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Abstract 

Evolutionary trade-offs—opposing trait effects on total fitness via different fitness components—are likely to be widespread. Some 
key trade-offs are expected to be the result of chains of causation acting across an organism’s lifetime. For example, a trait impart- 
ing reproductive benefits early in life may trade off against reduced survival to attain later-life reproductive opportunities. Tools in 

evolutionary quantitative genetics have recently been developed to formally characterize selection acting through different causal 
pathways throughout the life cycle and, therefore, to formally characterize evolutionary trade-offs. We use these methods to investi- 
gate a trade-off between early life reproduction and survival and how that trade-off affects selection on body size in the Soay sheep 

population inhabiting St Kilda (Outer Hebrides, Scotland). We decompose and quantify the total effects of first-year female body mass 
on lifetime fitness, with particular attention to the effect of body mass on early-life reproduction and the potential survival cost of 
early-life reproduction. Our results establish that the total effect of body mass on lifetime fitness is positive, despite the strong negative 
contribution acting via early life reproduction. Moreover, we show that the magnitude of the selection on body mass acting through 

different causal paths highly depends on population density. At higher densities, the cost of early-life reproduction is higher, and 

therefore, it contributes a strong negative component to the total selection of body mass—i.e., at higher population density, selection 

on body mass is weaker than it is when the population density is smaller. By decomposing total selection and quantifying selection 

acting through different causal paths, we expose the underlying mechanics shaping body mass in Soay sheep female lambs, and we 
provide a meaningful contribution to the understanding of the evolution of body size in this population. 

Keywords: body size, causality, early pregnancy, natural selection, path analysis, Soay sheep 

trade-off ( Morrissey et al., 2012b ). A key limitation of typical evo- 
lutionary quantitative genetic approaches, which rely to a large 
extent on phenotypic and genetic covariances to reflect trade- 
offs ( Walsh & Blows, 2009 ; Walsh & Lynch, 2018 ), is that they do 
not accommodate chains of causal effects of traits on fitness very 
well ( Conner, 1996 ; Scheiner et al., 2002 ). The ultimate causal 
structure of trade-offs is thus at odds with the standard ways of 
using phenotypic correlations among traits to separate total se- 
lection (selection differentials, Endler, 1986 ) from direct effects 
of traits on fitness (selection gradients, Lande, 1979 ). While di- 
rect selection gradients provide entirely valid evolutionary pre- 
dictions, they constitute a statistical, rather than biological defi- 
nition of selection, and can, therefore, lead to trivialization of the 
mechanisms of selection. In particular, evolution of traits that 
cause fitness variation indirectly and traits that are incidentally 
correlated with selected traits are both treated as cases of evo- 
lution due to genetic correlations in microevolutionary studies 
based only on direct selection gradients ( Conner, 1996 ; Scheiner 
et al., 2002 ). 

There has recently been progress on formally incorporating 
causal effects among traits into the mechanics of predicting 
generation-to-generation evolutionary change. Morrissey (2014) 
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Introduction 

Trade-offs occur when traits have both positive and negative 
effects on fitness, acting through different components of fit- 
ness ( Stearns, 1989 ). A classic trade-off is that between current 
reproductive investment and survival, current survival being a 
pre-requisite for future reproductive opportunities. While such 

trade-offs have been demonstrated in different kinds of obser- 
vational and manipulative studies ( Reznick, 1985 ), evidence sup- 
porting their occurrence is by no means ubiquitous ( Santos & 

Nakagawa, 2012 ). Signatures of these trade-offs are even more 
rare in the data from long-term observational studies that are 
typically available to study how interrelations among traits in- 
fluence the generation-to-generation mechanics of selection. 
Specifically, among traits that are presumed to positively affect 
fitness, negative correlations are scarce, particularly at the phe- 
notypic level, but also at the genetic level ( Chang et al., 2024 ; 
Kruuk et al., 2008 ). Correlated responses to selection are par- 
ticularly difficult to detect in the wild when the traits involved 

are determined by an overall acquisition resource, which may be 
largely or entirely non-genetic ( De Jong & Van Noordwijk, 1992 ; 
Reznick et al., 2000 ). In that case, at the phenotypic level, both 
traits may covary positively, despite the existence of an inherent 
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(A)

(B)

Figure 1. (A) Example of a diagram representing the total effect of a trait on fitness through different causal paths. The set of associations between 
traits depicted in this path diagram can be used to identify trade-offs between current reproductive effort and current survival, mediated by the 
focal trait, as described in the main text; (B) Path diagram representing the phenotypic landscape defined in Equation 7 . The probability of being a 
twin, twin , has an effect on all the other traits, lamb body mass affects the probabilities of becoming pregnant as a lamb, preg , surviving the first 
annual cycle, surv , and also first-year and subsequent lifetime rearing success, FYReS and SLReS ; and preg affects surv . Fitness, W , is defined as the 
sum of FYReS and SLReS on surviving females weighted by the probability of first-year survival. 
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howed how linear and additive effects of traits on one an-
ther, i.e., as represented by classical path analyses of selec-
ion ( Conner, 1996 ; Scheiner et al., 2000 ) can be incorporated
nto an extended selection gradient that represents the total causal
ffects of traits on fitness, and how so-defined selection gra-
ients relate to generation-to-generation evolutionary change.
orrissey (2015) shows how extended selection gradients can 

e characterized from causal relationships among traits that in-
lude additive, non-linear, and interactive (e.g., multiplicative)
ffects. Crucially, Henshaw et al. (2020) show how to decom-
ose the extended selection gradient into contributions from
ifferent paths constituting a trait’s ultimate effect on fitness.
onsequently, we now have the quantitative genetic tools to
reak down the total effect of traits on fitness for key trade-
ffs, such as between current reproduction and survival and fu-
ure reproduction, including their inherent chains of causation.
he full decomposition of the total selection of traits given by
enshaw et al. (2020) provides the opportunity to fully sepa-

ate these direct and indirect chains of effects of traits on fit-
ess that inherently underlie evolutionary trade-offs and to ex-
ress those separate components in terms that relate directly to
he generation-to-generation mechanics of adaptive evolution. A
ocal trait (body size, morphology, phenology) might, for exam-
le, influence a trait related to current reproductive effort (e.g.,
lutch size) and current survival directly, which may have imme-
iate benefits to fitness ( Figure 1A ). Simultaneously, such effect
n current survival would also affect future reproductive oppor-
unities. In addition, this trait may be related to future reproduc-
ive performance, while simultaneously affecting survival via fu-
ure reproductive opportunities through its effect on the current
eproductive effort trait. Moreover, the direction and strength of
election on the focal trait acting via each path in Figure 1A is
ikely to change with changing environmental conditions (e.g.,
n a mild environment, selection might favor large body size and
arge clutches, but large clutches might be associated with lower
urrent survival in harsh environments). Given how difficult it is
o produce accurate evolutionary predictions in wild populations
 Kruuk et al., 2014 ; Pujol et al., 2018 ), the ability to isolate and
uantify the strength of selection acting through different paths
nd contributing to total selection is likely to be highly useful in
omplex systems. In addition to explicitly identifying and char-
cterizing the potentially positive and negative pathways from a
rait to total fitness that will manifest when a trade-off operates,
uch descriptions of the biological story behind selection can be
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generated across gradients of environmental variables, provid- 
ing biologically motivated quantitative accounts of the environ- 
mental dependence of selection. 

