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ABSTRACT
Quantifying trade-offs within populations is important in life-history theory. However, most studies focusing on life-history 
trade-offs focus on two traits and assume trade-offs to be static. Our work provides a framework for understanding covariation 
among multiple traits and how population density influences the traits. Using detailed individual-based data for Soay sheep, we 
find density strongly shapes life-history trade-offs and distribution of lifetime reproductive success (LRS). At low density, a trade-
off between juvenile survival and growth structures life-history variation, whereas at equilibrium density, trade-off between 
reproduction and juvenile survival is the major structuring axes. Contrary to Lomnicki's prediction, we find that at high density, 
there is little variation in the LRS over the sizes (large juveniles and adults) that contribute to reproduction. Our results advance 
an understanding of dynamic nature of trade-offs offer insights into how high-density limits diversity of individual life histories 
and have implications for evolution via density-dependent selection.

1   |   Introduction

There is tremendous variation in life-history strategies 
(Roff  1992; Stearns  1992). The evolution of these strategies 
is known to be constrained by physiological limitations and 
in food-limited populations by trade-offs in resource alloca-
tion (Stearns 1989; Descamps et al. 2016). Evolutionary theory 
posits that organisms must allocate limited resources towards 
different suites of traits to optimise their fitness. Despite evi-
dence for trade-offs, for example, offspring size/number (Smith 
and Fretwell  1974; Venable  1992), immunocompetence and 
life-history traits in birds (Norris and Evans  2000), trade-offs 
observed in natural systems are less ubiquitous than those hy-
pothesised by life-history theory (Metcalf and Jessica  2016). 

Trade-offs may be difficult to detect because individual varia-
tion in resource acquisition is often larger than variation in re-
source allocation (Van Noordwijk and De Jong  1986), thereby 
masking life-history constraints in empirical studies. Although 
life-history theory predicts costs of reproduction and therefore 
negative correlations among certain traits, individuals can show 
positive, negative or zero correlations (due to stochasticity) 
while simultaneously being involved in a classical physiolog-
ical trade-off (Bell and Koufopanou  1991; Horvitz, Schemske, 
and Caswell  1997; Zera and Harshman  2001; Hodgson and 
Townley 2004; Descamps et al. 2016).

Whether trade-offs within a population are static or change 
with environmental or demographic conditions is an 
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important question. For instance, as population density var-
ies, individual fitness (ability to survive and reproduce) may 
also vary further impacting life-history outcomes. This could 
result from chance encounters with potential mates or com-
petitive individuals. Further, life-history and physiological 
mechanisms operating at low density may differ from those 
operating at high density (under intense resource limitation), 
altering the nature and direction of trade-offs. Thus, varia-
tion in population density can generate time-varying selection 
for different life-history strategies, via density-dependent se-
lection. The concept that selection of life-history traits could 
vary with population density has been discussed both empiri-
cally and in theory by Dobzhansky (1950), MacArthur (1962), 
and Roughgarden  (1971). Pianka  (1970) proposed the r − K 
selection continuum, where r (that refers to intrinsic popu-
lation growth rate) corresponds to strategies that maximise 
productivity (i.e., putting all energy into reproduction and 
producing more offspring) at low density and K  (that refers to 
equilibrium carrying capacity) corresponds to strategies that 
maximise efficiency (i.e., putting most energy into survival 
prospects, competitive ability and producing few offspring).

This brings us to our central question: how do we understand 
life-history variation at different densities while identifying life-
history trade-offs? Although we tend to think of trade-offs and 
density dependence separately, we show here that they are inti-
mately linked. We examine trade-offs by performing a Principal 
Component Analysis (PCA) on specific vital rates (such as 
survival, reproduction and proportional growth increment), 
defined in the methods section. Previous studies (Czesak and 
Fox 2003; Agrawal, Conner, and Rasmann 2010) have primarily 
focused on covariation between two traits but in our research, 
we examine trade-offs among multiple traits by considering the 
exceptionally detailed long-term observational data collected on 
Soay sheep (Ovis aries) in the St. Kilda archipelago, Scotland. 
The sheep system is of special interest because this population 
has been shown to fluctuate dramatically thereby exhibiting 
potential for density-dependent selection. Coulson et al. (2001) 
noted population declines of up to 60% occurred when popula-
tion size was large and winter weather was harsh. This is due 
to non-linear interactions between winter weather, population's 
response to changes in density and food availability (Grenfell 
et al. 1992; Clutton-Brock et al. 1996; Coulson et al. 1999).

