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Abstract

Comparative analyses have demonstrated the existence of a 'pace-of-life' (POL) continuum of life-
history strategies, from fast reproducing short-lived species to slow reproducing long-lived species.
This idea has been extended to the concept of a 'pace-of-life syndrome’ (POLS), an axis of
phenotypic covariation among individuals within-species, concerning morphological, physiological,
behavioural and life-history traits. Several life-history metrics can be used to place species in the
fast-slow continuum; here we asked whether individual variation in POL can also be studied using
similar life-history measures. We therefore translated measures commonly used in demographic
studies into individual-level estimates. We studied fecundity rate, generation time, lifespan, age at
first reproduction, fecundity at first reproduction, and principal component scores integrating these
different metrics. Using simulations, we show how demographic stochasticity and individual
variation in resources affect the ability to predict an individual’s POL using these individual-level
parameters. We found that their accuracy depends on how environmental stochasticity varies with
the species’ position on the fast-slow continuum and with the amount of (co)variation in life-history
traits caused by individual differences in resources. These results highlight the importance of
studying the sources of life-history covariation to determine whether POL explains the covariation
between morphological, physiological and behavioral traits within species. Our simulations also
show that quantifying not only among-individual, but also among-population patterns of life-history
covariation helps interpreting demographic estimates in the study of POLSs within species.
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Significance statement

It has been demonstrated that there is a continuum of life-history strategies, from fast reproducing
short-lived species to slow reproducing long-lived species. This pattern of variation in the tempo of
life-history strategies has been named the pace-of-life continuum. Recently, it has been suggested
that within a population, variation in pace of life explains differences between individuals in their
morphological, behavioral, and physiological traits. This paper provides guidelines on how to
quantify the pace of life of individuals using demographic approaches that have been developed to

study the pace of life of species.
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Introduction
Understanding the causes and consequences of variation in life-history strategies in the tree of life
has been a central goal of life-history theory (Stearns 1992; Roff 1993). A main axiom of life-
history theory is that resource allocation trade-offs (i.e. budgetary compromises) between different
aspects of an organism’s life-history, such as survival, growth and reproduction, constrain the range
of possible optimal life-history strategies that can evolve (Cody 1966; Stearns 1989). One such
trade-off is between current and future reproduction. Individuals have a certain amount of resources
and they must prioritize either their current or their future reproduction (Williams 1966; Reznick
1985). This trade-off can generate a pattern of (co)variation between life-history traits, which has
been called the fast-slow continuum (Stearns 1983; Gaillard et al. 1989; Promislow and Harvey
1990; Galliard et al. 2016). At the fast end are organisms prioritizing current reproduction, which
have high fecundity rates at the expense of future survival. This results in organisms that will
mature early, have high reproductive rates and short life spans. At the other (slow) end of the
continuum are the organisms prioritizing survival (future reproduction) versus fecundity, which are
characterized by long life spans, high survival rates and low fecundity rates. Comparative analyses
support this idea, showing that different species can be placed at different positions along this fast-
slow continuum in birds (Saether 1988; Saether and Bakke 2000), mammals (Oli 2004; Bielby et al.
2007), fish (Goodwin et al. 2006; Bjorkvoll et al. 2012), reptiles (Bauwens and Diaz-Uriarte 1997)
and plants (Salguero-Gomez et al. 2016). The relative allocation of resources to reproduction versus
survival reflects how each species resolves the trade-off between current versus future reproduction
and determines each species’ position in the fast-slow pace-of-life (POL) continuum (Stearns 1992).
Life histories can vary among species, among populations of the same species, but also
among individuals within the same population. The extended “pace-of-life syndrome” (POLS)
concept takes the study of the fast-slow continuum to the among-individual level (Réale et al. 2010;
Dammbhahn et al. 2018, this issue). The main thesis of the POLS is that an individual’s position
along the fast-slow continuum explains among-individual differences not only in life-history traits,
but also in morphological, behavioural and physiological traits. Testing this idea requires metrics
that reflect an individual’s POL and approximate its relative allocation in current versus future
reproduction. While different life-history traits have proven useful in positioning species on the
fast-slow axis (see: Gaillard et al. 2005; Oli et al. 2005), it remains unclear whether these metrics
are useful to position individuals in the fast-slow POL axis. The existence of an integrative metric
across different hierarchical levels of biological organization (individuals, populations, and species)
would allow testing POL as a general explanation for phenotypic (co)variation in life-history,
physiological, morphological and behavioural traits. The objective of this paper is therefore to
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explore whether life-history measures used to study the fast-slow continuum at the species level can
be used to characterize individual POL at the within-population level.