The theory developed in Morrissey (2015) and Henshaw et al.
(2020) might prove valuable in characterizing a hypothesized 

evolutionary trade-off involving body mass in St Kilda Soay 
sheep ( Ovis aries ) and, therefore, improving our understanding of 
how selection is shaped in this population. A non-negligible per- 
centage of females become pregnant as lambs (early pregnancy),
i.e., during the rut that occurs when they are 5-6 months old, and 

those females are more likely to die during their first year of life 
( Clutton-Brock et al., 2004a ). We hypothesize that these pregnan- 
cies are both (a) size-dependent and (b) detrimental to first-year 
survival, despite the fact that size is otherwise strongly positively 
associated with first-year survival and total reproductive output 
( Clutton-Brock et al., 1992 , 1996 ; Milner et al., 2004 ). We, therefore,
hypothesize that reproduction in the first year of life may be in- 
volved in a trade-off with first-year survival and future reproduc- 
tive opportunities, which mediates total selection on body size.
Population density is an important driver of vital rates and se- 
lection in this system ( Clutton-Brock et al., 2004a ; Hunter et al.,
2018 ). Therefore, we further hypothesize that both total selec- 
tion and contributions of different causal pathways from juve- 
nile body size to lifetime fitness vary as a function of population 

density. 
In this study, we first construct a series of statistical models of 

relationships among body mass (as a measure of a major compo- 
nent of body size), pregnancy, and survival in the first year of life,
and subsequent fitness. We subsequently combine these mod- 
els into a mathematical representation of the causal effects of 
first-year body mass on lifetime fitness ( Figure 1B ). We calculate 
these effects and decompose the component paths that char- 
acterize the hypothesized trade-off between early reproduction 

and first-year survival on total selection of lamb body mass. We 
apply all calculations of total selection and its decomposition 

across a range of population densities. Indeed, we provide clear 
evidence that first-year body mass has both positive and nega- 
tive effects on fitness, the latter acting through early pregnancy.
By characterizing and quantifying different contributions to se- 
lection on body mass and explaining how the strength of these 
contributions changes with the environment, our study provides 
an important contribution to the understanding of the evolution 

of size in female Soay sheep lambs. 

Methods and results 

In this section, we first provide an overview of the study sys- 
tem, with particular reference to features relevant to the cur- 
rent analysis. We then describe the analysis and results of sta- 
tistical models of key associations among traits and between 

traits and survival and reproduction. Finally, we describe how 

the individual models are combined into a selection analysis,
accounting for the logical causal structure encoded by the set 
of statistical models, and which ultimately allows the decom- 
position of selection along causal pathways following Henshaw 

et al. (2020) . Specifically, we use a path analysis involving the 
key traits needed to decompose the effect of lamb body mass on 

fitness via early pregnancy and otherwise ( Figure 1B ). The path 

diagram includes twin status, mass, early pregnancy, first-year 
survival, first-year rearing success, subsequent lifetime rearing 
success (SLReS), and absolute fitness, as defined in the following 
sections. 
tudy system 

ata collection 

he population of Soay sheep inhabiting the Village Bay on St
ilda in the Outer Hebrides, Scotland, (57◦49’N 08◦34’W) has 
een the subject of an intensive, individual-based study since 
985 ( Clutton-Brock & Pemberton, 2004b ). In this population, the
ut occurs in November, and most lambs are born between late
arch and early May. Although most females give birth to a

ingle lamb, twinning rates vary between 2% and 23% ( Clutton-
rock et al., 2004b ). More than 95% of the individuals living in the
tudy area have been marked with plastic ear tags shortly after
irth to enable identification throughout their lifetimes. Mater- 
al identity and twin status (singleton or twin) are ascertained

rom field observations. Regardless of whether a female’s lamb 
s captured (e.g., in cases of neonatal mortality), reproductive
tatus is extensively recorded, allowing assessment of annual 
nd lifetime fitness of females. Regular censuses and mortality 
earches provide death dates for the majority of the sheep. Each
ear in August a large portion of the study population is captured
nd phenotyped for multiple traits, including body mass. We fo-
us on phenotypic and life history data on female lambs born be-
ween 1991 and 2015, corresponding to 3457 individuals, as there
s no systematic record of pregnancy status from post-mortems 
f females that died during the winter before 1991. However, as
easurements of lifetime fecundity only become available af- 

er individuals die, and mean and maximum longevity among 
emales are 2.2 and 16.0 years, respectively, we only included co-
orts up to 2006 when assessing lifetime reproduction ( n = 550).

The pedigree of this population has been constructed through 

 combination of observational field data and molecular markers 
or maternal links and using molecular markers only for pater-
al links ( Bérénos et al., 2014 ; Johnston et al., 2013 ). 315 polymor-
hic and unlinked SNP (Single Nucleotide Polymorphism) mark- 
rs were used in molecular parentage assignments (for 4371 in-
ividuals) with 100% confidence in the R package MasterBayes 
 Hadfield et al., 2006 ). Polymorphic microsatellite markers were 
lso used when SNP genotypes were not available for either the
amb or candidate fathers. In those cases, for a total of 222 lambs,
4–18 polymorphic microsatellite markers were used in assign- 
ents with confidence > 95% in MasterBayes ( Hadfield et al.,

006 ; Morrissey et al., 2012a ). The resulting pedigree has a max-
mum depth of 10 generations and consists of 6,740 individuals,
f which 6,336 are nonfounders (i.e. have one or two known par-
nts). 74% of the females considered in our analysis were non-
ounders, with 62%, 10%, and 2% with both parents, mother, and
ather of known identity, respectively. 

ummary statistics of body mass and early pregnancy 

arly pregnancy, here defined as a pregnancy resulting from con-
eption during the first year of life, occurs at a rate of 37 per
ear in Soay sheep (with 914 records documented from 1991
o 2015), corresponding to yearly rates between 8% and 57%
mong female lambs. The proportion of lambs that become preg-
ant varies greatly among years, but the raw data suggest no
trong temporal trend ( Figure 2A ). Body size is a key driver of
hese pregnancies, as the probability of pregnancy increases 
ubstantially with body mass ( Figure 2C, D ). Using body mass
s our measure of body size, a relatively small female lamb,
ith a mass of 8–10 kg in August, is unlikely to become preg-
ant, whereas relatively large lambs, for example, with mass 
f 14 or more kg, are more likely than not to become pregnant
 Figure 2D ). It is well-documented that, on average, body mass
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(A)

