra-
ditional measure of heritability, the phenotypic parent-offspring correlation is usually interpreted
as arising from genetic similarity between parents and their offspring. Here for sake of simplicity,
we focus on females and use the phenotypic mother-offspring correlation denoted C. The quantity
C is the slope of the linear association between maternal and offspring phenotypic traits measured

at the same point in the life cycle. This slope has long been interpreted as a fixed measure giving
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the proportion of phenotypic variation attributable to additive genetic variation—the narrow-sense
heritability of a trait (Kempthorne 1957, Falconer and Mackay 1996), once potential confound-
ing factors such as fixed maternal and environmental effects affecting offspring phenotypic traits
have been accounted for. But, and contrary to the method presented here, this interpretation of C
excluded trait ontogeny (growth, transition to sexual maturity) which determines annual maternal
condition and its the variable effect on offspring phenotypic trait (Mousseau and Fox 1998), and
also excluded non-genetic inheritance (Bonduriansky and Day 2009, Danchin et al. 2011).

The approach we use here to study the correlation C is to analyse population models at phe-
notypic equilibrium (Coulson 2020). Population models have been developed to describe the dy-
namics of a population whose individuals are described by age and/or a continuous phenotypic
trait (such as size or mass) (Integral Projection Models, IPM, Easterling et al. 2000 which should
not be confounded with Integrated Population Models, Besbeas et al. 2002). Although individuals
are under selection and phenotypic traits are heritable, the distribution of phenotypic traits is sta-
ble (and constant over time) at equilibrium, as observed in many animals and plants (Merild et al.
2001, Kruuk 2004). The aim of this paper is to use the phenotypic equilibrium in IPMs structured
by both age and phenotypic trait (Coulson et al. 2010), to provide insight into how demographic
processes (i.e., viability and fertility selection, growth, and inheritance) lead to positive correlation
between mother and offspring phenotypic trait at evolutionary and ecological stasis (e.g. equi-
librium). Here, inheritance is defined as the direct relationship between maternal and offspring
phenotypic traits when the maternal trait is measured at age of reproduction while the offspring
trait is measured at birth. Such IPMs have proven useful to make predictions that match observed
phenotypic changes over time (Coulson et al. 2011, Smallegange and Coulson 2012, Vindenes
et al. 2014). However, these models do not accord with quantitative genetics theory (Chevin 2015,
Janeiro et al. 2016). They rarely follow the genotype (but see Childs et al. 2016, Coulson et al.
2017, Simmonds et al. 2020) and thus do not assume that the phenotypic trait is influenced solely

by additive genetic and environmental effects. Nevertheless, IPMs tracking only the phenotype
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and IPMs tracking the additive genetic and environmental components of the phenotype lead to
similar predicted population dynamics under some circumstances (Simmonds et al. 2020). In the
present study, we thus use IPMs directly tracking the dynamics of the phenotypic trait to examine
how the correlation C is influenced by demographic processes such as ontogeny and selection.

In IPMs, viability and fertility selections are modeled through the dependence of survival and
reproduction on the phenotypic trait and age. These models explicitly include ontogeny so that a
new-born first inherits a phenotypic trait at birth, then grows to reach a required size or mass at
maturity, and lastly reproduces and transmits phenotypic traits to its offspring. Our female-only
IPMs do not explicitly model heritability using a genetic model, but instead use the empirical
distribution of offspring traits born to a mother of any given trait and age (Janeiro et al. 2016). In
this way, IPMs and our approach implicitly capture variable maternal effects on trait transmission
through an inheritance function that links the phenotypic trait of the mother at reproduction to
the phenotypic trait of the offspring at, or close to, birth. The quantity C calculated here from an
IPM implicitly includes both genetic and non-genetic mechanisms of inheritance, assuming both
processes are operating in the data used to parameterise the inheritance function.

While it is already known that selection can influence estimates of the mother-offspring pheno-
typic correlation in quantitative genetics (Hadfield 2008), our approach explicitly quantifies the
relative influence of inheritance, ontogeny and selection on C. We analyze the model at eco-
evolutionary stasis, meaning that we derive the deterministic equations for C and its proportional
changes to the parameters describing the four demographic processes (survival, fertility, growth
and inheritance) for a population at equilibrium in a constant environment. We derived proportional
changes in C to infinitesimal change in each parameter (i.e. intercept and slope) of the demographic
functions that describe an IPM to estimate the relative contribution of each demographic process
to C. This approach will allow a better understanding of the mechanisms influencing transmission
of phenotypic traits through an explicit estimate of the relative influence of selection, growth and

inheritance on C.
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We derive and work with proportional changes because it is straightforward to translate these
into both standard demographic elasticities and sensitivities (see methods). We apply our general
method to two published age and body mass-structured IPMs, one parameterised for Soay Sheep
(Ovis aries) (Coulson et al. 2010) and one for roe deer (Capreolus capreolus) (Plard et al. 2015).
In these iteroparous species, body mass is under positive selection, is heritable and develops with
age until a plateau corresponding to the asymptotic adult body mass is reached in these determinate
growers. We report and compare how the phenotypic mother—offspring correlation for both species

depends on selections, ontogeny, and inheritance processes.

MATERIALS AND METHODS

In our models, we consider a population structured by age a and by a continuous phenotypic trait z
(note that we also use x for maternal phenotypic trait and y for offspring phenotypic trait), but this
method can be extended to populations structured by stages and multiple continuous phenotypic
traits (Ellner et al. 2016). The continuous trait can be any trait that influences individual vital rates
(survival and/or reproduction) such as body mass, body size, birth date or parasitic load but cannot
itself be a vital rate such as the number of offspring produced. We assume that the population
faces constant environmental conditions. We assume that the constant environmental conditions
have shaped the survival, fertility, growth and inheritance functions of the targeted trait (body mass)
over time, and so our results can be used to study the effects of environmentally driven changes in
the preceding rates but our study does not explicitly include environmental variation.

We derive the deterministic correlation of the phenotypic trait at birth between mothers and
offspring and the deterministic proportional changes in this correlation within the IPM framework.
To simplify the model, we only consider females. We begin by introducing IPMs, and then explain
how the correlation C is derived. Next we detail the analysis of proportional changes in C to
intercepts and slopes of the four functions describing demographic processes. Finally, we apply

our general method to two wild populations using age and body mass-structured [PMs.
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Integral Projection Models structured by age and a phenotypic trait

Integral Projection Models (IPMs) describe the dynamics of a population according to the dynam-
ics of the age-specific (a) distribution of the continuous phenotypic trait (z) in the population over
time (¢): n4 (%) (Ellner et al. 2016). These models project the age-specific trait distribution at each
time interval according to survival and growth P,(z’|z) and fertility F,(2'|z), i.e. the recruitment

of offspring with phenotypic trait z’ into the population.
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Here we use year as an example of the time interval. Viability is defined by a survival function
that depends on phenotypic trait and age, so that a female of age a and phenotypic trait z alive in
year ¢ has a survival rate S,(z) to reach year t + 1. The growth process is defined by changes in
female phenotypic trait between ¢ and ¢ + 1, written as G,(z'|z). The fertility process includes
two functions: the fertility level and the inhertiance function. The level of fertility, also refered
as fertility selection is defined by the number of offspring produced by a female of age a and
phenotypic trait z, written as M,(z). The inheritance function gives the phenotypic traits of the
offspring at birth =" according to the phenotypic trait z of their mothers at reproductive age a as a

distribution D, (2'|z).

Ni1.ar1(2') = /G,,,(z’|z)Sa(z)nt7a,(z) dz, a>1 3)
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To build an IPM and to apply our method, one uses long-term individual-based data to model
and fit these four functions in relation to the individual phenotypic trait using an appropriate link
function (Coulson et al. 2001, Childs et al. 2003, Ellner and Rees 2006, Plard et al. 2018, Vin-
denes et al. 2014). For instance, in the roe deer and the Soay sheep IPMs (see L7-63 of the
DataS1:PMOC_Fcts.R file in the supplementary material), the survival function has been modeled
using a generalized linear model of body mass with a logit link and fit to the survival data of in-
dividual females monitored from birth to death (Coulson et al. 2010, Plard et al. 2015). Survival
data consisted of a binary variable of O or 1 corresponding to the annual survival of each individual

associated to its annual body mass.

logit(S,(2)) = a(a) + B(a)z @

where a(a) and 3(a) are age-dependent intercept and slope, respectively. 5(a) is thus the trait
dependent slope of the survival function that is directly linked to the intensity of the viability selec-
tion acting on phenotypic trait. For a detailed description of the construction of IPMs see Merow
et al. (2014) or Rees et al. (2014). In practice, IPMs are implemented using the midpoints rule as a
numerical integration method (Ellner et al. 2016) where phenotypic values are divided into m dis-
crete trait classes that are the elements of the vector z = {z;}. Then, IPMs use extended standard
projection matrix that are divided in relation to the artificial trait classes to give the dynamics of a
population that can be rewritten using population vectors (bold lower cases) and trait-demography

matrices (bold capital cases) as:
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where n, , is the vector describing the distribution of the phenotypic trait of all individuals of
a given age a. Survival and growth together from age a to age a + 1 are given by a matrix P,

whose (i, 7) element is

P,(i,z) = Pu(z | 2) 7

= Prob.[Alive at age a + 1 with trait z; | Alive at age a with z;].