Our first result shows that density dependence shapes life-
history trade-offs in a food-limited population of a large her-
bivore. At low densities, we find negative correlations between 
survival and growth during the juvenile stage. However, the in-
tensity and strength of the negative association between juvenile 
survival and growth increases with increasing population den-
sity. Interestingly, at equilibrium capacity (K), new trade-offs 
appear and strong negative association between reproduction 
and juvenile survival structures life-history variation within 
the population. We find that changes in population density af-
fect the relationships among vital rates such as survival, growth 
and fecundity. The strength of density-dependent responses of 
vital rates varies a lot, resulting in trade-offs. Our findings are 
consistent with life-history theory (Stearns  1992), which pre-
dicts trade-offs prevent individuals from being proficient at both 
surviving and growing to large sizes. Kentie et al. (2020) found 
Soay sheep individuals with an optimal life history strategy at 

high density were different to those having an optimal strategy 
at low density. Individuals could not maximise fitness in both 
high- and low-density environments.

Next, we examined the effects of density on variation in demo-
graphic measures. The demographic measures of interest are 
variation in average vital rate functions, net reproductive rate 
R0, and stable age-stage distribution (SSD). We also calculated 
the distribution of lifetime reproductive success (LRS) using 
Tuljapurkar et al. (2020) to tease apart trade-offs between allo-
cation in survival and future reproduction. LRS is an important 
component of individual fitness and previous studies have re-
vealed that LRS distributions are often non-normal and highly 
skewed (Cabana and Kramer 1991; Tatarenkov et al. 2008). This 
begs the question: does the distribution of LRS and the skew re-
main consistent across all population density regimes?

Our research predicts density dependence strongly affects the 
distribution of LRS. We also find the distribution of LRS is 
highly constrained at high densities as noted by the empirical 
confidence intervals at different densities. In particular, it is 
the females at prime adult size (~21 kg) that contribute the most 
at high densities, whereas at low densities contributions come 
from a wider range of body size (~12–21 kg). Lomnicki's (1978) 
work hypothesised a higher variation in vital rates and demo-
graphic outcomes (such as LRS) among females at high density 
compared to low density. They predicted increasing complexity 
in life history variation at the highest density. However, our re-
sults suggest the opposite to be true for Soay sheep as we find 
individual differences are more pronounced at low density com-
pared to high density. We find a similar pattern for average vital 
rate functions and stable stage distribution. We base our model 
and results on previously published Integral Projection Model 
(IPM) and delifing method presented in Coulson et al.  (2006), 
Coulson (2012) and Kentie et al. (2020).

Characterising trade-offs as a function of population density can 
not only help elucidate the various determinants of observed 
life-history variation but will also determine what strategies 
may be most important for population persistence. Our frame-
work is general and can be adopted for species with individual 
life-history data, such as Hypericum cumulicola (Quintana-
Ascencio and Morales-Hernández  1997), Heliconia acuminata 
(Brooks et al. 2019) and Poecilia reticulata (Reznick, Bryant, and 
Holmes 2006; Bassar et al. 2016). We tabulate (Table 1) a sum-
mary of our approach to perform the analysis for other species 
with individual life-history data. The work allows us to examine 
trade-offs, and variation in LRS at low and high densities and 
comment on how density dependence can operate.

2   |   Model and Methods

We begin with defining the Integral Projection Model (IPM) 
for Soay sheep and then describe sampling of life histories to 
evaluate trade-offs and the distribution of LRS. IPMs are struc-
tured population models that use linear (or linearised) regres-
sions to describe the expected phenotypic trait trajectories 
(Coulson 2012; Ellner, Childs, and Rees 2016). The IPM consists 
of four functions that describe how traits such as body size (z) 
influence survival, reproduction, growth and offspring size.
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For Soay sheep survival, transitions and reproduction during 
a single time interval depend on age and stage (Coulson 2012). 
We model Soay sheep demography in discrete time with pop-
ulation projection matrices (PPMs) structured effectively by 
body size (that describes stage) based on (Coulson 2012; Kentie 
et al. 2020). We say effectively because we add a maximum age 
of death. That is, we assume that at each age, the size-based 
matrices have the same survival and fertility rates until the 
sheep eventually die at a maximum age of death and at this 
age, the elements of the survival matrix are made all 0. This 
enables us to construct a block matrix with size-structured 
matrices for each age. Based on empirical observations, the 
maximum age of death is set to 16. The individuals are classi-
fied into 50 equal-sized stage classes from 1 kg to 38 kg (based 
on their body size). Since there are 16 ages, the dimension 
of the block matrix is 800 × 800 (50 body sizes times 16 age 
classes).