(B)

(C) (D)

(E) (F)

Figure 2. (A) Number of Soay sheep female lambs, female lambs pregnant, and population size (males and females) from 1991 to 2015 in the Village 
Bay study area; (B) first-year survival among pregnant females; (C) empirical distribution of body mass in pregnant and non-pregnant female lambs; 
(D) size-dependent probability of early pregnancy. The line in teal corresponds to the prediction of a binomial regression with logit link function, 
whereas the gray bars correspond to 95% confidence intervals on the binomial probability obtained from the raw data; (E) lamb body mass (upper 
panel) and probability of early pregnancy (lower panel) across time. The black lines correspond to predictions of a linear and a binomial model (logit 
link function), respectively, with year and population density (linear and quadratic terms) as fixed effects. The gray areas illustrate the variation in 

lamb body mass and probability of early pregnancy attributed to varying population density in 1 standard deviation from the mean; (F) 
non-parametric survival curves of Soay sheep according to mother’s age at conception. The p -value corresponds to a Peto & Peto test for differences 
among Kaplan–Meier curves. 
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n Soay sheep decreases in years with higher density ( Clutton-
rock & Pemberton, 2004a ; Ozgul et al., 2009 ). Conditional on
opulation density, which has increased over time, there is a
emporal trend of decreasing body mass in Soay sheep, including
n lambs ( Ozgul et al., 2009 ), and also in female lambs ( Figure 2E ,
pper panel). This trend is concomitant with a decrease in the
ate of early pregnancy over the years, when density is again ac-
ounted for ( Figure 2E , lower panel). The negative trend in the
robability of pregnancy over time might be explained by sub-
tantial costs and few benefits, including low survival ( Figure 2B )
nd lower longevity in offspring born as a result of early preg-

ancy as compared to offspring born to older females ( Figure 2F ). f  
odels of body mass, early pregnancy, survival, 
nd fitness 

n this section, we investigate associations among body mass,
arly pregnancy, survival, and parental success. The purpose
f these models is to dissect all of the individual associations
mong key variables that contribute to overall selection on body
ass and early pregnancy. Ultimately, these models parameter-

ze the functions relating variables in a path analysis, allowing
s to disentangle direct and indirect components of selection on
ody mass and early pregnancy. 

We fitted statistical models with covariates that are included
or two reasons: (1) we were interested in how the response



Evolution Letters (2025), Vol. 9 | 641

 

d  

u
d  

m  

M  

s
F  

p

F
W
e  

p
t  

d  

m  

F
u  

n  

i  

f

w  

m  

c  

3  

t
d  

a
a
S  

p  

a
h  

e  

p

b  

t
c  

I  

t  

l  

m  

i
t  

a  

3  

p  

t  

i  

l  

i  

(  

l  

a
m
v
m  

D
ow

nloaded from
 https://academ

ic.oup.com
/evlett/article/9/6/637/8253450 by U

niversitäts-Frauenklinik user on 15 D
ecem

ber 2025
variables vary as a function of these covariates, and (2) some 
covariates are included to account for their effect on the co- 
variates of interest in the former group. Results and predictions 
are shown for average conditions of the variables in (2), either 
by mean-centering continuous variables or averaging our pre- 
dictions over the probability associated with binary variables 
(particularly, twin status). Also, for clarity, simplified versions 
of model descriptions, mostly excluding the latter variables, are 
presented in the main text, but complete information is provided 

in Supporting Information SI.1. Finally, all interaction terms are 
omitted in equations shown in the main text but provided in 

Supporting Information SI.1. 
We define parental success as the number of offspring suc- 

cessfully reared to November 1 of any year and distinguish be- 
tween those offspring successfully reared as a result of early 
pregnancy (first-year rearing success, FYReS) and subsequently 
(subsequent lifetime rearing success). While these measures of 
reproductive fitness differ from previous definitions of breed- 
ing success (offspring produced over a lifetime) and reproductive 
success (offspring successfully raised up until the age of 1 year; 
Clutton-Brock (1988) ), they delineate fitness associated with a fe- 
male’s ability to gestate and provision a lamb from subsequent 
components of lamb survival, which may be less directly depen- 
dent on the mother. 

Lamb body mass 
A linear regression of the form 

mi jk = α + αt Iti jk 
+ βd βd βd f (di jk , 2) + βββXi jk Xi jk Xi jk + ai + uc j + um k + εi jk (1) 

was adopted to model body mass ( m ) of lamb i , born in year j
to mother k . α and αt are the intercept and contrast to the in- 
tercept for twin status ( It ), βd βd βd is a vector containing the linear 
(slope) and quadratic (curvature) terms associated to a second 

order polynomial function ( f ) on population density ( d), and βββ

is a vector with the coefficients for the remaining fixed effects 
( X 

X X ), including a second order polynomial function for maternal 
age and linear terms for birth and measurement dates (see Sup- 
porting Information SI.1). ai is the breeding value of lamb i , and 

uc j and um k are random intercepts to characterize among-cohort 
and among-mother variation. Finally, εi jk is a residual term for 
individual i . Parameter estimates are provided in Supporting In- 
formation SI.1, Table SI.1.1 . 

Early pregnancy 

The probability of early pregnancy ( p) was estimated using a bi- 
nomial regression with a logit link function, 

ln 

( 

pi jk 

1 − pi jk 

) 

= α + αt Iti jk 
+ βm 

βm 

βm 

f (mi jk , 3) + βd βd βd f (di jk , 2) 

+βββXi jk Xi jk Xi jk + uc j + um k + εi jk , (2) 

where βm 

βm 

βm 

corresponds to a vector with coefficients for the lin- 
ear, quadratic, and cubic terms for body mass, m . In this model,
X includes an interaction term for body mass and population 

density, a second-order polynomial function for maternal age, 
and linear terms for birth and measurement dates. The remain- 
ing quantities have analogous meanings as in Equation 1 . More 
generally, although corresponding to different quantities, we use 
the same symbols for equivalent coefficients in different models 
throughout the manuscript. Finally, as the overdispersion vari- 
ance is unobservable for Bernoulli (binomial with a single trial) 
response variables, the variance in ε was set to one. This is stan- 
ard practice using MCMCglmm ( Hadfield, 2010 ), and when the
nit over dispersion variance is appropriately marginalized, it 
oes not affect inference ( Morrissey et al., 2014 ). Parameter esti-
ates are provided in Supporting Information SI.1, Table SI.1.2 .
odel ( 2 ) corroborates the hypothesis that early pregnancy is

ize-dependent, as suggested by the exploratory analyses in 

igures 2C and D , with larger lambs being more likely to become
regnant. 