Fertility of females aged a is a matrix F, = Daﬁu, where ﬁa is a diagonal matrix whose (7, 7)
entry is the total number of offspring that a female of phenotypic trait z; will produce at age a.
The inheritance of the phenotypic trait from a mother of phenotypic trait z; at age a to offspring

is captured in the mother-offspring phenotypic transition matrix D, whose (i, j) element is

D,(i,2) = Do(2 | 25) )]

= Prob.[Offspring trait is z; at age of first census | Maternal trait is z; at age a].

Note that e’ D, = e’ using the vector e’ = (1,1,...,1), so that the probabilities for the transi-

tions out of one maternal phenotypic trait z; sum to one.

Only the demographic functions and associated trait-demography matrices (G, S,, D, ﬁa)

need to be built to apply the present method (see for instance L101-120 of the DataS1:PMOC.R),
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but not the population vector.

Phenotypic mother-offspring Correlation

We calculate the phenotypic mother-offspring correlation C of a phenotypic trait z as the ratio of the
covariance between offspring and maternal traits at birth to the variance of maternal trait at birth.
This ratio is in fact mathematically the slope of the mother-offspring regression, originally used in
classical quantitative genetics theory to estimate heritability (Falconer and Mackay 1996). Thus, C
corresponds to the slope of the regression of offspring trait values Y, (“offspring phenotypic trait’)
at age a on maternal trait values X, (“mother phenotypic trait”) at age a. We estimate C for traits
at birth (measured at first census) using phenotypic and life history information from all ages.

The correlation C can be calculated using the formula for the regression slope of the phenotypic
traits of offspring born to one female cohort over its lifetime regressed on the phenotypic traits of

mothers at their own birth (L166 in DataS1:PMOC.R):

~ Cov(YpXy)

Var(X) ©)

Coulson et al. (2010) derived a version of the correlation C using IPMs, but they estimated
the maternal trait for all females born in a cohort. Here, we analyse only the females that mature
(survived to the age at first reproduction, i.e. after viability selection) and then give birth at each
age (i.e. after fertility selection) to estimate the phenotypic trait of females at birth. In other words,
to assess the influence of the different demographic processes on C, we include only frue mothers
in the mother cohort, excluding their cohort mates that did not produce any offspring.

We analyse the IPM at its equilibrium state. Thus, we derive C when the phenotypic trait

distribution has stable, time-invariant proportions in each age and trait class.
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Stable distributions of the phenotypic trait at birth

The age and phenotypic trait structure of a population that experiences time-invariant fertility, via-
bility, growth, and inheritance processes converges to a stable age and phenotypic trait distribution
with a growth rate r (Keyfitz and Caswell 2005). Stable populations are defined as populations
with unchanging trait and age structures.

In these stable populations, we describe three important stable distributions (see Appendix S4:
Fig. S1 for a schematic description of these distributions): the distribution of the phenotypic
trait at birth within the stable (female) cohort (u), the distribution of maternal phenotypic
trait at (its own) birth (X)), and the distribution of offspring phenotypic trait at birth ().
These offspring have been produced during the lifetime of the stable cohort (u). At its own birth,
this stable cohort has therefore stable proportions of newborns in each trait class, here represented
by a vector u = {u(i)} = {u(z;)}. Note that we set (e’ u) = 1. Each such cohort contains
females who may become mothers if they survive and reproduce. Which of these potential moth-
ers reproduce, and how often, during their lifetime determine the stable distribution of maternal
phenotypic trait at (its own) birth. The latter is shifted to higher trait values when compared to the
distribution of phenotypic trait at birth within the stable cohort (potential mothers), if viability and
fertility selections are positive (i.e. fertility and survival increase with the phenotypic trait).

In stable populations, we can define for any population growth rate r the renewal matrix

A(r)=> e F,L,, (10)

a

where Survivorship from birth (i.e. at age a = 0) to any age a is a matrix L, whose (i, j) element

18

La(i,J) = La(zi | 2) (11)

= Prob.[Alive at age a with trait z; | Born at age 0 with z;].

12



Then the distribution of phenotypic trait at birth within the stable cohort u and growth rate r

are together determined by (L.122-148 in DataS1:PMOC.R)
A(r)u=u. (12)

This equation contains two unknowns: 7 and u. 7 can be found numerically by noting that the
renewal matrix (A (7)) has a dominant eigenvalue of 1. Thus the logarithm of the dominant eigen-
value of A(r) is 0. Using this, we can find  and A(r). Then u is the right eigenvector of A(r).

For other interesting properties of the renewal matrix see Steiner et al. (2014).

Mother-offspring covariance and maternal variance

In the Appendix S1: Section S1 we derive a formula for the covariance between offspring pheno-
typic trait at birth Y;, and maternal phenotypic trait at its own birth X, that is computable in terms
of F,,L,, and u. As a consequence, this covariance arises out of complex interactions between
inheritance, ontogeny and selection.

In a stable age-trait-structured population, the lifetime number of offspring produced by fe-

males from the stable cohort u is (L151 in DataS1:PMOC.R)
K=Y (e"F,L,u) =Y (e"M,L,u). (13)

Using this, the trait-demography matrices ﬁa, and L,, and the distribution of phenotypic trait

at birth within the stable cohort u as defined in (12), the covariance between maternal and

13



offspring phenotypic traits at birth is given by (L163 in DataS1:PMOC.R)

1 ~ 1 ~ ~
Cov(YpX,) = = Z {eT ZF,L, (I —ue” = Z M, La) Zu} , (14)

a

~ 1 —~ ~
_ T T E :
=e 7ZH <I—ue E - Ma La> Zu7 (15)

where Z is a diagonal matrix of the phenotypic values Z = diag(z;), and where we use, for brevity,

1
H = = za: F,L,. (16)

Details on the derivations are given in the Appendix S1: Section S1.

The variance in maternal phenotypic trait at birth is (L156-159 in DataS1:PMOC.R)
1 TNA 77 1 TNA 7.\2
Var(Xo) = Za:(e M, L,ZZu) — ﬁ(za: e’ M, L, Zu)?. (17)
Details on the derivation of the variance are given in the Appendix S1: Section S2.

Computing proportional changes in C

To disentangle the relative influence of fertility and viability selections, trait ontogeny and inher-
itance on C, we computed Ec = %C: the proportional changes in C to infinitesimal changes in
any intercept or trait-dependent slope of one of the demographic functions of the IPM describing
age-specific demographic rates as a function of the continuous trait. We estimated proportional
changes in C because it can easily be used to derive both the standard demographic elasticity and
sensitivity of C' to any parameter of the IPM. The elasticity of C' is the proportional change in C' to

a proportional change in a parameter and is equal to the multiplication of our measure E¢ by the

target parameter of the IPM that varies. The sensitivity of C'is the change in C' to an infinitesimal

14
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change in the target parameter of the [PM that varies and is directly equal to 6C.
The proportional change in C (£¢) caused by an infinitesimal change in a given parameter of a

given demographic function, is (L190-207 in DataS1:PMOC.R)

_ 6C _ dCov(YoXp)  dVar(Xo)

E = .
€7 C Cov(YpX,)  Var(Xy)

(18)

The exact form of E¢ depends on which model parameter varies. dCov(Yy.X() and dVar(X,)
are the derivatives of Cov(Y;Xy) and Var(Xj), respectively, to the target parameter of the IPM that
varies. But this parameter is omitted in equations for simplicity.

Any change in an intercept or slope of one of the demographic functions of the IPM will
change the viability, fertility, growth or inheritance process. Note that the trait dependent slopes
of the fertility and survival functions of the IPMs are directly linked to the fertility and viability
selections acting on the phenotypic trait, respectively, in the population. These changes in the
demographic processes will then impact Var(.X,), Cov(YyXy), and C as a consequence (Appendix
S4: Fig. Sl). In the following, we describe how the derivative of Var(Xj) and Cov(YpXy) in
relation to the target parameter can be computed. Detailed derivations of the described quantities
are given in Appendix S1.

A change in C (6C) occurs if one model parameter changes by a small amount ¢ > 0. This
change was estimated by the derivative of C in relation to the parameter that has changed (p —

p + €). This causes changes in the trait-demography matrices (L168-172 in DataS1:PMOC.R)

F,L, — F,L, +eA,, 19)

where A, represents the derivative of the matrix F;, L,. More generally in the following, we use
A, A and ¢ to represent the derivative of a matrix, a vector, and a number, respectively in relation
to the given parameter that varies. The Appendix S1: Sections S4 and S9 give the details on the

computation of the changes in the trait-demography matrices with respect to changes in parameters

15



describing viability selection, fertility selection, growth, and inheritance.

The changes included in (19) change the stable population. As a consequence, changes in
model parameters can affect C at population equilibrium by affecting the three stable distributions
(Appendix S4: Fig. S1): the distribution of phenotypic trait at birth within the stable cohort (u),
the distribution of maternal phenotypic trait at (its own) birth (X)), and the distribution of offspring
phenotypic trait at birth (Yp).