Note that the models are parameterised using female sheep 
data since the growth rate of Soay sheep population is known 
to be female-dominant (Coulson et  al.  2001) and there is no 
limiting effect of the number of males for female reproductive 
output. We use previously published data and IPM for Soay 
sheep (Coulson  2012; Kentie et  al.  2020). The generalised  
linear functions for survival and reproduction are as fol-
lows and we plot S(z, t) and R(z, t) for different values of N 
(Figure A2):

Here Nt is the population size at time t . s0, s1, s2 are the intercept, 
slope and coefficient for body size and density dependence and 
are our parameters of interest for varying survival. The same 
holds with r0, r1, r2 and reproduction function. For the parameter 
values, both survival and reproduction increase with body size z 
until it eventually saturates.

The growth G′
(
z′|z, t

)
 and parent-offspring (also called inher-

itance) D
(
z′|z, t

)
 functions are described by Gaussian proba-

bility density functions. The growth function G′
(
z′|z, t

)
 is the 

probability that an individual with body mass z at time t  will 
have a body mass z′ at time t + 1. The parent-offspring func-
tion D

(
z′|z, t

)
 is the probability that an individual with body 

mass z at time t  will produce an offspring with body mass z′ 
at time t + 1.

Here Eg
[
z′
]
 is a linear function that predicts expected body 

mass and similarly Ed
[
z′
]
 predicts offspring's expected body 

mass at t + 1 and are given by Eg
[
z�
]
= �0 + �1z + �2Nt and 

Ed
[
z�
]
= �0 + �1z + �2Nt. The function describing variance 

around the expectation �2g
(
z′
)
 and �2

d

(
z′
)
 are also linear and 

are independent of population density. �2g
(
z�
)
= �3 + �4z and 

�2
d

(
z�
)
= �3 + �4z. The table below summarises the descriptions 

of our parameters of interest.

S(z, t)=
1

1+e−(s0+s1z+s2Nt)

R(z, t)=
1

1+e−(r0+r1z+r2Nt)

.

G�
(
z�|z, t

)
=

1
√
2��2g[z

�]
e
−
(z−Eg[z�])

2

2�2g (z�)

D
(
z�|z, t

)
=

1
√
2��2

d
[z�]

e
−
(z−Ed[z�])

2

2�2
d(z

�)

TABLE 1    |    Overall framework for identifying trade-offs at different densities.

Step Description

1. Define and 
parameterise IPM 
functions

Identify IPM functions necessary for the study system and parameterise these 
functions based on the data observations. This step involves specifying the growth, 

survival and reproduction functions that will be used in the IPM

2. Delifing or leave 
one out

Implement the delifing method or the leave-one-out technique. This involves iteratively removing one data 
point and reparameterising the IPM to evaluate the impact of each individual on the model's predictions

3. Covariance 
matrix and sample 
life histories

Generate the covariance matrix from the delifing life history data. This matrix captures the relationships 
between different parameters in the IPM functions. Sample artificial life histories from the multivariate 
normal distribution defined by the mean vector and covariance matrix obtained from the empirical data

4. Find the 
carrying capacity 
(K) for each sample 
life history

Determine the carrying capacity at which the population growth rate, r = 0. This involves running the 
IPM at different population densities and identifying the density at which the population is at equilibrium

5. Re-evaluate 
IPM at different 
densities (e.g., 
N = 0, N = K ∕2, 
N = K)

Evaluate the IPM at different population densities. This involves 
running the IPM functions at varying density levels

6. Principal 
component 
analysis to identify 
trade-offs

Perform a principal component analysis (PCA) on the life history traits of interest 
(i.e., juvenile survival, adult survival, reproduction and growth) to identify the main 

axes of variation and potential trade-offs. Our method allows an understanding 
of covariation among traits within the population at different densities
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We define Growth Increment as average difference in size 
at time t + 1 and time t divided by the size at time t: Growth 
Increment, G =

(
Eg

[
z�
]
− z

)
∕z =

(
�0 +

(
�1 − 1

)
z + �2Nt

)
∕z. 

The intuition is that individuals reach an asymptotic body size 
(say y) at which growth increment (G) becomes 0 after 2, 3, or 
even 4 time steps depending on the age at which individual 
asymptotic size is reached. We can then partition growth in-
crement until size y (asymptotic body size). The individuals 
yet to reach their asymptotic size will have a positive growth 
increment and is denoted by G. We refer to these individuals 
as juveniles in this manuscript. Note that we partition sur-
vival based on individuals who have not yet reached their as-
ymptotic size and denote the average of these individuals as 
juvenile survival. Soay sheep are determinate growers- they 
grow from conception to some time on their trajectory when 
they reach an asymptotic size. From this time onwards, the 
sheep should not vary much in size on average during the 
adult stage and we do not consider growth beyond reaching 
asymptotic size.