Life-history measures that have been used to study the fast-slow continuum at the species
level can be divided into two broad categories: single indicator variables (e.g. age at first
reproduction, lifespan, fecundity rate, fecundity at first reproduction) versus composite measures
summarizing different life-history traits. Composite measures can be estimated from multivariate
techniques like Principal Components Analysis (PCA: Stearns 1983) or factor analysis (Bielby et al.
2007). They can also be estimated as derived quantities, for instance the ratio of fecundity versus
age at maturity (Oli and Dobson 2003) or generation time (the mean age of mothers at childbirth;
Charlesworth 1994, Gaillard et al. 2005). Such derived quantities can be data hungry and a lack of
data on only one of the constituent variables may limit their practical use. Absolute comparisons of
a composite measure like PCA scores can also be problematic across studies, because axes derived
from a PCA analysis are specific to the data set used to calculate them. In addition, some composite
measures compound the sampling or measurement errors from all their separate components. The
resulting magnification of error may lead to an erroneous interpretation of the position of an
organism on the fast-slow continuum. In comparison, single indicator variables are often easier to
estimate and are more broadly available for many study systems, but there is concern that a single
measure may not adequately quantify the fast-slow POL continuum within and across populations
or species (Oli and Dobson 2003; Dammhahn et al. 2018, this issue).

Two key life-history metrics that have been related to a species life-history strategy are
fecundity rate and lifespan. An individual’s fecundity rate can be defined as the mean number of
offspring produced by an individual that become independent per breeding attempt (e.g. annual
fecundity). Thus, the fecundity rate of a population or species is the average fecundity rate of all the
individuals belonging to that population or species (Saether and Bakke 2000). If there is among-
individual variation in fecundity rate, this metric will capture variation among individuals in their
allocation in current reproduction via activities like mate searching and parental care. In birds, for
instance, this metric could be the mean number of fledglings that an individual produced over a year
(i.e annual fecundity). According to the hypothesized trade-off between current and future
reproduction, the resources invested in fecundity cannot be invested in survival, making fecundity
rate a potentially good measure of an individual’s POL. Consequently, the life span of an individual
iS also an intuitively good measure of an individual’s POL, because individuals that prioritized
current reproduction over survival are expected to have a shorter life span, whereas individuals that
prioritize future reproduction over fecundity should have a longer lifespan. This is captured nicely
in the phrase "live fast and die young" that is commonly used to describe the fast-slow POL
continuum at the species level (Promislow and Harvey 1990).
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Generation time has also been suggested to be a good measure of a species position along
the fast-slow POL continuum (Gaillard et al. 2005), because it is a function of all the vital rates
describing the life cycle of a population. Species generation time has also been shown to predict the
onset of senescence (Jones et al. 2008), supporting the idea that generation time captures important
variation in the tempo of life-history strategies. Generation time is a population level concept and is
often defined as the average age of mothers of newborns in the population (Charlesworth 1994).
The changes in population growth rate can be written as a function of generation time, and Lande
(1982) showed that the evolutionary response to selection of a trait per unit time is directly
proportional to the inverse of generation time. Therefore, generation time is an appealing measure
of POL, because it directly connects measures of life-history with evolutionary theory (Saether et al.
2005). We investigated the utility of generation time measured at the individual level as a weighted
mean age of reproduction for each individual; the weighted average of individual generation time
across all individuals consequently equals the generation time of the population (see methods
section for details).

The fast-slow POL continuum at the species level has been inferred from patterns of
covariation among species in their life-history traits (Stearns 1983; Gaillard et al. 1989; Promislow
and Harvey 1990). Therefore, metrics that summarize among-individual covariation between
several life-history traits within a population are also an appealing measure of an individual’s
relative allocation in current versus future reproduction. The scores from PCAs applied to several
life-history measures have been used to determine the position of a species in the fast-slow POL
continuum (Stearns 1983). Similarly, within-populations these composite scores maybe a good
proxy for an individual’s proportional allocation in current versus future reproduction.

The study of the POL at the individual level presents some additional complications when
compared to its study at the species and population levels. Among-individual variation in resources
can mask life-history trade-offs (van Noordwijk and de Jong 1986; Houle 1991; Fry 1993; Reznick
et al. 2000). Individuals with more resources can have both a higher fecundity and a longer lifespan
than individuals with fewer resources. This may cause a positive covariation between fecundity and
longevity, instead of the negative correlation expected by a trade-off between current and future
reproduction (van Noordwijk and de Jong 1986; Stearns 1989). Moreover, stochastic variation in
individual measures of life-history traits could arguably obscure the relationship between assessed
life-history traits and the POL of individuals. Therefore, in this paper we assess whether the
different life-history measures that have been used to study the position of species in the fast-slow
POL continuum can be also used to quantify the POL of individuals within populations. We
describe how the performance of individual level POL metrics is affected by variation in resources
and demographic stochasticity for species in different position of the fast-slow continuum. Finally,
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we discuss how partitioning the sources of life-history (co)variation can be used to study whether
individual variation in POL can explain the POLS involving covariation among behavioural,
morphological and physiological traits within a population.