The distribution of phenotypic trait at birth within the stable cohort u changes by ¢ A, (see
Appendix S1: Sections S3, S6, S7 and S8 for the computation of A,). From here on, we leave
off the e (constant proportional factor) since it multiplies every change. In addition, the covariance
between maternal and offspring traits at birth Cov (Y, X)) changes by §Cov(Y,.X() and the variance
in maternal trait at birth Var(X,) by dVar(Xj) (see A5 for details on the perturbations of the
variance in maternal phenotypic trait at birth).

The perturbation of Cov(YyXj) as given in (15) requires the perturbation of matrix H (16),
which in turn needs the perturbation of /K (13). From (16) we see that the change in H is

A= (%K) Ht % (20)

And from (13) we have

dx = (e"Au)+ ) (e'F,L,)A, @1

a

16



Putting these together, the change in Cov(YyXy) using (15) and A,, (A3) is
~ 1 — N
OCov(YoXo) = el Z [Ay] (I - ueTK Z M, La> Zu
~ 1 —_ ~

Tz I-uel— M,L, | ZA,

+e" ZH ue I za:
o/ ! TA

—e 7ZH Ve Z ue Ag -

A, K — _ R
, Bult —dxu 3 eTl\/IaLa> Zu.

(22)

KQ

a

Finally, the change in the variance in maternal phenotypic trait at birth (Appendix S1: Section S5)

3 1S

Ag o K =8 M, Ly
Var(X,) =e” Y { — £ ZZu}

1 o an
+ 7 Z(e M, L, ZZA,) 23)

oy (s

aK dx M, L,

Zu+M,L,ZA, }

Using (15), (17), (22), and (23), we can now compute C in (9) and its proportional changes in (18).

Application to Soay sheep and roe deer IPMs

s We computed C of body mass at age of first census in both Soay sheep and roe deer and FE.
(proportional changes in C) to changes in model parameters of the demographic functions for two
published IPMs structured by age and body mass (Coulson et al. 2010, Plard et al. 2015). Body

o mass is a key functional trait in ungulates as it conditions individual survival and reproduction and
is directly linked to individual fitness (Traill et al. 2021, Gaillard et al. 2000a).

The feral population of Soay sheep lives on the Island of Hirta in the St. Kilda archipelago,

17
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Scotland, and fluctuates as a food-limited population between 600 and 2000 individuals, of which
about one-third live in the 250ha study area (Clutton-Brock and Pemberton 2004). The population
has been studied in detail since 1985. During this time, life-history and body mass data were col-
lected during the yearly captures and year-round censuses. A detailed description of the population
and data collection protocols is provided elsewhere (Clutton-Brock and Pemberton 2004). An IPM
using the data of this population from 1986 to 1996 has been previously built (Coulson et al. 2010).

The roe deer population of Trois Fontaines lives in an enclosed forest of 1360 ha in North East-
ern France. The size of the population has been kept relatively constant around 250 individuals
older than one year in March by yearly removals (mainly through exportation of captured indi-
viduals) except between 2001-2005 when an experimental manipulation of density was performed
and population size peaked at 450 individuals older than one year of age. The population has been
monitored by the Office National de la Chasse et de la Faune Sauvage (now Office Francais de la
Biodiversité) since 1975. Each year, half roe deer of the population are caught between Decem-
ber and March. Each individual is sexed and weighed. All individuals included in this study are
of known age. The population and the study site have been described in detail by Gaillard et al.
(1993; 2013). An IPM using the data of this population from 1976 to 2008 has been previously
built (Plard et al. 2015).

Both published IPMs used data from the female component of the population and are structured
by age classes and body mass (see life-cycle graphs in Appendix S2: Fig. S1). The Soay sheep
IPM divided individuals into four age-classes: lambs (aged 0 to < 1, census at 4 months old),
yearlings (aged 1 to < 2), adults (aged 2 to < 8), and senescent individuals (aged 8+-), while the
roe deer IPM distinguished three age-classes: yearlings (aged 0 to < 1, census at 8 months old),
adults (aged 1 to < 7), and senescent individuals (aged 7+). For consistency among the IPMs
and the above notation, where age O refers to age at birth (i.e. age at first census), we define the
roe deer age-classes starting at age 0 to denote the census age of 8 months, instead of age 1 as in

Plard et al. (2015). This is purely a question of notation. For both species, we calculate C for their
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respective census ages of 4 months in Soay sheep and 8 months in roe deer.

The IPM trait-demography matrices were constructed from the relevant demographic functions.
The functions were statistically determined using life history and body mass data while controlling
for confounding temporal variation in demographic rates using random effects of year (Coulson
et al. 2010, Plard et al. 2015). We directly used the published functions inferred, by body mass and
age-class in these two published studies to estimate C and its proportional changes in these two
populations. As stated in the methods, the survival and growth processes include two functions:
depending on their age class and body mass, females alive in year ¢ can survive (S,(z)) and their
body mass can grow (G,(2'|z)) to reach year ¢t + 1. In these two published IPMs, the fertility
function, defined as the number of offspring produced by a mother was split into two functions
(M,(2) = 0.5R,(2)(1 + T,(2))): the probability for a female to recruit at least one offspring
(referred as the probability of recruitment R,(z)) and the twinning rate (7,(z)). The twining rate
corresponds to the number of recruits each mother produced (1 or 2) each year. Only female
offspring are kept in the models assuming a balanced sex-ratio of 0.5. Finally the inheritance
function gives the phenotypic trait of the offspring at age of first census according to the phenotypic
trait of their mother at reproductive age (D,(z|z)). The survival, recruitment probability, and
twinning rate functions were estimated with a logit transformation. The growth and the inheritance
functions were modeled as Gaussian density probabilities. Their mean and variance were modeled
with linear functions. Every function has age class-specific intercept and slope values. The total
number of model parameters is the total number of coefficients of all functions. The IPMs are
described in the Appendix S2.

To check the accuracy of our analytical framework, we also compare the similarities between
the values obtain from our analytical results to values obtain from numerical simulation of propor-
tional changes in C with respect to changes in the model parameters. We numerically computed
the proportional changes in C from simulations by adding 1075 to each model parameter, one at

a time, dividing the resulting change in the perturbed C by the unperturbed C, and then scaling it
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back up by 10°. This approach is described in detail in Coulson et al. (2010).

Here, we provided only point estimates of C and its proportional changes without their un-
certainty. Uncertainty around derived values estimated at the population level depends on the
covariance of all parameters (i.e. slopes and intercepts of all functions) of the model. Because
demographic functions were estimated independently in these two published IPMs, from differ-
ent datasets including different females, covariances among parameters were not available and we
could not properly estimate the uncertainty around C and its proportional changes. Nevertheless,
a simple way of estimating the uncertainty around the C and its proportional changes would be to
run the analysis over the whole parameter probability distributions. For instance, if parameters of
the different functions are estimated together in a Bayesian framework (Elderd and Miller 2016),
the 95% credible intervals of C and its proportional changes can be obtained by running the anal-
ysis using the 95% credible interval of all parameters. Koons et al. (2017) used a similar approach
to estimate the uncertainty around elasticities of population growth rate to demographic rates for

instance.

RESULTS

The estimated C of body mass at age of first census were 0.20 for Soay sheep and 0.34 for roe
deer. While variances in maternal phenotypic trait at birth (denominator used in the estimation of
C) were similar (5.59 and 5.39 for roe deer and Soay sheep, respectively), the covariance between
offspring and maternal traits at birth (numerator) was smaller in Soay sheep (0.53) than in roe
deer (0.94). This is because Soay sheep females can give birth at 1 year of age and so give birth
to offspring of different body masses at different ages, whereas roe deer females give birth from
2 years of age onwards (i.e. when they have reached over 90% of their full body mass) to more
similar offspring each year. Depending of the model parameter perturbed, the proportional changes
in C varied between -6% and 2.5%. A positive and negative proportional change means that a small

increase in one of the model parameter leads to increase or decrease in the correlation between
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maternal and offspring traits (C), respectively. Then, the mechanisms involved in each parameter
are described in details in each part of the results. Both the analytically and numerically calculated
proportional changes provided equivalent results (Appendix S4: Figs. S1 and S3).

In general, perturbing the mass dependent slopes had larger effects on C than perturbing in-
tercepts (Figs. 1 and 2). In the following, we will present the analytically calculated proportional
changes with respect to changes in fertility (i.e. reproductive rate and twinning rate functions)
and viability (i.e. survival functions) selections, growth, and inheritance. To understand the pro-
portional changes in C, we also present the underlying proportional changes in the means and
variances of the three distributions that contribute to determining C: the distribution of phenotypic
trait at birth within the stable cohort (u), the distribution of maternal phenotypic trait at birth (Xy),
and the distribution of offspring phenotypic trait at birth (Yy) (Fig. 5, Appendix S3: Tables S1, and
S2).