We use body mass distributed along 50 size classes as the trait 
since it is known to affect both survival and reproduction in 
Soay sheep, and is affected by population density. The IPM func-
tions describe how body size z influences survival, reproduc-
tion, growth and offspring size by iterating the distribution of z 
at t,n(z, t) to n

(
z�, t + 1

)
:

where population size is N(t) = ∫ n(z, t)dz. In matrix terms, the 
IPM can be written as:

Using the IPM functions described above, we construct 50 × 50 
body size-based matrices for fertility and survival given by 
F
(
z�, z

)
= D

(
z�, z

)
R(z) and P

(
z�, z

)
= G�

(
z�, z

)
S(z) (Steiner, 

Tuljapurkar, and Coulson  2014). We can construct a matrix 
Pa which describes probability that an individual in stage z at 
age t is alive in stage z′ at t + 1 which is then used to calculate 
survivorship denoted by La. Similarly, we get Fa matrix which 
describes the number of stage z′ recruits produced by a female 
of size z at age a. The net reproductive rate R0 is calculated as 
the dominant eigenvalue of the matrix 

∑
aFaLa. Note that the 

summation for ages a is until the maximum age of death (set 
to 16). In addition, we keep the matrices constant for all ages 
below the age of death which greatly simplifies our analysis. We 
can do this for different life histories to understand the pattern 
of variation within the population. Below we describe how we 
generate many life histories based on Coulson et al. (2006) and 
Kentie et al. (2020).

2.1   |   Average Vital Rates at SSD to Evaluate 
Trade-Offs

Coulson et al.  (2006) introduced an approach called delifing 
or leave one out to estimate the contribution of an individual 
to realised changes in population size distribution during a 
time interval. Using delifing, Kentie et  al.  (2020) estimated 

covariance across Soay sheep life-history parameters (such as 
s0, s1, …, and so on) and examined how fluctuating population 
densities affect within-population variation in life-history 
strategies.

In this paper, we first use delifing approach and estimate the 
covariance matrix (for more description of delifing, refer to 
Coulson et  al.  2006; Kentie et  al.  2020). Following this, we 
sample parameter sets of vital rates spanning possible life-
history strategies. A parameter set comprises the 16 param-
eters: (s0, s1, s2, r0, r1, …) and describes a possible life-history 
strategy (refer to Table  A1). We then substitute parameter 
values into their respective IPM functions and calculate the 
population (N = K) at which the growth rate (�) equals 1. The 
population growth rate � is the dominant eigenvalue of the 
age-stage block matrix in Equation  (1). Thus, for each life-
history (described by a parameter set), we have a correspond-
ing carrying capacity, K . We sample a subset of 250 parameter 
sets and make further analysis using the sample. Figure  A1 
shows the range of equilibrium capacity for the 250 parameter 
sets. The results are robust with respect to the sampling pro-
cedure and sample size.

Next, we transform the output of IPM functions (survival, 
reproduction, growth, and development at each size and age) 
into covariates for the PCA analysis. To do this, we calculate 
the IPM functions at each parameter value and at the cor-
responding density (N = K). For survival and reproduction 
at a given age, we get a vector for the 50 equal sized stage 
classes from 1 kg to 38 kg. Since the size distribution is dif-
ferent at each density, we weigh survival by the stable size 
distribution (multiplying with the corresponding SSD at that 
density). We then partition survival vector into Juv. Survival 
and Ad. Survival. Juv. Survival is evaluated by averaging an-
nual survival for individuals up to the body size (y) at which 
growth increment (G) becomes 0 (individual asymptotic size 
is reached). Ad. Survival is consequently the annual survival 
of individuals of size y. Reproduction is calculated by aver-
aging the annual reproduction of individuals of all sizes. For 
growth and development, the IPM output is a 50 × 50 size-
structured matrix. To transform into a vector, we define the 
Growth covariate as the average difference in size at time t + 1 
and time t divided by the size at time t: Growth Increment, 
G =

(
Eg

[
z�
]
− z

)
∕z =

(
�0 +

(
�1 − 1

)
z + �2Nt

)
∕z. We also scale 

the reproduction and growth vector with the SSD.

This way we generate a dataframe of four average vital rates or 
demographic covariates of interest (Juv. Survival, Ad. Survival, 
Reproduction, and Growth). Each covariate is an average vec-
tor of length 250 (corresponding to the parameter set). Lastly, 
since K is known, for each parameter set, the IPM functions 
are evaluated at half the carrying capacity N = K ∕2 and at 
N = 0. We rinse, rather, repeat the above procedure to get 
dataframes for population size N = K ∕2 and at N = 0. The 
final dataframe for PCA analysis comprises 4 columns and 
the 750 rows.

To identify trade-offs, we perform a PCA on the average vital rates 
discussed above at three densities (N = 0,N = K ∕2,N = K). We 
predict the effects of density by focusing on population N = 0, 
N = K ∕2 and N = K. We also explore the results from increasing 

n
(
z�, t + 1

)
= ∫

[
D
(
z�|z, t

)
R(z, t) + G�

(
z�|z, t

)
S(z, t)

]
n(z, t)dz

(1)n(t + 1) = [D(t)R(t) + G(t)S(t)]n(t)
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the equilibrium capacity beyond N = K as discussed in the 
Results section.