irst-year survival 
e investigated whether early pregnancy has fitness costs by 

valuating first-year survival in female lambs as a function of
regnancy and body mass. First-year survival was defined using 
he first day of May as the cut-off date to make sure that dying
uring labor was considered in the first annual cycle of the fe-
ales (89% of births from early pregnancies occur before 1 May).

emales with known first-year survival status and that survived 

ntil the rut in their first year of life, i.e., that had the opportu-
ity to become pregnant in their first year of life, were included

n the analysis ( n = 947). A binomial regression with a logit link
unction of the form 

ln 

( 

si jk 

1 − si jk 

) 

= α + αt Iti jk 
+ αp Ipi jk 

+ βm 

mi jk + βd βd βd f (di jk , 2) 

+βββXi jk Xi jk Xi jk + uc j + um k + εi jk , (3) 

as adopted to model the probability that lamb i , born in year j to
other k survives its first year of life. αp is a contrast to the inter-

ept for pregnancy status ( Ip ). Although not pictured in Equation
 , a pregnancy-specific contrast to the slope for mass was also es-
imated. Additionally, X also includes interaction terms between 

ensity and pregnancy, and density, pregnancy and body mass,
 second-order polynomial function for maternal age, and birth 

nd measurement dates ( Table SI.1.3 in Supporting Information 

I.1). As first-year survival, and survival in general, is highly de-
endent on cohort effects due to variability in winter conditions
nd food availability ( Clutton-Brock et al., 2004a ), we included co- 
orts as random effects ( uc j ), as well as maternal environmental
ffects ( um k ). Variance in residuals ( εi jk ) was set to one, as overdis-
ersion is unobservable in Bernoulli mixed models. 

We first established that first-year survival is size-dependent 
y adopting a similar model to that in Equation 3 , but excluding
he pregnancy-specific contrasts—bigger females have higher 
hance of survival ( p < .001, Figure 3A , Table SI.1.3a in Supporting
nformation SI.1). Adopting the full model in Equation 3 shows
hat for a given body mass, pregnant lambs are substantially less
ikely to survive their first annual cycle when compared to the fe-

ales that do not get pregnant ( p < .001, Figure 3C , Table SI.1.3b
n Supporting Information SI.1). Lamb pregnancy has a substan- 
ial survival cost—the probability of survival for female lambs of
verage body mass that did not become pregnant is 50% (95% CrI
5%; 68%), an estimate that drops to 24% (95% CrI 11%; 38%) in
regnant lambs. Pregnant lambs of all sizes are more likely to die
han non-pregnant female lambs of the same size ( Figure 3C ). It
s interesting to notice that mean body mass is lower among all
ambs that became pregnant (14.00, 95% CrI 13.65; 14.48) than it
s in the sub-group of these lambs that survived at least a year
14.59, 95% CrI 14.11; 15.03), suggesting that if a female is to be
arge enough to become pregnant, then it is better to be as large
s possible. Investigating the simultaneous effect of lamb body 
ass, early pregnancy, and population density on first-year sur- 

ival exposes an important interaction effect between the for- 
er traits and the latter. Although large population density is,

https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf029#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf029#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf029#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf029#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf029#supplementary-data
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(A) (B)

(C) (D)

Figure 3. Probability of first-year survival (A, C) and subsequent lifetime rearing success, SLReS, (B, D) in Soay sheep females as a function of lamb 
body mass (A, B) and both lamb body mass and early pregnancy status (C, D). Dots correspond to observed data and curves to model predictions. 
Binomial regressions for first-year survival with logit link function were fitted to the data. SLReS was estimated in females that survived their first 
year of life using Poisson regressions with exponential link function. In all models, population density and maternal age were included as 
covariates (linear and quadratic terms were estimated for both), as well as birth and measurement dates (see Tables SI.1.3 and SI.1.5 in Supporting 
Information SI.1). Variance among cohorts and maternal identities was also estimated. 
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n general, associated with lower survival, it is evident that preg-
ant female lambs are more susceptible to variation in popula-
ion density than lambs that do not become pregnant (Support-
ng Information SI.2, Figure SI.2.1a,b ). First-year survival in preg-
ant females is very low (below 10%) across most possible values
f population density, unless body mass is relatively very high,
hereas such low yearly survival rates are much less likely in
on-pregnant females. 

irst-year rearing success 
aving established that pregnant female lambs are more likely

o die when compared to same-sized non-pregnant female
ambs, it is important to understand the fate of those pregnan-
ies. From the 914 documented early pregnancies, only 97 re-
ulted in offspring surviving until the winter (FYReS), and only
6, less than 5%, resulted in recruitment to the population, i.e.,
ffspring that survived until their first April 1. We estimated the
YReS of female lamb i by fitting a binomial regression with a
ogit link, 

ln 

(
FYReS i 

1 − FYReS i 

)
= α + βm 

mi + βd βd βd f (di jk , 2) + βββXi Xi Xi + εi , (4) 

ith X , including birth and measurement dates, and the remain-
ng terms taking an analogous meaning as in previous models.
he variance in the model residuals, εi , was set to one. Due to
ample size limitations, we did not consider any random effects.
his model was fitted for females that became pregnant and sur-
ived their first winter, as those who did not become pregnant
nd did not survive have a FYReS of zero. 

Only 2.2% (95% CrI 0.57%; 6.17%) of the offspring born to fe-
ales that became pregnant as average-sized lambs in average-
ensity years survive until the winter. It is interesting to note
hat the slope for body mass is positive and very likely different
rom zero ( Table SI.1.4 in Supporting Information SI.1), show-
ng that larger female lambs are more likely to have surviv-
ng offspring, and suggesting that, as for first-year survival, if
 female lamb is to become pregnant, than the larger the bet-
er. Overall, FYReS not only increases with female body mass
ut also substantially decreases as population density increases
 Figure SI.2.1c in Supporting Information SI.2). 

ubsequent lifetime rearing success 
e also investigated the effect of lamb body mass and early preg-

ancy on SLReS, consisting of lifetime rearing success exclud-
ng offspring reared in the first reproductive opportunity (FYReS).
LReS reflects any fitness differences among individuals surviv-

ng to one year of age, whether they arise through variation in
ongevity or annual reproductive output. As the SLReS of females
ying during their first year of life is zero, analyses presented
ere only include females that survived. The SLReS of female i ,
orn in year j to mother k was modeled with a Poisson mixed
odel with a log link function of the form 

ln (SLReS i jk ) = α + αt Iti jk 
+ αp Ipi jk 

+ βm 

mi jk + βd βd βd f (di jk , 2) 

+βββXijk Xijk Xijk + ucj 
+ umk 

+ εi jk , (5)

ith X including a pregnancy-specific contrast to the slope for
ody mass, interaction terms between density and early preg-
ancy, and density, early pregnancy, and body mass, a second-
rder polynomial function for maternal age, and linear terms for
irth and measurement dates. The remaining terms take analo-
ous meaning as in previous models ( Table SI.1.3 in Supporting

https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf029#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf029#supplementary-data
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Information SI.1). To study SLReS, the data were constrained to 
only include females from cohorts that were completely pheno- 
typed for this trait, which was achieved by excluding all females 
born after 2006 ( n = 550). This procedure resulted in including 
very few SLReS records associated with females that were still 
alive by the cut-off year (2015). While these surviving females’ 
lifetime fitness is underestimated, they have reared most of the 
offspring they will rear in their lives. Excluding these records 
would result in stronger bias because females that lived longer 
had potentially higher rearing success. 