Proportional changes in C with respect to viability selection

Results are presented for both species together, except when the results differed. For both species
and almost all age-classes, increasing the slopes of the survival function and thus altering viabil-
ity selection resulted in large negative proportional changes in C (Figs. 1 and 2). Changes to the
slopes for the adult age-classes had the most pronounced effects. Increasing these slopes increased
survival across all trait values but decreased the potential effect of viability selection on the distri-
bution of body mass because these changes increased survival of light adults more than survival of
heavy adults. This is because the survival probabilities predicted by the unperturbed survival mod-
els were already approaching the boundary of 1 for heavier adults (Figs. 3, 4, also see Appendix
S4: Fig. S4 for a graphical display of this effect of the logit scale). In contrast to this, increasing
the survival slope for Soay sheep lambs, for example, increased survival and the potential effect
of viability selection on the distribution of body mass, meaning that survival increased more for

heavier lambs than for lighter lambs (Fig. 3 and Appendix S4: Fig. S4).
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Regardless of the direction of the change in viability selection, increasing the adult survival
slopes decreased C because more individuals survived and grew to reproduce at heavier masses.
This surplus of adult individuals reproducing at large trait values, and producing relatively heavy
offspring, increased the mean offspring phenotypic trait and decreased the variance among off-
spring. This means that potential mothers were heavier and more similar at birth (Fig. 5). As a
consequence, the variance in maternal phenotypic trait at birth decreased. The covariance between
maternal and offspring traits at birth decreased also substantially. Due to the overall higher survival
probabilities and the reduced viability selection, more mothers with light birth mass grew to heavy
adult masses where they gave birth to heavy offspring. Defined by the ratio of this covariance
and variance in maternal trait at birth, C overall decreased in both species as the survival slope
increased (Fig. 5).

Increasing the survival slopes for Soay sheep lambs and yearlings had comparable effects
(Fig. 5). However, perturbing the survival slope for roe deer yearlings had little effect because

the decrease in the covariance between maternal and offspring traits at birth was relatively weak.

Proportional changes in C with respect to fertility selection

Changing the slopes of the fertility functions and so fertility selection had much larger effects on C
for Soay sheep than for roe deer (Figs. 1 and 2). For Soay sheep, fertility selection mostly operated
through the probability of recruitment (i.e. probability for a mother to have at least one offspring
surviving up to four months of age for Soay sheep and eight months of age for roe deer) because the
twinning rates (i.e. number of offspring produced if probability of recruitment is 1) were very low
(Fig. 3). Another idiosyncrasy of the Soay sheep was that the probability of recruitment for adults
was similar across all phenotypic traits (Fig. 3). Therefore, fertility selection in the adult age-class
was low. Introducing fertility selection by increasing the slope of the probability of recruitment
function by an infinitesimal change had the largest effect on C of all perturbations for Soay sheep

(Fig. 1). It decreased C by approximately 5 %.
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Similarly to the effect of increasing the adult survival slope, increasing the slope of the proba-
bility of recruitment and positive fertility selection among adult Soay sheep resulted in more adults
reproducing at large trait values. This increased the mean of the distribution of phenotypic trait at
birth within the stable cohort and decreased its variance (Fig. 5). The increase in fertility selection
resulted in an increase in the mean maternal phenotypic trait at birth, but the overall increase in
fertility also led to lighter adults having higher fertility and therefore to an increase in the vari-
ance in maternal trait at birth. The offspring trait at birth increased due to the increase in fertility
selection, and the variance in offspring trait at birth decreased. The covariance between maternal
and offspring traits at birth therefore decreased substantially, which resulted in a large decrease in
C (Fig. 5). In Soay sheep, lambs have a small probability of recruiting an offspring at one year
of age (Fig. 3). Increasing this probability by increasing the slope of the function, increased C
(Fig. 1). The increase in the slope of the probability of recruiting an offspring drastically increased
the covariance between maternal and offspring traits at birth, because light-born mothers were
more likely to remain light at 1 year old when giving birth to light offspring than to become heavy
at 1 year old. More lambs reproducing also caused a decrease in the mean and an increase in the
variance of all three distributions: potential mothers (stable cohort), mothers, and offspring were
on average all lighter and less similar at birth. As a result, C increased (Fig. 5).

For roe deer, altering the probability of recruitment had less pronounced effects (Fig. 2). In-
creasing the slope of the probability of recruitment and decreasing fertility selection for adults,
due to the effect of the logit transformation (Appendix S4: Fig. S4), increased C. The decrease in
fertility selection resulted in a decrease in the mean of the distribution of phenotypic trait at birth
within the stable cohort because lighter adults had a higher increase in the probability of recruit-
ment than heavier adults. At the same time, the variance in the distribution of phenotypic trait
at birth within the stable cohort decreased; potential mothers were lighter and more similar when
compared to the unperturbed situation. These smaller mean and variance translated into smaller

means and variances for both the maternal and offspring traits at birth. The covariance between
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offspring and maternal traits at birth increased, because mothers that were born light, and therefore
took longer to grow to the asymptotic mass than heavy-born mothers, had a higher probability of
recruitment as light adults, resulting in light-born mothers having a higher probability to give birth

to light offspring than in the unperturbed situation (Fig. 5).

Proportional changes in C with respect to growth

Changing both intercepts and slopes of the functions that determined the variances in growth had
little effect on C for both species (Figs. 1 and 2). These perturbations changed the variances in
maternal and offspring phenotypic traits at birth and the covariance between maternal and offspring
traits at birth to similar proportions, which then overall had no effect on C (Tables S1 and S2).
These findings even held for Soay sheep, where the growth variances have slopes that deviate from
0 (Fig. 3).

Increasing the slope of the mean growth function for adult and senescent Soay sheep had pro-
nounced negative effects on C (Fig. 1). Increasing the slope of the mean growth function in an IPM
has generally two consequences. First, all individuals of the targeted age-class attain faster their
asymptotic body mass, with this acceleration being even larger for heavy individuals. Second, the
mean maximum body mass increases because the mean growth rate function crosses the y = x line
at higher trait values.

When the adult mean growth slope for Soay sheep was increased, individuals grew faster to
larger trait values at which they had higher survival. This caused an increase in the number of adults
reproducing at large trait values and therefore increased the mean mass of potential mothers, but
also the variance in mass among them (Fig. 5). The increase in variance of mass among potential
mothers (variance of the phenotypic trait at birth within the stable cohort) may have been caused
by the increase in the asymptotic mass of adults, which increased the range of trait values over
which adults reproduce. This change in the mean and the variance of phenotypic trait at birth

within the stable cohort cascaded through and led to similar increases in the mean and variance of
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maternal and offspring phenotypic traits at birth. The increase in the asymptotic mass of adults, and
the increase in how fast females grow to this asymptotic mass, increased the number of females
that reproduce at large trait values regardless of their birth phenotypic trait. Consequently, the
covariance between maternal and offspring traits at birth decreased, which divided by a much
larger variance in maternal phenotypic trait at birth, resulted in lower C (Fig. 5).

To understand how increasing the mean growth slope for senescent Soay sheep influenced C,
it is important to notice that the slope for mean inheritance is negative for senescent individuals;
the heavier they are, the lighter are their offspring (Fig. 3). As a result, shifting the asymptotic
mass for senescent females towards larger trait values, at which females had higher probabilities of
recruitment and survival yet gave birth to lighter offspring, decreased the mean and the variance in
the phenotypic trait at birth within the stable cohort. This variance further decreased because the
variance of the growth function decreases with increasing body mass in the senescent age-class.
The decrease in the mean and variance of the phenotypic trait at birth within the stable cohort was
again followed by similar developments in the distributions of maternal and offspring phenotypic
traits at birth. However, overall C decreased (Fig. 5) because the covariance between maternal and
offspring traits at birth decreased even more.

For roe deer, only increasing the growth mean slope for yearlings had a notable effect on C,
since most of the growth towards the asymptotic body mass occurs in this age class (i.e. between
one and two years of age, Fig. 2). Increasing the slope of yearling growth resulted in individuals
growing faster to heavier masses at which they recruited to the adult age-class. They therefore
experienced higher probabilities of survival, recruitment, and twinning rates during the first time
step as adults. Due to the positive slope of the mean inheritance function (Fig. 4), this increased
the mean and decreased the variance in the phenotypic trait at birth within the stable cohort. Since
potential mothers were heavier and more similar at birth, plus they grew faster during the yearling
stage, both mothers and offspring were also heavier and more similar in birth trait, which increased

the covariance between maternal and offspring traits at birth (Fig. 5). Divided by a smaller variance
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of maternal phenotypic trait at birth, this led to higher C.