2.2   |   Examining the Variation in LRS

LRS measures the number of offspring an individual produces 
over its lifespan and individuals may produce 0, 1, 2, … off-
spring, until they eventually die. The number of offspring pro-
duced during a time interval depends on the age and stage at 
the beginning of the time interval and is specified by probability 
distributions of producing 0, 1, 2, … offspring. The distribution 
is assumed to be Bernoulli since Soay sheep produce either 0 
or 1 offspring in a time interval and we ignore twinning (less 
than 1.9% of the offspring recruited are twins Simmonds and 
Coulson 2015). Thus, following Tuljapurkar et al. 2020, we can 
compute the exact distribution of LRS for the vital rates.

Tuljapurkar et  al.  (2020, 2021) developed an exact analysis to 
calculate the probability distribution of LRS for species de-
scribed by age + stage models. The method assumes the empir-
ical vital rates are known for a large cohort of individuals, for 
each stage of individuals life cycle. We use the method detailed 
in Tuljapurkar et al. (2020) to compute LRS distribution of Soay 
sheep individuals and examine demographic heterogeneities in 
the distribution.

The mean of LRS distribution is the net reproductive rate R0. 
We decompose R0 into probability of having no offspring and 
R0 conditional on making nonzero offspring, denoted by � and 
is easily calculated as one minus the probability of reproductive 
failure (�0).

where �k is the probability of having k offspring. We are inter-
ested in 𝛾 =

∑
k>0𝛽k, which is the mean LRS conditional on re-

producing at least once.

3   |   Results

3.1   |   Trade-Offs and Correlations at Different 
Densities

Using PCA, we examine the multivariate relationships between 
life history traits (average vital rates evaluated at SSD). The per-
centage values in Figure 1 represent the proportion of the total 
variance explained by each component. Most (between 68% and 
80%) of the observed variation in vital rates is explained by the 
first two principal components. At low density, the variance 
along the first principal component is explained by the trade-
off between survival and growth until individuals reach their 
asymptotic size. As population density increases, the distribu-
tion of the traits is slightly altered compared to N = 0, indicating 
changes in the relationships between traits. As equilibrium ca-
pacity (N = K), the trade-off between survival and reproduction 

becomes most significant and structures life-history covariation 
(Figure A3, sign for reproduction and juvenile survival are op-
posite). The distribution pattern suggests that the traits are in-
fluenced differently by the increased population density.

We validated our results by comparing the individual percent-
ages of variance of the components with the values expected 
from the broken stick distribution (King and Jackson 1999). The 
broken-stick model provides a consistent approach to choosing 
significant principal components as it retains those components 
that explain more variance than would be expected by randomly 
dividing the variance. We identified principal components 
whose associated eigenvalues surpass those predicted by the 
null model (broken stick) in Figure A5. The variation captured 
by these components reflects significant underlying patterns in 
our data and is not a result of chance alone.

We find negative correlation between growth increment and 
survival for individuals before they reach asymptotic size is pres-
ent at all densities and corresponds to the main structuring axis 
of life history variation across individuals (Figures A6 and A4). 
This association has an increasing importance in shaping life 
history variation with increasing density and that at high den-
sities, there is a three-way trade-off between survival, growth 
increment, and reproduction. At high density, juvenile survival 
negatively correlates with all other vital rates—reproduction, 
adult survival and growth.

We also examined the demographic consequences when the 
population density increases beyond the N = K to N = (1.2)K 
and N = (1.4)K (Figure A7). We find that the trade-off between 
survival and reproduction weakens as population density is in-
creased beyond K but the growth-survival trade-off remains 
strong.

3.2   |   Variation in Net Reproductive Rate at 
Different Densities

Having identified the dynamic nature of trade-offs with pop-
ulation density, we examined density effects on demographic 
outcomes such as the net reproductive rate (R0) and the stable 
stage distribution. The R0 is calculated as the mean of the LRS 
distribution as well as through the age-stage block matrix (re-
sults are consistent).

Figure  2 depicts the decrease in variation in R0 as a function 
of population size and we find both mean and variance of R0 
decreases with increasing N. Since both S(z, t) and R(z, t) are 
monotonically decreasing in N, R0 is also a monotonically de-
creasing function of N. The key point here is the extent of vari-
ation in R0 for a density-independent (i.e., at low density limit 
N = 0) and density-dependent case. The life histories with large 
R0 at low densities are highly impacted in the sense that such 
life histories do not exist at high densities and only life histories 
with low R0 occur.