We applied the model in Equation 5 without the coefficients 
associated with early pregnancy and established that SLReS is 
dependent on lamb body mass ( Figure 3B , Table SI.1.5a in Sup- 
porting Information SI.1). Rearing success is an increasing func- 
tion of lamb body mass, with bigger animals being more likely to 
rear more offspring. The full model investigates the presence of a 
benefit of experience gained from a previous pregnancy, an effect 
independent from that of body mass, and it suggests that rearing 
success is not determined by early pregnancy status ( Figure 3D ,
Table SI.1.5b in Supporting Information SI.1). Neither the con- 
trast to the intercept (0.37; 95% CrI −0.06; 0.82) nor the interac- 
tion terms with body mass (0.02; 95% CrI −0.05; 0.07) and pop- 
ulation density ( 3 . 4 × 10−3 ; 95% CrI −8 . 67 × 10−4 ; 7 . 46 × 10−3 ) are 
likely different from zero, however, most of the posterior density 
of the pregnancy-related coefficients supports positive values. 
Assessing the simultaneous effects of body mass and popula- 
tion density on SLReS, independent of early pregnancy, shows 
that not only is SLReS highest in females born at low population 

densities, but also that the effect of lamb body mass on SLReS is 
stronger in females that were also born in years of low popula- 
tion density (Supporting Information SI.2; Figure SI.2.1d ). 

Twin status 
The parameterization of the path model ( Figure 1B ) requires 
knowledge of the effects of twin status on body mass, early preg- 
nancy, survival, and SLReS, represented in Equations 1 , 2 , 3 , and 

5 , respectively. Furthermore, given the binary nature of the vari- 
able, a model of the probability of being a twin is required so 
that the quantities such as mean phenotype or selection gra- 
dients can be averaged over this probability. For this purpose,
even though much is known about the probability of producing 
a singleton versus twins in the Soay sheep of St Kilda, a binomial 
mixed model was fitted according to 

ln 

( 

ti jk 

1 − ti jk 

) 

= α + βd βd βd f (di jk , 2) + βββXi jk Xi jk Xi jk + uc j + um k + εi jk , (6) 

with terms defined analogously to previous models. X 

X X in this 
model includes a quadratic function for maternal age. Detailed 

information on the estimated quantities is provided in Support- 
ing Information SI.1, Table SI.1.6 , which corroborates previous 
knowledge that twinning rates vary with maternal age and en- 
vironmental conditions ( Clutton-Brock et al., 2004a ; Wilson et al.,
2009 ). 

Model fitting 

Models were fitted with MCMCglmm ( Hadfield, 2010 ), using in- 
verse gamma distributions for residual variances (of non-binary 
traits) and inverse Wishart distributions for the (co)variance 
components associated with random effects as prior distribu- 
tions. Also, parameter expansion was implemented to increase 
convergence efficiency ( Gelman, 2006 ; Hadfield, 2010 ). Model 
convergence was assessed by visual examination of trace and 
ensity plots of posterior distributions. We also made sure pa-
ameters were estimated based on reasonable effective sample 
izes. Parameter point estimates and 95% credible intervals cor- 
espond to means and high posterior density intervals of poste-
ior distributions, respectively. 

election analysis 

he analyses shown so far establish that (a) early pregnancy is
ody mass-dependent, (b) there is selection against early preg- 
ancy through first winter viability selection, (c) the lifetime fit-
ess benefit of early pregnancy is very small, and (d) SLReS in
urviving females is body mass-dependent but not demonstra- 
ly different in females that became and did not become preg-
ant. In this section, we use the information presented so far in
 formal selection analysis to investigate selection for (i.e., arising
ue to causal effects of the focal trait on fitness) lamb body mass

n Soay sheep females. In particular, we use a path analysis in-
olving all pertinent traits ( Figure 1B ), allowing the estimation of
n extended selection gradient ( Morrissey, 2014 , 2015 ). We then use
he twin-network approach of Henshaw et al. (2020) to decom-
ose the effect of lamb body mass on fitness into components
ia early pregnancy and otherwise. The path diagram ( Figure 1B )
ncludes twin status, t, mass, m , early pregnancy, p, first-year sur-
ival, s , first-year rearing success, subsequent lifetime rearing 
uccess, and absolute fitness, W, and can be represented by a
ector-valued function of the following form: 

z z z i jk = 

⎡ 
⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

t 

m 

p 

s 

FYReS 

SLReS 

W 

⎤ 
⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

i jk 

= f (l) f (l) f (l) i jk 

= 

⎡ 
⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

g−1 (α + βd βd βd f (di jk , 2) + βββXi jk Xi jk Xi jk + uc j + um k + εi jk )(Eqn. 6) 

α + αt Iti jk + βd βd βd f (di jk , 2) + βββXi jk Xi jk Xi jk + ai + uc j + um k + εi jk (Eqn. 1) 

g−1 (α + αt Iti jk + βm βm βm f (mi jk , 3) + βd βd βd f (di jk , 2) + βββXi jk Xi jk Xi jk + uc j + um k + εi jk )(Eqn. 2) 

g−1 (α + αt Iti jk + αp Ipi jk + βm mi jk + βd βd βd f (di jk , 2) + βββXi jk Xi jk Xi jk + uc j + um k + εi jk )(Eqn. 3) 

g−1 (α + βm mi + βd βd βd f (di , 2) + βββXi Xi Xi + εi )(Eqn. 4) 

g−1 (α + αt Iti jk + βm mi jk + βd βd βd f (di jk , 2) + βββXi jk Xi jk Xi jk + uc j + um k + εi jk )(Eqn. 5) 

si jk (FYReS i pi + SLReS i jk ) 

⎤ 
⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

, 

(7) 

ith z being a multivariate phenotype including the traits de-
ned above. Note that in this path analytical model, SLReS re-
ects both reproductive investment and survival beyond the first 
ear of age. The equation numbers given in brackets refer to the
tatistical models used to parameterize each component, with 

orresponding symbols taking the same meaning as previously 
escribed. The inverse link functions, g−1 in Equation 7 , corre-
pond to the logistic function in the models for twinning, preg-
ancy, survival, and first-year rearing success and the exponen- 

ial function in the model for SLReS. Fitness was defined as the
um of FYReS of females that became pregnant, weighted by the
robability of early pregnancy, and survived their first annual cy-
le, and SLReS of females that survived their first annual cycle,
oth weighted by the probability of first-year survival. 