Proportional changes in C with respect to inheritance of the phenotypic trait between mother and
offspring

The only direct relationship between offspring trait at birth and maternal trait (at birth of their
offspring) is modeled by the inheritance function. Nevertheless, perturbing this relationship by
increasing the slopes of the mean inheritance function had only moderate effects on C (Figs. 1 and
2). Increasing the slope of the mean inheritance function for Soay sheep yearlings and roe deer
adults increased the mean of the phenotypic trait at birth within the stable cohort and decreased its
associated variance. It decreased the variance because both age-classes had high probabilities of
recruitment for large phenotypic trait values of the respective age-class (Figs. 3 and 4). Offspring
produced were therefore heavier and more similar than in the unperturbed situation. Since potential
mothers started out heavier and more similar than in the unperturbed situation, the mean birth
trait of mothers was also larger and its variance smaller. Since mothers were heavier, they gave
birth to heavier and more similar offspring than in the situation when the inheritance function was
not perturbed. The covariance between maternal and offspring traits at birth increased, while the
variance in maternal trait at birth decreased, resulting in higher C caused by these perturbations.
However, increasing the slope of the mean inheritance function for adult Soay sheep actually
decreased C (Fig. 1) because it increased the variance in maternal phenotypic trait at birth. Since
both light and heavy adult Soay sheep have about the same number of offspring due to the proba-
bility of recruitment being almost constant, increasing the slope of the mean inheritance function
shifted the mean of the distribution of phenotypic trait at birth within the stable cohort to heavier
masses while spreading out the distribution. Since the stable cohort was heavier and less similar
in birth trait, the mean and variance in maternal phenotypic trait at birth also increased. The co-
variance between maternal and offspring traits at birth also increased, but less than the variance in

maternal phenotypic trait at birth, which overall resulted in a lower C.
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DISCUSSION

We have demonstrated how the effect of all four demographic processes — viability and fertility
selections, growth, and inheritance — on the phenotypic mother-offspring correlation (C) can be
quantified and compared. To our knowledge, our work provides the first approach that allows the
quantification of the relative influence of the four demographic processes on phenotypic transmis-
sion. Heywood (2005) derived a theoretical decomposition of the evolution of a trait, taking selec-
tion into account. However, it remains difficult to quantify each component of the decomposition
given the data currently available from natural systems. Our method can be applied in popula-
tions where the long-term individual-based data, including individual age and phenotypic trait in
relation to individual survival, reproduction, growth and inheritance are available, and where envi-
ronmental conditions can be assumed to be constant. Our expressions for proportional changes in
C apply to any IPM of this type, and can be extended to [IPMs that describe multivariate traits and
to IPMs that are evolutionary explicit (including the genetic and environmental components of the
phenotypic trait) (Childs et al. 2016, Coulson et al. 2017).

C has long been considered as a measure of heritability (Falconer and Mackay 1996) which
often gives similar measures to animal models (de Villemereuil et al. 2013). Transmission of
phenotypic traits is often treated as a fixed value to predict the evolution of traits in wild populations
(Kruuk 2004, Wilson et al. 2010). Because viability and fertility selections vary over time within
a population (Siepielski et al. 2009), our study reveals that C should also vary in time within
wild populations. Indeed, a number of previous studies have reported that C, heritabilities, and
additive genetic variances and covariances among traits vary with the strength of selection, and
across environmental conditions (Wood and Brodie III 2015; 2016, Wilson et al. 2006, Hadfield
2008, Husby et al. 2011, but see Ramakers et al. 2018). Thus, if C is measured in the same
population in two different environments or in two populations within the same species, the two

measures are expected to be different (Wilson et al. 2006). Our work demonstrates that measures
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of transmission of phenotypic traits should not be considered as constant when predicting the
dynamics of phenotypic traits over multiple time steps.

Our findings show that viability and fertility selections influence C to a greater extent than
growth and, surprisingly, even more than inheritance. Viability and fertility selections will influ-
ence phenotypic trait values over generations only when the offspring trait is linked to maternal
traits. Inheritance and growth can consequently either dampen or amplify the effects of selection
on C. Growth rates can change phenotypic traits within the life of an individual, and be seen as
a plastic process (Gianoli and Valladares 2012). Similarly, inheritance may change if the relative
influences of environmental, genetic and maternal effects vary with time. Our results show how C
proportionally changes in response to changing one parameter in the model. Nonetheless, the ob-
served variation in C will depend on which and how much parameters of the models are impacted
by an environmental variation. While our approach measures deterministic proportional changes
in C, an exciting extension of our work would be to estimate proportional changes in stochastic
environments to account explicitly for environmental variation.

Our method allows understanding how the different demographic processes influence C by
influencing the phenotypic covariance between offspring and parental (here mothers) traits, the
variance in parental traits, or both. Generally, processes that lead to increase the propensity of
individuals to give birth to offspring of different trait values decrease C. For example, a large effect
of maternal age on offspring phenotypic trait such as positive effects of maternal experience in
early adulthood or negative effect of maternal senescence in late life (Moorad and Nussey 2016,
Perez et al. 2017, Kindsvater et al. 2012, Bowen et al. 2006, Saino et al. 2002) will decrease C.
Another example of process that lead to increase the propensity of individuals to give birth to
offspring of different trait, is an early age of first reproduction before individuals have attained
full adult size/mass. Most female mammals do this, giving birth to their first newborn before
they have reached asymptotic mass: in ungulates, for example, mass at sexual maturity is 80%

of asymptotic mass, but there is substantial variation across species (Servanty et al. 2009). While
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Soay sheep can reproduce at markedly different masses in different age classes (about 12kg as
lambs, 17kg as yearlings and, 23kg as adults), giving birth to offspring of different masses, roe
deer mostly reproduce at masses close to their mean asymptotic body mass (more than 20kg at first
reproduction while adult body mass is about 22-24kg), resulting in more similar offspring masses
across ages. Within-maternal variation in offspring body mass is 67% and 44% (percent variation
explained by within- as opposed to between-individual effect in body mass obtained from a linear
mixed model of offspring body mass including maternal identity as a random effect, Van de Pol
and Wright 2009) for Soay sheep and roe deer, respectively. Accordingly, we estimated C of body
mass at age of first census to be lower in Soay sheep than in roe deer. We next summarize some
general insights that provide guidance in distilling these insights from our key findings.

First, perturbing intercepts had smaller effects on C than perturbing slopes, because perturb-
ing intercepts primarily affects the means of phenotypic trait distributions, while perturbing slopes
affects the means and the variances of these distributions. Second, perturbations of the same pa-
rameter, but for different age classes, do not always impact the processes they capture in the same
way. Increasing the slope of the survival function, for example, increased viability selection in
Soay sheep lambs, yet decreased it for adults. The reason for this is the slope of the survival
function is not a direct measure of the strength of viability selection because we estimated the pro-
portional change in C to the slope of the survival function on the logit scale. The particular effects
of perturbing slopes are a function of the logit transformation (see the result part on proportional
changes in C with respect to viability selection and Appendix S4: Fig. S4). Third, the different
functions can interact to impact the value of C. An increase in viability selection, for example,
increases mean offspring mass via the slope of the mean inheritance function. Finally, the more
the functions vary among the different age classes, the less predictable are their interactions. This
may explain why we see more, and primarily stronger, responses in C to perturbations of model
parameters for Soay sheep when compared to roe deer (Figs. 3 and 4). Because selective pressures

should vary with age class (e.g. Bonnet et al. 2017), these results show that accounting for different
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selective pressures in different age-classes should give better prediction of trait transmission, and

trait dynamics as a consequence.

Effects of viability and fertility selections

Decreasing the strength of viability selection decreased C, in both Soay sheep and roe deer in the
adult and senescent age classes. This is because a greater number of mothers of different birth
phenotypic traits survive to grow and give birth to heavy offspring. However, large changes in
viability selection on adult Soay sheep and roe deer over time are unlikely to be observed (Gaillard
et al. 2000b0). More realistic is variation in viability selection among young individuals such as
Soay sheep lambs, which results in a decrease in C. In both species, viability selection between
birth and census age (8 months in roe deer, 4 months in Soay sheep) is included in our models
as fertility selection, because the probability of recruitment include the probability of offspring
surviving from birth to the first census. Increasing fertility selection had the strongest negative
effect on C for Soay sheep. Some studies have found that heritability is generally lower in poor
rather than good environmental conditions (Charmantier and Garant 2005, Merild et al. 2001 but
see Husby et al. 2011). Wilson et al. (2006) showed that additive genetic variance decreased with
increasing viability selection on offspring phenotypic trait in Soay sheep. In line with their find-
ings, we observed that increasing adult and senescent fertility selection, which includes viability

selection on offspring before they are first censused, decreased C.

Effects of growth and inheritance

The effects of viability and fertility selections on C are mediated by ontogeny. If individuals grow
slowly, then any effect of selection on C has more time to act via the individuals that are still
developing. If, however, individuals grow fast to asymptotic mass or trait value, then selection has
less opportunity to influence C. This is why we observed a decrease in C with an increase in the

mean growth rate of adult Soay sheep. Furthermore, we found that fertility selection had less effect
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on C in roe deer than in Soay sheep because roe deer were recruited at 8 months of age when most
growth had already taken place (~ 70% of the asymptotic mass, Hewison et al. 2011).