What factors contribute to decline in R0? We examine the dis-
tribution of mother's body size at different population densities 
by calculating the proportion of mothers in each size bracket 
and the offspring they make. In Figure  3, we find the range 

R0 =
∑

k≥ 0
k𝛽k =

∑

k> 0

k𝛽k

𝛽0 = 1 −
∑

k> 0

𝛽k ,
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for mother's body size (scaled by SSD) varies substantially at 
low and high density. At low population density, mothers of a 
wide range of body size contribute to reproduction. However, 
as density increases the range of mothers body size decreased 
and only mothers of prime body sizes contribute to reproduction 
(contributing to lower R0). Thus, as density increases, there is a 
concentration towards individuals of large prime sizes (average 
body size 21.82 kg) and contribution from individuals of sizes 
between 12 and 20 kg is diminished (Figure A9).

While average mother's size increases at high densities, the off-
spring size at high densities is reduced to an average body size of 
12 kg from 15 kg at low density (Figure 4). The reduction in off-
spring size at high population densities may be understood as an 
response to the increased competition and resource limitation 
characteristic of high-density environments.

We also examine the variation in SSD and mother's size distri-
bution at three population sizes (N = 0, N = K ∕2 and N = K). 
Since we are interested in sizes (stages), we examine the SSD for 
size-based matrix population model. For each sample of param-
eter set, we estimate the equilibrium size K and calculate the 
stable stage (size) distribution (Figure A8). We take the average 
of SSD over 250 of our samples. Then we repeat by setting the 
population size at 0 and at K ∕2. As population size increases 
from 0 to equilibrium population size K, the proportion of adults 
increases and the proportion of juveniles decreases, in contrast 
with density-independent case which has a higher proportion of 
juveniles (Figure A8).

Lastly, we examine the relationship between R0 at density-
independence (by setting N = 0 to evaluate the matrices) and the 
equilibrium size K for the parameter sets. Figure A10 shows that 

FIGURE 1    |    PCA results for specific vital rates to capture individual life histories. Each panel corresponds to a density scenario. Top most panel 
is for N = 0 case, followed by N = K ∕2, and N = K. Here Juv. Survival and Ad. Survival correspond to average survival for individuals before and 
after they reach their asymptotic size, respectively. Growth is the average proportional growth increment from one time to next for individuals, and 
reproduction is the average reproductive output.
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K and R0 are slightly negatively correlated as found in Kentie 
et al.  (2020). Our results align with (Pande et al. 2020; Pande, 
Tsubery, and Shnerb  2022) as they show mean population 
growth rate when rare (a measure of invasibility Chesson 2003) 
is limited in its use as a metric for persistence.

3.3   |   Variation in LRS Trajectories at Different 
Densities

We calculate the distribution of LRS Tuljapurkar et  al.  (2020) 
for the life histories sampled from the covariance matrix. From 
Lomnicki (1978) work, we hypothesize a higher variation in the 
distribution of LRS among females at high density compared to 
low density. However, our results are different from Lomnicki's 
prediction (Figure  5). The LRS trajectories show considerable 

variation at N = 0 evident from the empirical confidence intervals 
in Figure 5. However, the variation is constrained at high density, 
contrary to Lomnicki's prediction. Interestingly, the shape of the 
LRS distribution varies remarkably at the three density scenarios.

For animals, the probability of having zero offspring corre-
sponds to juvenile mortality. At the N = K panel in Figure  5, 
the probability of having zero offspring is higher in comparison 
with case when N = 0. These results are consistent with empir-
ical observations since field studies find higher juvenile mortal-
ity at equilibrium population sizes than at low densities.

To further examine the LRS distributions, we generated life 
histories where survival parameters (s0, s1, s2) are sampled 
from the covariance matrix and the rest of the 13 parame-
ters are fixed to their mean values. Similarly, we fixed all 

FIGURE 2    |    R0 as a function of population size. Each black point represents the R0 for a life history evaluated at the particular population size. The 
red triangle denotes the mean of the 250 life histories from the covariance matrix.

FIGURE 3    |    Plot for the distribution of mothers body size at different population densities: The x-axis depicts mother's body size distribution scaled 
by SSD. The y-axis depicts the offspring body size. Each panel corresponds to a population density scenario (left to right N = 0,N = K ∕2,N = K).
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parameters to their mean values but reproduction parameters 
(r0, r1, r2). The top panel of Figure A13 shows the average distri-
bution of LRS and the confidence intervals for each offspring 
number. In the bottom panel of A13, we find at low population 
density and despite fixed survival, small variation in fertility 
by chance alone can lead to higher or lower probability of hav-
ing zero offspring. Finally, we fixed all parameters but growth 
parameters. Our expectation was the additive effect of survival 
(only) and growth (only) would be greater than the effect of 
varying both survival and growth parameters together. We 
provide slight evidence for such a trade-off for low offspring 
(0, 1 and 2) but further analysis is needed to uncover the trade-
off (Figure A12).