Villemereuil et al. (2016) derived exact expressions to con- 
ert the latent scale parameters estimated in generalized lin- 
ar mixed models into scales in which traits are expressed and
elected. Following their work, the expected values for z ( ̄z ) are

https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf029#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf029#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf029#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf029#supplementary-data
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z̄ z̄ z̄ =
∫ 

g−1 (� ) g−1 (� ) g−1 (� ) fMVN (� � � ,μμμ,P� P� P� ) d �, (8) 

here g g g −1 corresponds to the inverse link functions used in the
tatistical models, � � � are latent values for each trait (in the scale
efined by the link functions), and fMVN (� � � ,μμμ,P� P� P� ) is the probability
ensity of a multivariate normal distribution with vector mean μμμ

nd (co)variance P� P� P� . To obtain population density-specific values,
contained latent scale predictions based on the model inter-

ept and the estimated density effect. Likewise, the phenotypic
ariance-covariance matrix in the scale in which traits are ex-
ressed is given by 

P P P =
∫ (

g g g −1 (� ) (� ) (� ) − z̄ z̄ z̄ 
)2 

fMVN (� � � ,μμμ,P� P� P� ) d �. (9) 

Although population density is not included in the path dia-
ram ( Figure 1B ), all the results presented in this section were
btained by marginalizing over the observed population density

n all cohorts—i.e., Equations 8 and 9 were applied to the vector-
alued developmental function given by Equation 7 for every ob-
erved value of population density, and mean values taken as the
orresponding best estimates. Means and variances are given for
verage values of maternal age, measurement, and birth dates.
e estimate z̄ z̄ z̄ as 

z̄ z̄ z̄ =

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

t̄ 
m̄ 

p̄ 
s̄ 

¯FYReS 
¯SLReS 

W̄ 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

=

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

0 . 21 (0 . 16 ; 0 . 25) 
12 . 71 (12 . 53 ; 12 . 88) 
0 . 48 (0 . 46 ; 0 . 49) 
0 . 57 (0 . 55 ; 0 . 59) 
0 . 08 (0 . 07 ; 0 . 08) 
3 . 00 (2 . 48 ; 3 . 53) 
1 . 94 (1 . 64 ; 2 . 34) 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

, 

nd P as shown in Table 1 . The correlations between lamb body
ass and first-year survival (0.42, 95% CrI 0.33; 0.51) and be-

ween early pregnancy and first-year survival (0.10, 95% CrI 0.03;
.19) are both positive, suggesting that despite the direct viabil-
ty cost associated with early pregnancy ( Table SI.1.3b in Sup-
orting Information SI.1), the positive direct effect of lamb body
ass on first-year survival more than offsets its negative impact

ia early pregnancy ( Table 1 ). To investigate the consequences
f this trade-off in the selection of lamb body mass, we calcu-

ated its extended directional selection gradient. For a univariate
rait zj (e.g., body mass), the extended directional selection gradi-
nt is defined as the expected causal derivative ( sensu Henshaw
t al., 2020 ) of relative fitness with respect to zj taken over the
oint probability distribution of all traits ( Henshaw et al., 2020 ),
r equivalently, the average partial derivative of fitness with re-
pect to independent inputs to the system ( Morrissey, 2015 ), 

η j = E 

( 

∂W(� j ) 

∂� j 

) 

W 

−1 
. (10) 

Equivalently, instead of being defined in terms of observed
henotypes zj , η j is expressed in terms of the corresponding la-
ent values, � j , therefore accommodating phenotypes that are

odeled probabilistically (e.g., early pregnancy). This selection
radient represents the ultimate effect of small changes in phe-
otype, � j , on absolute fitness, W, averaged over the range of con-
itions experienced by individuals in the population. The algo-
ithm for implementing the calculation described by Equation 10
s detailed in Supporting Information SI.5. 

https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf029#supplementary-data
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Figure 4. The effect of population density on traits depicted in the path diagram in Figure 1 , and consequently on selection of lamb body mass and 
early pregnancy. The upper panel shows variation in mean twin status ( t ), early pregnancy ( p ), first-year survival ( s ), and mean-centered lamb body 
mass ( m ). The three lower panels include functions of mean fitness, selection of lamb body mass ( ηm and βm ), and selection of early pregnancy ( ηp ) 
on population density. All plots include a histogram showing the empirical distribution of population density. Shaded areas correspond to 95% 

highest posterior density credible intervals. 
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The extended selection gradient for mass is positive, ηm 

= 0.26 
(95% CrI 0.24; 0.27), whereas for lamb pregnancy it is negative,
ηp = −0.53 (95% CrI −0.62; −0.43). Importantly, the magnitude, 
but not the sign, of the conflict between viability and fecundity 
is density-dependent, and it is almost non-existent when pop- 
ulation density is very low. In such circumstances, virtually all 
female lambs survive, and therefore early pregnancy does not 
have a significant cost. As a consequence, ηp is higher (i.e., less 
strongly favoring low values) when population density is at its 
lowest and decreases with population density ( Figure 4 , Table 2 ).

To investigate the mechanism by which lamb body mass influ- 
ences fitness, we also calculated two path-specific selection gra- 
dients ( Henshaw et al., 2020 ), acting via pregnancy ( ηm → p ) and via 
all other pathways ( η

m,remaining ). The latter gradient describes 

that part of the effect of lamb body mass on fitness that is inde- 
pendent of its effect on pregnancy. In this case, η

m,remaining can 

be calculated as the direct selection gradient βm 

on body mass 
while controlling for pregnancy. The gradient η

m,remaining , or 

βm 

, is thus blind to the positive effect of lamb body mass on 

pregnancy and therefore to the pregnancy-mediated viability se- 
ection on body mass. The pregnancy-specific selection gradient 

m → p is then simply the difference between the extended selec- 
ion gradient ηm 

and βm 

. On average, direct and total effects of
ass on fitness do not differ much, and βm 

is only marginally
arger (0.29; 95% CrI 0.27; 0.31) than ηm 

. The reason for that lies
gain on the dependency of these quantities on population den-
ity. ηm 

and βm 

are very similar when population density is very
ow, as viability selection tends to zero and, therefore, there is
o cost to early pregnancy. However, we show that ηm 

and βm 

di-
erge substantially with increasing population density ( Figure 4 ,
able 2 ), indicating that the mediation of selection for body mass
y pregnancy is highly density-dependent. 