Methods

We used data simulations to study how different life-history measures can recover an allocation
trade-off between current and future reproduction (i.e. the POL) across a range of scenarios. We
explored the performance of the following life-history measures: fecundity rate, fecundity in the
first reproductive event, age at first reproduction, lifespan, individual generation time, and PCA
scores summarizing the covariance between the different life-history measures. PCA scores were
extracted from the first principal component of a principal component analyses on the correlation
matrix between fecundity rate, fecundity at first reproduction, age at first reproduction, lifespan and

generation time.

Individual fecundity rates
An individual’s fecundity rate (r;) is the mean fecundity per breading season (e.g. year) of an

individual and can be calculated as
PEREL 1)

where r; is the fecundity rate of individual i, oy; is the number of offspring from individual i that
are independent at the end of a breeding season h , and b; is the number of breeding seasons
experienced by individual i. The fecundity rate of the population is therefore the mean of all the

individual fecundity rates of the population.

Individual generation time
The generation time of a population can be estimated as the average age of an offspring's mother

when it was born. If a, is the age of the mother of offspring g, and n is the total number of offspring
produced in a population, the population's generation time T is given by

T=x=2 ey

An intuitive measure of individual generation time is the weighted mean age of an individual when

it reproduced
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=3 ®3)

where T; is the generation time of individual i, ag; is the age of individual i when it produced

offspring g , and n; is the total number of offspring produced by individual i . However, the mean
of t; over all mothers is not the generation time of the population, this is given by the individual
contribution to the generation time of the population, which is the individual generation time

multiplied with relative number of offspring
t;=T;~ (4)

where 7 is the average number of offspring of the parents in the population. Generation time at the
population level usually only considers mothers, but it can also be defined as the mean age of all
parents when they reproduce. Individual contributions to generation time considering both sexes are

thus given by
ti = Ti —L (5)

The mean of the individual contributions to the generation time of the population (t;) will thus be
equal to the generation of the population (T'). This definition of individual generation time allows
the study of generation time as a measure of an individual's pace of life, while keeping its
connection to population dynamics and quantitative genetics theory.

Simulating the trade-off and variation in POL

We simulated a hypothetical community of mythical creatures that behave pretty much like birds, to
show how demographic stochasticity and among-individual variation in resources affect POL
metrics at the individual level. The trade-off between current and future reproduction is most easily
represented when organisms can either allocate their resources to reproduction or survival. We
assumed that each individual had a fixed value in its life for the proportion of resources allocated in
current reproduction (p). Individual allocation in reproduction will then fully define its allocation in
survival (s), and therefore individual allocation in survival was calculated as one minus the
proportion of resources allocated to fecundity (1 — p). This causes a budgetary trade-off between
allocating resources to fecundity versus survival. Based on this simple budgetary compromise (i.e.

allocation trade-off), we aimed to create a continuum of species’ ranging from those with high
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allocation in reproduction and a short lifespan to those with long lifespan and low allocation in
reproduction. Similarly, within species we created populations and individuals with relatively long
lifespans and relatively low fecundity and vice versa. We then used simulations based on this
allocation trade-off to study how the different life-history measures are able to quantify an
individual’s proportional allocation to current reproduction in species with different life-history
strategies.

We use a Beta distribution to simulate the proportional allocation in fecundity versus
survival of individuals belonging to different species (Descamps et al. 2016). The Beta distribution
is defined by two parameters (alpha and beta) that can be used to generate a distribution of
proportional values with defined mean and variance (Ferrari and Cribari-Neto 2004). We specified
each species’ mean and variance in the proportional allocation in current reproduction (Fig 1A). We
simulated 7 hypothetical species with different mean levels of allocation in current reproduction
(0.2,0.3,0.4,0.5, 0.6, 0.7, and 0.8). Species with low allocation in current reproduction are the
“slow” species that allocate more resources to survival, whereas species with high values are the
“fast” species that allocate more resources into reproduction. Within these species we simulated
populations that varied in their allocation in current versus future reproduction, and within each
population we also simulated individuals that varied in their proportional allocation in current
versus future reproduction. The proportional allocation in current reproduction (p;) of population j
from species k is drawn from a beta distribution with a species-specific mean allocation (p,) and

among-population variance in allocation (Vgy;0¢ pop)- Whereas the proportional allocation to

reproduction of individual i is drawn from a beta distribution with population mean allocation in

current reproduction p; and among individual variance in allocation (Vg0 ina)-

Pn ~beta (pkr Valloc_pop)
pi"'beta(pjr Valloc_ind) (6)