Lastly, we examined the relationship between life-history traits 
and mean LRS conditional on making at least one offspring (�). 
We evaluate average juvenile survival (weighted by SSD) for our 
parameter set and regress against � evaluated at the three popula-
tion sizes (Figure A11). We find that the results are not statistically 
significant but we find evidence for life histories being constrained 
at high density compared to low density (Figure A11).

4   |   Discussion

We examine the interplay between life-history trade-offs and 
changes in density in Soay sheep. We use data from Kentie 

FIGURE 4    |    Plot for proportion of offspring' body size. Each colour corresponds to N = 0, N = K ∕2 and N = K. The vertical lines represent the 
average body size for that population density.

FIGURE 5    |    Distribution of LRS for life histories sampled from the covariance matrix at different population densities. The black line depicts the 
average distribution over life histories, and the pink lines show the empirical confidence intervals.
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et al. (2020) to generate life histories and find strong evidence 
for a negative correlation (trade-off) between survival and 
growth during the juvenile stage at low density (Figures  1 
and A4). The negative correlation and its explanatory power 
increase with density. The trade-off is not static with re-
spect to population density. At carrying capacity (N = K), a 
new trade-off arises between reproduction and juvenile sur-
vival and forms life-history variation within the population. 
Thus, not all vital rates are equally impacted by changes in 
density. At low density, the demographic trade-off between 
growth and survival during the juvenile stage is the main axis 
of life-history variation among individuals within popula-
tion and aligns individuals along a slow-fast continuum sim-
ilarly to what has been consistently reported across species 
(Stearns 1983; Oli 2004; Gaillard et al. 2016; Jiang et al. 2022; 
Van de Walle et al. 2023; Salguero-Gómez et al. 2016).

Our findings are consistent with the theory of life-history evo-
lution (Stearns  1992) in that we find the evidence for trade-
offs which prevent individuals from being proficient at both 
surviving and growing to large sizes. However, this markedly 
differs from previous analyses of intraspecific variation in life 
histories of vertebrates, which reported a lack of structuring 
axis of variation among individual life histories and no support 
for a slow-fast continuum (Van de Walle et al. 2023). This dis-
crepancy might come from the absence of control for density 
dependence in previous studies. Alternatively, our simulated 
individual life histories might have included vital rate combi-
nations that might have not been possible to observe in real 
individuals. Future work comparing potential (as investigated 
here) and realised (as analysed by Van de Walle et  al.  2023) 
variation in individual life-history strategies should explain 
this discrepancy.

Our results align with Kentie et al.  (2020) as we find that in-
dividuals with an average life history cannot simultaneously 
maximise fitness for both high- and low-density environments. 
This is because demographic measures such as average sur-
vival, reproduction at SSD and distribution of LRS are highly 
constrained at high population densities (Figure  A13). The 
level of variation and diversity at low population densities is 
not maintained at high population densities. Ozgul et al. (2009) 
found population density and maternal body size explain sig-
nificant amounts of variation in temporal trends of mean body 
weight in Soay sheep. We find the contribution to reproduction 
at high population density comes from females of prime adult 
size. However, at low densities reproductive contribution is 
from females of both small and large sizes. There is a concen-
tration of individuals of prime size at high densities (Figure A8) 
for stable stage distribution. An increase in density may be a 
double whammy for females of small sizes since there is more 
competition and less individuals contribute to reproduction.

Our finding for probability of reproductive failure supports 
empirical evidence within Soay sheep population in the wild. 
At low density, juvenile mortality in Soay sheep is lower than 
juvenile mortality at high density. Our research finds evidence 
for density-dependent effects on reproductive effort in natu-
ral populations and aligns with r-K selection theory (Bassar 

et  al.  2013). Our research predicts how density-dependent in-
fluences strongly shape the distribution of LRS and can lead to 
density-dependent selection since LRS is an important compo-
nent of individual fitness. The decreasing complexity in life his-
tory variation at the highest density does not support Lomnicki's 
prediction (Lomnicki  1978). We find perhaps resource limita-
tion constrains the size distribution of females in population, 
which thereby restrict individual variation in vital rates and de-
mographic outcomes.