Inheritance captures processes that directly relate variation in maternal body condition to off-
spring phenotypic trait at birth. Despite it being the only direct relationship between maternal and
offspring phenotypic traits, the effect of inheritance on C is small. The inheritance will vary if
the relative influences of genetic, maternal and environmental effects on offspring trait vary with
maternal age, trait or environmental conditions. Maternal effects often vary with maternal age (so-
called maternal effects senescence Moorad and Nussey 2016, Saino et al. 2002, Perez et al. 2017)
and traits in the wild (Risdnen and Kruuk 2007, Mousseau and Fox 1998, Plard et al. 2021). The
mean inheritance function determines variation in offspring phenotypic traits, which then results in
variation in mass among mothers via growth and viability and fertility selections. As expected, we
found that increasing the slope of the mean inheritance function always increased the covariance
between maternal and offspring phenotypic traits at birth. Remarkably though, this did not always
result in an increase in C. For Soay sheep adults, the increased variance in the phenotypic trait at
birth within the stable cohort also resulted in an increase in the variance in maternal phenotypic
trait at birth, which overall decreased C. The variance around the mean inheritance function cap-
tures reproductive allocation. Changing this variance has little effect on C because it changes the
variance in maternal phenotypic trait at birth and the covariances between maternal and offspring
phenotypic traits at birth to similar extents. In some species, such as wild boars and Alpine mar-
mots, individuals allocate resources differently to siblings as a possible evolutionary bet-hedging
strategy to minimise the variance in reproductive success (Gamelon et al. 2013, Plard et al. 2021).
Our results show that this has no effect on C in roe deer and Soay sheep, but may play a role in

species with larger litter sizes.
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Evolutionary consequences of demographic effects on C

Because our model includes a growth and an inheritance function that link an offspring’s trait at
birth to its mother’s trait at the age of reproduction (Chevin 2015, Janeiro et al. 2016), it allows us
to understand how, and how much, selection and growth can influence the mother-offspring regres-
sion of phenotypic trait at birth. C can increase both because the covariance between maternal and
offspring phenotypic traits at birth increases, and because the variance in maternal phenotypic trait
at birth decreases. Our results show that demography will always influence both the numerator and
the denominator of this ratio. As illustrated by our results, the evolution of a continuous phenotypic
trait is a complex interaction among transmission, selection and growth. Which of the potential
future mothers will actually become mother and be used to estimate C are directly determined by
viability and fertility selections (Hadfield 2008). The influence of selections on heritability has
already been recognized in quantitative genetics (Hadfield 2008, Nakagawa and Freckleton 2008,
Steinsland et al. 2014), but here we managed to quantify how much it will influence the pheno-
typic correlation between maternal and offspring phenotypic traits. The large negative influence of
selection in roe deer and Soay sheep on C may suggest that our measures of heritability are often
biased. Interestingly, this negative influence of selection on maternal and offspring resemblance
might also partly explain why the evolutionary stasis often occurs in wild populations where many
and variable selective pressures can influence a trait (Bonnet et al. 2017).

IPMs help get insights about why evolutionary stasis is so frequently observed while directional
evolution is predicted. Thus, they present a powerful approach to study the dynamics of a continu-
ous trait in natural systems, taking into account the interaction among environment, selections and
transmission of the trait (Smallegange and Coulson 2012). This suggests that the eco-evolutionary
dynamics of phenotypic traits in the wild depend on complex interactions between environment
and genetics, which have often been neglected until now. Our study implicitly accounts for these
interactions, but does not separate the relative effects of genetic, maternal and environmental ef-

fects. An exciting future development would be to estimate the proportional changes in the genetic
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and environmental components of a phenotypic trait in an [PM (Coulson et al. 2017, Simmonds
et al. 2020).

Importantly, our results demonstrate that transmission of phenotypic traits varies with age.
Indeed, maternal effects influencing offspring body mass or size (Mousseau and Fox 1998) often
change with maternal age, condition, and experience. As a result, offspring phenotypic trait cannot
be predicted from additive fixed and independent genetic, maternal and environmental effects only.
Models of trait transmission need to account for the varying and dynamic influence of maternal
effects. Restraint-Constraint hypotheses (Curio 1983) that explain why young birds reproduce less
well, and maternal effect senescence (e.g. Herndndez et al. 2020 for a recent analysis) that helps
explain why old mothers reproduce less well, which are both increasingly reported in the wild,
strongly support our conclusions.

Under the assumption that body mass is determined by a genotype () that remains constant
throughout life plus some environmental variation (£), a slope of the growth function of 1, where
body mass at age a + 1 is regressed against body mass at age a, would be expected. Indeed, under
this hypothesis: Z, = G+ E, and Z,,y = G + Fyy,. Thus, Z,y, = Z, + E,.1 — E, implying an
intercept of 0, a slope of 1 plus some residual environmental variation. However, this is impossible
in nature because a slope of 1 in commonly used growth models (such as von Bertalanffy, Gom-
pertz or logistic) would mean either non-growing animals that will not change their body mass
or individuals growing forever with the same proportional growth rate. Accordingly, the slope of
the growth function has been estimated to be below 1 in published IPMs (Traill et al. 2014, about
0.7 in roe deer and Soay sheep, Coulson et al. 2010, Plard et al. 2015). Thus, body mass cannot
only be determined by a genotype that remains constant throughout life plus some environmental
variation. A first possibility that would give a slope of less than 1 would be for body mass to be
determined by different but correlated genetic effects at different ages (Chevin 2015). Research to
date has revealed strong positive genetic covariances across ages (Wilson et al. 2005) suggesting

that this large genetic correlation across ages should also generate a slope close to 1 in the growth
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function and cannot be an explanation for the low regression slopes observed in empirical studies.
The second explanation for a slope below 1 involves that the entire growth trajectory is controlled
by genetic effects. This suggests that entire development trajectories rather than traits at specific
ages should be used in future models of trait dynamics and evolution. Because the same genotype
can attain different body masses in different environments, genotype-by-environment interactions

are also likely to be influential in size-related traits.

Conclusion

Our deterministic analysis demonstrates that viability and fertility selections influence C more than
growth and inheritance in two populations of long-lived mammals in the wild. To better understand
the evolution of phenotypic traits, it is necessary to focus on phenotypic trait transmission along in-
dividual trajectories across the entire lifetime. Along these trajectories, individuals can be subject
to different environments and selective pressures. Thus, variability in both phenotypic transmis-
sion and selection should be accounted in future studies predicting eco-evolutionary dynamics of

phenotypic traits.

ACKNOWLEDGEMENTS

JAB acknowledges funding from the International Max Planck Research Network on Aging (MaxNe-
tAging). TC acknowledges support from the NERC and an ERC advanced grant. ST was partly
supported by US NIA grant R21AG06163901. We thank Jason Matthiopoulos, Ben Sheldon,

Michael Morrissey, Tom EX Miller and two anonymous reviewers for helpful comments.

34



21

LITERATURE CITED

Besbeas, P., S. N. Freeman, B. J. Morgan, and E. A. Catchpole. 2002. Integrating mark—recapture—
recovery and census data to estimate animal abundance and demographic parameters. Biomet-

rics, 58:540-547.

Bonduriansky, R. and T. Day. 2009. Nongenetic inheritance and its evolutionary implications.

Annual Review of Ecology, Evolution, and Systematics, 40:103—125.

Bonnet, T., P. Wandeler, G. Camenisch, and E. Postma. 2017. Bigger is fitter? quantitative genetic
decomposition of selection reveals an adaptive evolutionary decline of body mass in a wild

rodent population. PLoS Biology, 15:¢1002592.

Bowen, W. D., S. J. Iverson, J. I. McMillan, and D. J. Boness. 2006. Reproductive performance
in grey seals: age-related improvement and senescence in a capital breeder. Journal of Animal

Ecology, 75:1340-1351.

Charmantier, A. and D. Garant. 2005. Environmental quality and evolutionary potential: lessons
from wild populations. Proceedings of the Royal Society B: Biological Sciences, 272:1415—

1425.

Chevin, L.-M. 2015. Evolution of adult size depends on genetic variance in growth trajectories:
a comment on analyses of evolutionary dynamics using integral projection models. Methods in

Ecology and Evolution, 6:981-986.

Childs, D. Z., M. Rees, K. E. Rose, P. J. Grubb, and S. Ellner. 2003. Evolution of complex
flowering strategies: an age- and size-structured integral projection model. Proceedings of the

Royal Society B: Biological Sciences, 270:1829-1838.

Childs, D. Z., B. C. Sheldon, and M. Rees. 2016. The evolution of labile traits in sex-and age-

structured populations. Journal of Animal Ecology, 85:329-342.

35



n

Clutton-Brock, T. H. and J. M. Pemberton. 2004. Soay sheep: dynamics and selection in an island

population. Cambridge University Press, Cambridge.

Coulson, T. 2012. Integral projections models, their construction and use in posing hypotheses in

ecology. Oikos, 121:1337-1350.

Coulson, T. 2020. Environmental perturbations and transitions between ecological and evolution-

ary equilibria: an eco-evolutionary feedback framework. bioRxiv, 509067:ver. 4.

Coulson, T., E. A. Catchpole, S. D. Albon, B. J. Morgan, J. Pemberton, T. H. Clutton-Brock,
M. Crawley, and B. T. Grenfell. 2001. Age, sex, density, winter weather, and population crashes

in Soay sheep. Science, 292:1528-1531.

Coulson, T., B. E. Kendall, J. A. Barthold, F. Plard, S. Schindler, A. Ozgul, and J.-M. Gaillard.
2017. Modeling adaptive and non-adaptive responses of populations to environmental change.

The American Naturalist, 190:313-336.