The path analysis represented by Figure 1B invokes a defini-
ion of fitness that includes the entire life cycle. However, the

echanisms through which selection acts, survival and fecun- 
ity, occur at different points of the life of Soay sheep females.
iability selection is particularly strong in the first annual cycle,
hereas most offspring are reared at older ages (only 2.2% of

he offspring born to females that became pregnant as average-
ized lambs in average-density years survive until the winter).
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Table 2. Selection gradients of lamb body mass and early pregnancy for three different values of observed population density—
minimum, mean, and maximum (321, 452, and 671, respectively). Raw ( η) and standardized selection gradients, either by the observed 

standard deviation ( ηsd ) or the observed mean ( ημ), are shown. For lamb body mass, selection gradients considering first-year survival 
as a measure of fitness are also included ( ηs ). Values within brackets correspond to 95% highest posterior density credible intervals. 

d = 321 d = 452 d = 671 

Body mass η 0.15 (0.14; 0.16) 0.28 (0.26; 0.30) 0.33 (0.29; 0.37) 
ηsd 0.34 (0.32; 0.36) 0.65 (0.60; 0.70) 0.76 (0.66; 0.85) 
ημ 1.83 (1.72; 1.95) 3.49 (3.22; 3.75) 4.07 (3.56; 4.56) 
ηs 0.04 (0.04; 0.05) 0.15 (0.13; 0.16) 0.13 (0.11; 0.16) 
ηssd 

0.10 (0.08; 0.11) 0.34 (0.29; 0.38) 0.31 (0.25; 0.37) 
ηsμ

0.53 (0.45; 0.60) 1.83 (1.58; 2.05) 1.66 (1.33; 1.98) 

Early pregnancy η 0.03 (0.02; 0.04) −0.37 ( −0.43; −0.30) −1.75 ( −2.10; −1.39) 
ηsd 0.02 (0.01; 0.02) −0.18 ( −0.21; −0.15) −0.88 ( −1.05; −0.70) 

Figure 5. Proportion of selection on lamb body mass occurring through 
viability selection in Soay sheep females as a function of population 

density. This proportion was obtained both using the extended ( ηm ) 
and direct ( βm ) directional selection gradient of lamb body mass. The 
histogram in gray shows the empirical distribution of population 

density. 
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o evaluate the strength of the two mechanisms is, therefore,
lso to understand in which period selection is the strongest. We
uantified the contribution of selection on lamb body mass that
ccurs during the first year of life using a path diagram similar
o the one in Figure 1B , but defining fitness as first-year survival.
easured this way, ηm 

is 0.12 (95% CrI 0.11; 0.14), and therefore
orresponds to about half of the total lifetime selection on body
ass ( Figure 5 ). Selection acting on lamb body mass through vi-

bility costs during the first year of life is proportionally very
ow when population density is lowest (around 30%), is highest
t intermediate population densities, and decreases when pop-
lation density is very high. A slightly different pattern is ob-
ained if βm 

, instead of ηm 

, is used to quantify the strength of
election. In this case, the relative importance of viability selec-
ion does not decrease when population density is at its highest.
hese two trajectories, put together, suggest that at low densi-

ies, when both fecundity and survival are very high ( Figure 4
,s ), fecundity governs selection on lamb body mass, as yearling
others (females that become pregnant as lambs) can success-

ully rear offspring. As population density increases and first-
ear survival decreases, viability selection becomes proportion-
lly more important as it occurs before any opportunity for re-
roduction. At the higher end of naturally occurring population
ensities in this system, the probability of lamb survival is very
ow and fairly constant ( Figure 4 s ). As a result, at these high den-
ities, the cost of early pregnancy to viability selection is smaller,
nd the relative contribution from fecundity selection to total se-
ection slightly increases. When inspecting β, this pattern is not
pparent at higher population densities. As β is naïv e to the cor-
elation between lamb body mass and early pregnancy, it does
ot capture the opposing effects body mass has on first-year sur-
ival (directly versus via early pregnancy), underlying the pattern
bserved for η. 

lternate formulations of the bivariate 

elationship between lamb mass and early 

regnancy 

easonable alternate formations of the relationship between
amb mass and early pregnancy might treat the two as a bivari-
te component of the phenotype or might treat pregnancy as a
lastic response to mass wherein there may be genetic variation
or the reaction norm slope. In order to verify that key findings
o not differ if these alternate formations are adopted, we con-
ucted two supplemental sets of analyses. 

ivariate formulation 

uantifying the genetic association between body mass and
arly pregnancy provides a means of isolating the causal and
purious components of selection on body mass, as such as-
ociations are a signature of causal relationships between the
wo traits ( Morrissey et al., 2010 ; Rausher, 1992 ). To investigate
hether such an association exists, in the form of additive ge-
etic covariance, we used an animal model corresponding to a
ulti-response generalized linear mixed model ( Hadfield, 2010 )

or body mass and the probability of lamb pregnancy. Consistent
ith the strong effect of mass on the probability of pregnancy,
e estimated substantial phenotypic and genetic correlations
etween female lamb mass and early pregnancy ( Tables SI.3.1
nd SI.3.2 ). 

eaction norm formulation 

inally, we conducted a complementary analysis of selection
herein we allowed for genetic variation among individuals in

he slope of the probabilistic reaction norm of early pregnancy as
 function of lamb body mass (see Supporting Information SI.4).
his involved modeling the probability of early pregnancy using
n expanded version of Equation 2 that allowed for genetic varia-
ion in pregnancy status, given mass via a random regression an-
mal model ( Wilson et al., 2010 ). Note that since early pregnancy
tatus is only expressed once during life, non-genetic compo-

https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf029#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf029#supplementary-data
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nents of the individual reaction norm are not identifiable, but be- 
cause pregnancy status of relatives is available, the genetic com- 
ponent is estimable. We then expanded Equation 7 to include 
probabilistic maturation reaction norm intercepts and slopes as 
separate latent traits, and we used this expanded mapping of 
traits onto one another and fitness to estimate extended selec- 
tion gradients of both the intercept and slope (i.e., using Equation 

10 ). Selection is predominantly negative for the maturation reac- 
tion norm intercept, in line with our overall finding of negative 
selection on early pregnancy status. Additionally, our approach 

suggests little selection on the probabilistic reaction norm slope 
( Figure SI.4.1 ). 

Discussion 

We have characterized a trade-off between early life reproduc- 
tion and survival, shaping selection of body mass in female Soay 
sheep lambs. Larger female lambs are more likely to become 
pregnant during their first annual cycle, and pregnant lambs 
are more likely to die than non-pregnant lambs of similar body 
mass. As a consequence, natural selection acts on lamb body 
mass through two distinct pathways: through the direct effect 
of lamb body mass on fitness, independent of early pregnancy 
status, and through its effect on early pregnancy. Selection on 

lamb body mass would, therefore, be stronger (more positive) if 
not for the relationship between this trait and early pregnancy.
As a result, this correlation is one mechanism that contributes 
to shaping selection of body size in Soay sheep. 