There is empirical evidence for links between life-history 
trade-offs and density-dependent selection from Drosophila 
cultures (Mueller and Ayala  1981; Mueller, Guo, and 
Ayala 1991), insects (Gilbert and Manica 2010) and fisheries 
(Goodwin et al. 2006; Eikeset et al. 2016; Christie et al. 2018, 
among others). Mueller and Ayala (1981) studied populations 
of Drosophila melanogaster kept at low population densities 
(r-populations for about 200 generations) and then placed 
them in crowded cultures (K-populations). They found after 
25 generations the K-populations showed higher growth rates 
and productivity at high densities (relative to the controls), but 
lower growth rates at low densities and experimentally con-
firmed fitness trade-offs can arise from density-dependent se-
lection. A study (Sæther et al. 2016) on great tits Parus major 
showed females laying the largest clutch sizes at small pop-
ulation sizes experienced the greatest density-dependent re-
ductions in fitness at large population sizes, thus providing 
empirical support for r- and K-selection. At small popula-
tion sizes, phenotypes with large growth rates are favoured, 
whereas phenotypes with high competitive skills are favoured 
when populations are close to the carrying capacity K. Travis 
et  al.  (2023) provide a comprehensive review of density-
dependent selection and how it may promote contrasting pat-
terns of trait means at different population densities.
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Appendix A

TABLE A1    |    The table provides a list of 16 parameters we use for the 
four IPM functions (Coulson 2012).

Parameter Description

s0 Survival: intercept

s1 Survival: slope body mass

s2 Survival: slope population size

r0 Reproduction intercept

r1 Reproduction: slope body mass

r2 Reproduction: slope population density

�0 Development, mean: intercept

�1 Development, mean: slope body mass

�2 Development, mean: slope population 
size

�3 Development, variance: intercept

�4 Development, variance: slope body 
mass

�0 Inheritance, mean: intercept

�1 Inheritance, mean; slope body mass

�2 Inheritance, mean: slope population 
size

�3 Inheritance, variance: intercept

�4 Inheritance, variance: slope body mass
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FIGURE A3    |    Table of PCA loadings for the principal components. FIGURE A4    |    Correlation matrices for the three population 
densities. The top most panel corresponds to N = 0 , the middle panel 
corresponds to N = K ∕2, and the bottom panel corresponds to N = K

. The colours red, blue and white correspond to negative, positive and 
no correlation.
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FIGURE A2    |    Plot of survival and reproduction functions for 
different values of population size, N.

FIGURE A1    |    Histogram of equilibrium population size or carrying 
capacity (K). The mean carrying capacity across all life histories is 454.
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FIGURE A5    |    Eigenvalues from data and broken stick model. The top most panel corresponds to N = 0, followed by N = K ∕2, and N = K. Blue 
corresponds to observed eigenvalues from the data and red corresponds to eigenvalues from the broken stick model.
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FIGURE A6    |    Plot for negative association between average growth increment for juveniles at SSD on the x-axis and average juvenile survival at 
SSD on the y-axis. The colours correspond to population density at N = 0, N = K ∕2, N = K , N = (1.2)K and N = (1.4)K.

FIGURE A7    |    The top two panels show the correlation matrix and corresponding PCA at N = 1.2K . The bottom panels correspond to N = 1.4K. 
The colours red, blue and white correspond to negative, positive and no correlation.
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FIGURE A8    |    Stable stage distribution at different population size. The legend corresponds to N = 0 , N = K ∕2 and N = K. The solid line plots 
the normalised stage distribution on the y-axis and body size on the x-axis. The vertical dotted lines and dashed lines correspond to the average adult 
body size and the average juvenile body size at different densities. The points in the background correspond to simulations. For N = K, ~ 62% of the 
population is above the average represented by the vertical line compared to 58% for N = 0.

FIGURE A9    |    Plot for proportion of mothers' body size. Each colour corresponds to N = 0, N = K ∕2 and N = K . The vertical lines represent the 
average body size for that population density.
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FIGURE A10    |    The plot shows negative correlation between carrying capacity, K on the x-axis and R0 at N = 0 on the y-axis.

FIGURE A11    |    Trends for average vital rates at different population densities. On the y-axis is �, that is the mean LRS conditional on making at 
least one offspring. The top three panels (left to right at N = 0 , N = K ∕2 and N = K) have average juvenile survival rates at SSD on the x-axis, the 
middle panel has average reproduction at SSD, and the bottom three panels have average growth at SSD.
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FIGURE A12    |    Distribution of LRS when survival and growth 
parameters are sampled from the covariance matrix at different 
population densities. The first and second panel correspond to varying 
survival and growth parameters. The third panel corresponds to 
varying both survival and growth parameters simultaneously.

FIGURE A13    |    Plot for distribution of LRS. The top-three panels 
correspond to LRS distribution when only survival parameters are 
sampled from the covariance matrix and the rest of the parameters 
are fixed to their mean values. The bottom-three panels correspond to 
LRS distribution when only reproduction parameters are sampled and 
the rest of the parameters are fixed to their mean values. Each panel 
corresponds to a density scenario. Left most panel is for N = 0 case, 
followed by N = K ∕2, and N = K.
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