Coulson, T., D. R. MacNulty, D. R. Stahler, B. vonHoldt, R. K. Wayne, and D. W. Smith. 2011.
Modeling effects of environmental change on wolf population dynamics, trait evolution, and life

history. Science, 334:1275-1278.

Coulson, T., S. Tuljapurkar, and D. Z. Childs. 2010. Using evolutionary demography to link
life history theory, quantitative genetics and population ecology. Journal of Animal Ecology,

79:1226-1240.

Curio, E. 1983. Why de young birds reproduce less well? Ibis, 125:400-404.

Danchin, E., A. Charmantier, F. A. Champagne, A. Mesoudi, B. Pujol, and S. Blanchet. 2011.
Beyond DNA: integrating inclusive inheritance into an extended theory of evolution. Nature

Reviews. Genetics, 12:475-486.

36



21

de Villemereuil, P, O. Gimenez, and B. Doligez. 2013. Comparing parent—offspring regression
with frequentist and bayesian animal models to estimate heritability in wild populations: a sim-

ulation study for gaussian and binary traits. Methods in Ecology and Evolution, 4:260-275.

Easterling, M., S. Ellner, and P. Dixon. 2000. Size-specific sensitivity: applying a new structured

population model. Ecology, 81:694-708.

Elderd, B. D. and T. E. X. Miller. 2016. Quantifying demographic uncertainty: Bayesian methods

for Integral Projection Models (IPMs). Ecological Monographs, 86:125-144.

Ellner, S. and M. Rees. 2006. Integral projection models for species with complex demography.

The American Naturalist, 167:410-428.

Ellner, S. P, D. Z. Childs, and M. Rees. 2016. Data-driven modelling of structured populations. A
practical guide to integral projection models. Lecture Notes on Mathematical Modelling in the

Life Sciences.

Falconer, D. S. and T. F. Mackay. 1996. Introduction to quantitative genetics. Benjamin Cummings,

Harlow, 4" edition.

Gaillard, J.-M., D. Delorme, J. M. Boutin, G. Van Laere, B. Boisaubert, and R. Pradel. 1993. Roe
deer survival patterns - a comparative-analysis of contrasting populations. Journal of Animal

Ecology, 62:778-791.

Gaillard, J.-M., M. Festa-Bianchet, D. Delorme, and J. Jorgenson. 2000a. Body mass and individ-
ual fitness in female ungulates: bigger is not always better. Proceedings of the Royal Society B:

Biological Sciences, 267:471-477.

Gaillard, J.-M., M. Festa-Bianchet, N. Yoccoz, A. Loison, and C. Toigo. 2000b. Temporal variation
in fitness components and population dynamics of large herbivores. Annual Review of ecology

and Systematics, 31:367-393.

37



Gaillard, J.-M., A. J. M. Hewison, F. Klein, F. Plard, M. Douhard, R. Davison, and C. Bonen-
fant. 2013. How does climate change influence demographic processes of widespread species?

Lessons from the comparative analysis of contrasted populations of roe deer. Ecology Letters,

16:48-57.

Gamelon, M., J.-M. Gaillard, E. Baubet, S. Devillard, L. Say, S. Brandt, and O. Gimenez. 2013.
The relationship between phenotypic variation among offspring and mother body mass in wild

boar: evidence of coin-flipping? Journal of Animal Ecology, 82:937-945.

Gianoli, E. and F. Valladares. 2012. Studying phenotypic plasticity: the advantages of a broad

approach. Biological Journal of the Linnean Society, 105:1-7.

Hadfield, J. D. 2008. Estimating evolutionary parameters when viability selection is operating.

Proceedings of the Royal Society B: Biological Sciences, 275:723-734.

Hernandez, C. M., S. F. van Daalen, H. Caswell, M. G. Neubert, and K. E. Gribble. 2020. A de-
mographic and evolutionary analysis of maternal effect senescence. Proceedings of the National

Academy of Sciences, 117:16431-16437.

Hewison, A. J. M., J.-M. Gaillard, D. Delorme, G. Van Laere, T. Amblard, and F. Klein. 2011. Re-
productive constraints, not environmental conditions, shape the ontogeny of sex-specific mass-

size allometry in roe deer. Oikos, 120:1217-1226.

Heywood, J. S. 2005. An exact form of the breeder’s equation for the evolution of a quantitative

trait under natural selection. Evolution, 59:2287-2298.

Husby, A., M. E. Visser, and L. E. Kruuk. 2011. Speeding up microevolution: the effects of in-
creasing temperature on selection and genetic variance in a wild bird population. PLoS Biology,

9:¢1000585.

38



21

Janeiro, M. J., D. W. Coltman, M. Festa-Bianchet, F. Pelletier, and M. B. Morrissey. 2016. Towards
robust evolutionary inference with integral projection models. Journal of Evolutionary Biology,

30:270-288.

Jenouvrier, S., M. Desprez, R. Fay, C. Barbraud, H. Weimerskirch, K. Delord, and H. Caswell.
2018. Climate change and functional traits affect population dynamics of a long-lived seabird.

Journal of Animal Ecology, 87:906-920.
Kempthorne, O. 1957. An introduction to genetic statistics. Wiley, New York.

Keyfitz, N. and H. Caswell. 2005. Applied mathematical demography. Springer Verlag, New York,

3rd edition.

Kindsvater, H. K., G. G. Rosenthal, and S. H. Alonzo. 2012. Maternal size and age shape offspring

size in a live-bearing fish, Xiphophorus birchmanni. Plos One, 7:¢48473.

Koons, D. N., T. W. Arnold, and M. Schaub. 2017. Estimating the demographic drivers of realized

population dynamics. Ecological Applications, 27:2102-2115.

Kruuk, L. E. B. 2004. Estimating genetic parameters in natural populations using the ‘animal

model’. Philosophical Transactions of the Royal Society B: Biological Sciences, 359:873—890.

Merild, J., B. C. Sheldon, and L. Kruuk. 2001. Explaining stasis: microevolutionary studies in

natural populations. Genetica, 112:199-222.

Merow, C., A. M. Latimer, A. M. Wilson, S. M. McMahon, A. G. Rebelo, and J. A. Silander,
Jr. 2014. On using integral projection models to generate demographically driven predictions of

species’ distributions: development and validation using sparse data. Ecography, 37:1167-1183.

Moorad, J. A. and D. H. Nussey. 2016. Evolution of maternal effect senescence. Proceedings of

the National Academy of Sciences, 113:362-367.

39



Morrissey, M. B., L. E. B. Kruuk, and A. J. Wilson. 2010. The danger of applying the breeder’s
equation in observational studies of natural populations. Journal of Evolutionary Biology,

23:2277-2288.
Mousseau, T. A. and C. W. Fox. 1998. Maternal effects as adaptations. Oxford University Press.

Nakagawa, S. and R. P. Freckleton. 2008. Missing inaction: the dangers of ignoring missing data.

Trends in Ecology & Evolution, 23:592-596.

Ozgul, A., D. Z. Childs, M. K. Oli, K. B. Armitage, D. T. Blumstein, L. E. Olson, S. Tuljapurkar,
and T. Coulson. 2010. Coupled dynamics of body mass and population growth in response to

environmental change. Nature, 466:482-485.

Pelletier, F., D. Garant, and A. P. Hendry. 2009. Eco-evolutionary dynamics. Philosophical Trans-

actions of the Royal Society B: Biological Sciences, 364:1483—1489.

Perez, M. F., M. Francesconi, C. Hidalgo-Carcedo, and B. Lehner. 2017. Maternal age generates

phenotypic variation in Caenorhabditis elegans. Nature, 552:106—-109.

Plard, F., B. Chamiot-clerc, and A. Cohas. 2021. Influences of climatic and social environment on

variable maternal allocation among offspring in Alpine marmots. Journal of Animal Ecology,

90:471-482.

Plard, F.,, J.-M. Gaillard, T. Coulson, D. Delorme, C. Warnant, J. Michallet, S. Tuljapurkar, S. Kr-
ishnakumar, and C. Bonenfant. 2015. Quantifying the influence of measured and unmeasured

individual differences on demography. Journal of Animal Ecology, 84:1434—-1445.

Plard, F,, S. Schindler, R. Arlettaz, and M. Schaub. 2018. Sex-specific heterogeneity in fixed mor-

phological traits influences individual fitness in a monogamous bird population. The American

Naturalist, 191:106—-119.

40



Plard, F., D. Turek, M. U. Griiebler, and M. Schaub. 2019. Ipm?: toward better understanding and

forecasting of population dynamics. Ecological Monographs, 89:e01364.

Postma, E. 2006. Implications of the difference between true and predicted breeding values for the

study of natural selection and micro-evolution. Journal of Evolutionary Biology, 19:309-320.

Ramakers, J. J., A. Culina, M. E. Visser, and P. Gienapp. 2018. Environmental coupling of heri-
tability and selection is rare and of minor evolutionary significance in wild populations. Nature

ecology & evolution, 2:1093-1103.

Risénen, K. and L. Kruuk. 2007. Maternal effects and evolution at ecological time-scales. Func-

tional Ecology, 21:408—421.

Rees, M., D. Z. Childs, and S. P. Ellner. 2014. Building integral projection models: a user’s guide.
Journal of Animal Ecology, 83:528-545.