Recent theoretical advances enable the decomposition of se- 
lection according to component causal pathways, essentially by 
using a system of path analyses that allows for non-linear ef- 
fects and interactions ( Henshaw et al., 2020 ; Morrissey, 2015 ).
We used this theory to disentangle and quantify the direct ef- 
fect of lamb body mass on fitness and that arising via its ef- 
fect on early pregnancy. Alternatives to this approach are the 
use of traditional path analysis (developed for linear traits, e.g.
Latta & McCain, 2009 ; Morrissey, 2014 ) or multi-response (lin- 
ear or generalized linear) models that explicitly estimate (addi- 
tive genetic) correlations among traits (e.g. Bonnet et al. 2017 ).
As compared to multi-response explicit genetic models, the ap- 
proach we adopted might prove particularly useful when infer- 
ence on the genetic architecture among traits is challenging.
The current analysis makes an assumption of a causal (pheno- 
typic) effect of mass on pregnancy status. This assumption al- 
leviates the need for more involved inference of genetic covari- 
ances among the traits, as is a more typical quantitative genetic 
approach for assessing constraints (but see Supporting Informa- 
tion SI.3 for a bivariate analysis). The path analytic approach 

laid out by Morrissey (2015) and Henshaw et al. (2020) specifi- 
cally harnesses the phenotypic relationship between traits—in 

our study, lamb body mass and early pregnancy—and builds it 
into a formal model of selection, thus circumventing the use 
genetic models and the challenges in fitting such models. No- 
tably, information available suggests that the most consider- 
able obstacle in dealing with the selection of correlated traits 
is not purely methodological. Rather, detecting genetic correla- 
tions seems to be a limiting step, with evidence for genetic con- 
straints in the wild being rather scarce ( Kruuk et al., 2008) . Rea- 
sons for this may include insufficient knowledge about the bi- 
ology and ecology of a species ( Pemberton, 2010) , but also the 
presence of confounding effects between genes and environ- 
ment. Negative genetic covariation between two traits might 
e obscured at the phenotypic level by environmental covaria- 
ion among traits ( Morrissey et al., 2012b ; Roff & Fairbairn, 2007 ).

hile the approach adopted here is not immune to these chal-
enges, by relying on a conceptually explicit characterization of 
election, it might contribute to their mitigation. Irrespective of 
pecific analytical tools, we believe that further empirical studies 
ocusing on genetic trade-offs are needed to advance our under-
tanding of their role in the widespread mismatch between pre-
icted evolutionary change and observed dynamics of body size 
 Blanckenhorn, 2000 ; Hansen & Houle, 2004 ; Kruuk et al., 2008 ). 

Characterizing trade-offs involving early survival might often 

e associated with particular complexity. In general, fully incor- 
orating the effects of early life viability selection is very chal-

enging, because it fundamentally causes individuals to be miss- 
ng not at random ( Hadfield, 2008 ; Nakagawa & Freckleton, 2008 )
ater in life. Simply put, we cannot know what phenotypes in-
ividuals would have expressed for late-life traits, if they have
ied early in life. The problem is not insurmountable ( Hadfield,
008 ; Mittell & Morrissey, 2024 ; Steinsland et al., 2014 ), but it is
hallenging indeed. In our analyses, we benefited from the very
omprehensive and consistent data collection effort of the Soay 
heep project, which includes a systematic search of individuals 
hat die during the winter and their post-mortem. Such protocol
llows, not only to assess over-winter mortality, which dispro- 
ortionally affects lambs, but also to determine what fecundity 
he female lambs would have achieved, had they survived the
inter, as pregnancy can be identified during post-mortems. 
Soay sheep have existed on an island, Soay, which is adjacent

o Hirta, where the long-term study of Soay sheep occurs, since
rehistoric times ( Clutton-Brock & Pemberton, 2004b ). Soay and 

irta have similar population dynamics, and as such, the asso-
iations among population density, body mass, early pregnancy,
nd fitness reported here may be broadly representative of the
ong-term pattern selection experienced by Soay sheep ( Grenfell
t al., 1998 ). However, the current distribution of phenotype in
he Soay sheep on Hirta, particularly their propensity to become
regnant in the first year of life, may be an adaptation to re-
ent selection. Soay sheep were reintroduced to Hirta in 1932,
hen 107 individuals were moved from Soay ( Clutton-Brock &

emberton, 2004b ), following the evacuation of the last human 

esidents of Hirta. During the immediately subsequent decades 
f lower population density ( Clutton-Brock et al., 2004a ), selec-
ion likely favored a much faster life history. While results pre-
ented here are derived from data for the range of observed pop-
lation densities since 1991, they are strongly indicative of what
election would happen at lower population densities. At lower 
opulation densities, survival rates of female lambs would be 
ery high, regardless of pregnancy status ( Figure SI.2.1 in Sup-
orting Information SI.2). Additionally, the survival of offspring 
f females that became pregnant as lambs is extremely strongly
ensity dependent ( Table SI.1.4 in Supporting Information SI.1),
nd as such there would be a clear benefit, and little or no sur-
ival cost, to early reproduction at smaller population densities,
uch as those experienced by Soay sheep on Hirta during a key
eriod in the last century. 

A trade-off between early fecundity and survival in females 
ight, together with an equivalent mechanism occurring in 

ales, play a key role in shaping selection on body mass in Soay
heep. While we do not directly assess whether the trade-off oc-
urring in females contributes to shaping selection on body mass
n males, the existence of a strong positive genetic correlation in
ody mass across sexes ( Robinson et al., 2009 ) might, in prin-
iple, facilitate that effect. Like females, male Soay sheep also

https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf029#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf029#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf029#supplementary-data
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articipate to varying degrees in the rut during their first year
f life ( Chapman et al., 2023 ; Coltman et al., 1999 ). Additionally,
vidence gathered in males so far: (a) fitness is positively asso-
iated with body size ( Milner et al., 2004 ), (b) larger lambs are
ore likely to participate in the rut than smaller ones ( Stevenson

t al., 2004 ), and (c) rut activity has been associated with lower
urvival ( Stevenson et al., 2004 ), is suggestive of a trade-off be-
ween early-life survival and reproductive success shaping the
election of body size in males not dissimilar to that observed in
emales. 

ummary 

his study provides evidence of trade-off between early repro-
uction and survival, and how it mediates total lifetime selec-
ion on body size during the first year of life in female Soay sheep
 Ovis aries ). While body mass is positively selected overall—large
ambs have the highest lifetime fitness—this selection is sub-
tantially attenuated by a survival-reproduction trade-off. Large
emale lambs are more likely to become pregnant, and pregnant
ambs of a given body mass are more likely to die during the win-
er than non-pregnant lambs of the same body mass. The atten-
ation of selection by this trade-off is trivial at low population
ensity but substantial at high population density. The study
howcases involved, but nonetheless widely applicable, meth-
ds for characterizing complex mechanisms of natural selec-
ion. This approach to decomposing total selection could prove
roadly useful for characterizing a wide variety of processes, in-
luding trade-offs, that influence selection in complex ways. 

upplementary material 
upplementary material is available online at Evolution Letters . 
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