Saino, N., R. Ambrosini, R. Martinelli, and A. P. Moller. 2002. Mate fidelity, senescence in breed-
ing performance and reproductive trade-offs in the barn swallow. Journal of Animal Ecology,

71:309-319.

Schoener, T. W. 2011. The newest synthesis: understanding the interplay of evolutionary and

ecological dynamics. Science, 331:426-429.

Servanty, S., J.-M. Gaillard, C. Toigo, S. Brandt, and E. Baubet. 2009. Pulsed resources and
climate-induced variation in the reproductive traits of wild boar under high hunting pressure.

Journal of Animal Ecology, 78:1278-1290.

Siepielski, A. M., J. D. DiBattista, and S. M. Carlson. 2009. It’s about time: the temporal dynamics

of phenotypic selection in the wild. Ecology letters, 12:1261-1276.

41



Simmonds, E. G., E. F. Cole, B. C. Sheldon, and T. Coulson. 2020. Testing the effect of quanti-
tative genetic inheritance in structured models on projections of population dynamics. Oikos,

129:559-571.

Smallegange, I. M. and T. Coulson. 2012. Towards a general, population-level understanding of

eco-evolutionary change. Trends in Ecology & Evolution, 28:143-148.

Steiner, U. K., S. Tuljapurkar, and T. Coulson. 2014. Generation time, net reproductive rate, and

growth in stage-age-structured populations. The American Naturalist, 183:771-783.

Steinsland, 1., C. T. Larsen, A. Roulin, and H. Jensen. 2014. Quantitative genetic modeling and

inference in the presence of nonignorable missing data. Evolution, 68:1735-1747.

Traill, L., F. Plard, J.-M. Gaillard, and T. Coulson. 2021. Can we use a functional trait to construct

a generalised model for ungulate populations? Ecology, in press.

Traill, L. W., S. Schindler, and T. Coulson. 2014. Demography, not inheritance, drives phenotypic
change in hunted bighorn sheep. Proceedings of the National Academy of Sciences, 111:13223—
13228.

Van de Pol, M. and J. Wright. 2009. A simple method for distinguishing within-versus between-

subject effects using mixed models. Animal behaviour, 77:753-758.

Vindenes, Y., E. Edeline, J. Ohlberger, @. Langangen, 1. J. Winfield, N. C. Stenseth, and L. A.
Vgllestad. 2014. Effects of climate change on trait-based dynamics of a top predator in fresh-

water ecosystems. The American Naturalist, 183:243-256.

Wilson, A. J., L. E. B. Kruuk, and D. W. Coltman. 2005. Ontogenetic patterns in heritable variation
for body size: Using random regression models in a wild ungulate population. The American

Naturalist, 166:E177-E192.

42



Wilson, A. J., J. M. Pemberton, J. G. Pilkington, D. Coltman, D. V. Mifsud, T. H. Clutton-Brock,
and L. E. B. Kruuk. 2006. Environmental coupling of selection and heritability limits evolution.

s PLoS Biology, 4:216-6.

Wilson, A. J., D. Reale, M. N. Clements, M. M. Morrissey, E. Postma, C. A. Walling, L. E. B.
Kruuk, and D. H. Nussey. 2010. An ecologist’s guide to the animal model. Journal of Animal
s  Ecology, 79:13-26.

Wood, C. W. and E. D. Brodie III. 2015. Environmental effects on the structure of the G-matrix.

Evolution, 69:2927-2940.

s Wood, C. W. and E. D. Brodie III. 2016. Evolutionary response when selection and genetic varia-

tion covary across environments. Ecology letters, 19:1189-1200.

43



OPEN RESEARCH

The IPMs for the Soay sheep and roe deer used in this paper used the published functions in
Coulson et al. (2010), Plard et al. (2015), and the data used in these two previous analyses can be
found at https://www.oikosjournal.org/appendix/oik-00035 (Coulson 2012) and

https://besjournals.onlinelibrary.wiley.com/doi/10.1111/1365-2656.12393 for the Soay sheep and
roe deer populations, respectively. The R code used to estimate C (the phenotypic mother-offspring
correlation) and the proportional changes in C can be found in the Supporting Information in Data

S1.
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TABLE 1. Definition of variables used in the text

Variable Definition

a age class

z continuous phenotypic trait (body mass)

Z Diagonal matrix of the phenotypic values (2;)

t time

i,7 indexing elements

D any parameter (intercept or slope of a given function) of the IPM

a(a) & B(a)
N (%), Ng
G.(7|2), Gg
Sa(2),Sa
D,(Z'|z),D,
M,(z), M,
P.(2'2), P,
F.(?|z),Fq
Lo (7'|2), Lg
A(r)

T

C

Var(Xj)
COV(Y()X())
Yo

Xa

u(z;),u

SN X

@
~

age-dependent intercept and slope of a function

continuous function, vector describing the distribution of the phenotypic trait per age-class in the population at ¢
continuous function, matrix describing the growth function

continuous function, matrix describing the survival function from age « to age a + 1

continuous function, matrix describing the inheritance function

continuous function, matrix describing the reproduction function

continuous function, matrix describing the survival and growth process

continuous function, matrix describing the fertility process

continuous function, matrix describing survivorship from phenotypic trait z at age 0 (birth) to trait 2’ at age a
renewal matrix

population growth rate

phenotypic mother-offspring correlation

Variance in maternal phenotypic trait at its own birth

Covariance between offspring phenotypic trait at birth and maternal phenotypic trait at its own birth
offspring phenotypic trait at age a

maternal phenotypic trait at age a

continuous function, vector describing the distribution of the phenotypic trait at birth within the stable cohort
lifetime number of offspring produced by the stable cohort u

variable used to simplify equations and equal to % Yo Fala

proportional change in C

derivative of C

derivative of the matrix F,L,,

derivative of a matrix

derivative of a vector

derivative of a number

vector of one (1,1,...,1)

45



21

FIGURE CAPTIONS

Figure 1: The analytically derived proportional changes in phenotypic mother-offspring correla-
tion with respect to changes in the model parameters of the Soay sheep IPM.

Figure 2: The analytically derived proportional changes in phenotypic mother-offspring correla-
tion with respect to changes in the model parameters of the roe deer IPM.

Figure 3: The phenotypic trait-demography relationships used to parameterize the matrices in
the IPM and the predicted stable distributions of phenotypic trait per age-class in the Soay sheep
population. The age-class phenotypic trait distributions together sum up to 1. For the phenotypic
trait-demography functions, lines represent predictions from regressions and dashed contours dis-
tributions around the mean.

Figure 4: The phenotypic trait-demography relationships used to parameterize the matrices in the
IPM and the predicted stable distributions of phenotypic trait per age-class in the roe deer pop-
ulation. The age-class phenotypic trait distributions together sum up to 1. For the phenotypic
trait-demography functions, lines represent predictions from regressions and dashed contours dis-
tributions around the mean. Roe deer yearlings do not reproduce.

Figure S: roportional changes (in %) in mean and variance of the stable distributions: the distribu-
tion of phenotypic trait at birth within the stable cohort (u), the distribution of maternal phenotypic
trait at (its own) birth (X)), the distribution of offspring phenotypic trait at birth (Yy), the covari-
ance between offspring and maternal phenotypic traits at birth (Cov(Y;Xj)), and C when selected
slopes of the IPM are perturbed. We did not show all slopes but only the ones with large influence
on C. See Appendix S3: Tables S1 and S2 for proportional changes in mean and variance of the
stable distributions due to the perturbations of all intercepts and slopes of the IPM. Note that shown

values were calculated numerically by adding 10~° to model parameters.
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FIGURE 1. The analytically derived proportional changes in phenotypic mother-offspring correlation with
respect to changes in the model parameters of the Soay sheep IPM.
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FIGURE 3. The phenotypic trait-demography relationships used to parameterize the matrices in the IPM
and the predicted stable distributions of phenotypic trait per age-class in the Soay sheep pop-
ulation. The age-class phenotypic trait distributions together sum up to 1. For the phenotypic
trait-demography functions, lines represent predictions from regressions and dashed contours
distributions around the mean.
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FIGURE 4. The phenotypic trait-demography relationships used to parameterize the matrices in the IPM
and the predicted stable distributions of phenotypic trait per age-class in the roe deer popula-
tion. The age-class phenotypic trait distributions together sum up to 1. For the phenotypic
trait-demography functions, lines represent predictions from regressions and dashed contours
distributions around the mean. Roe deer yearlings do not reproduce.
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FIGURE 5. Proportional changes (in %) in mean and variance of the stable distributions: the distribution of

phenotypic trait at birth within the stable cohort (u), the distribution of maternal phenotypic trait
at (its own) birth (Xj), the distribution o&gffspring phenotypic trait at birth (Yp), the covariance
between offspring and maternal phenotypic traits at birth (Cov(YpXj)), and C when selected
slopes of the IPM are perturbed. We did not show all slopes but only the ones with large influence
on C. See Appendix S3: Tables S1 and S2 for proportional changes in mean and variance of the
stable distributions due to the perturbations of all intercepts and slopes of the IPM. Note that
shown values were calculated numerically by adding 10~ to model parameters.