Following the assumption that the allocation trade-off causes that the resources allocated to
reproduction cannot be allocated to survival, the survival probabilities s for individual i is

calculated as one minus its allocation in reproduction.

si=1-p; (7)

Individual i thus survives to the next reproductive event as function of survival probability s;. This

results in a linear relationship between proportional allocation in reproduction and survival
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probability. Equation 8 describes the relationship between survival probability (s) and the expected
lifespan (1) of an individual if survival probability is constant from the age at first reproduction to

the oldest age.
li = < (8)

Individuals that survive to the next breeding season, reproduce according to their fecundity rate (r;).
The interval between breeding attempts is the same for all individuals, individuals may not
reproduce one year depending on their fecundity rate, but they will reproduce until they die. The
proportional allocation in current reproduction (p;) of individual i is translated into a fecundity rate
(r;), which is defined as the mean number of offspring (assuming an equal sex ratio) that fledged at
the end of a breeding season. Logically, allocation in current reproduction should positively affect
fecundity rate (Fig 1B). We set the relationship between fecundity rate and proportional allocation
in current reproduction to match the among-species relationship between fecundity rate and survival

estimated from a comparative study of avian demographic strategies by Sether and Bakke (2000).

r; =p; + 6pf 9)

The number of offspring (oy,;) that individual i produces in breeding attempt h is sampled from a

Poisson distribution that has a mean equal to its fecundity rate (r;).

op;~pois(r;) (10)

Among-individual variation in resources

We introduce among-individual variation in resources to determine how this will affect the
relationships between the different individual level POL metrics and the simulated proportional
allocation in current reproduction. When there is no variation in resources, the amount of resources
available to all individuals is equal to one. When the assumption of homogeneity of resources
among individuals is relaxed, the available resources for an individual (R;) is simulated from a

normal distribution with a mean of one and variance of 0.5 (eq. 11).

R;~N(1, 0.5) (11)

Individuals with more resources increase their allocation in reproduction (p;) and survival

probability (s;) proportionally to their resources (R;) following equations 12 and 13, respectively.
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pi = piR; (12)

5;=1-H (13)

R;
Thus, our simulations were based on the premise that the POL of an individual is defined by its
relative allocation to reproduction versus survival. We simulated this “latent trait” as a proportional
value that determines how each individual allocates its resources to reproduction versus survival.
We simulated a population/cohort of individuals with different POL and follow its reproductive
output until they die. Individuals survive to the next year based on the probability of surviving and
produce offspring proportionally to their fecundity rate. Each individual’s life-history is then used
to estimate the different life-history measures.

Comparing POL metrics

We simulated 300 individuals from 100 populations for each of the 7 species to assess how well the
different metrics map onto the allocation in current versus future reproduction simulated in the
different scenarios. We calculated the different POL metrics from the simulated life histories for
each individual. Then we estimated the correlation between each of the metrics and the simulated
proportional allocation to fecundity versus survival. We proceeded to estimate the accuracy of each
life-history trait as an individual measure of the relative allocation to current reproduction using R-
squared values. R-squared values were calculated from a linear model where the life-history traits
were used to predict the simulated allocation in current reproduction. We fitted linear and quadratic
relations between the life-history variables and the proportional allocation in current reproduction to
account for any nonlinear relationships. Finally, we studied whether the overall correlation between
fecundity rate and lifespan reflected the simulated trade-off between reproduction and survival. All
simulations, graphs and analysis were performed in R v.3.3.2 (R Core Team 2017). All the code to
generate the data, perform the analyses and graphs is in the Supplementary material as an R
markdown file. The code provides functions that can create specific sets of the parameters not
considered in the main body of the paper.

Results

Among species and among population variation in life-history traits

Our simulation, which incorporates the budgetary trade-off between allocating resources to
reproduction versus survival, produced a range of slow (species 1) to fast species (species 7). Fast
species had higher values for fecundity rate and fecundity at first reproduction, and lower values for
age at first reproduction, generation time and life span (Fig 1). Slow species, on the other hand, had
lower values for fecundity rate and fecundity at first reproduction, and higher values for age at first
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reproduction, generation time and life span (Table 1). Therefore, as expected, allocation in current
reproduction was positively related to the species fecundity rate (Fig 1B) and negatively related to
its longevity (Fig 1C). Altogether, this generates a negative correlation between fecundity rate and
longevity among species, as predicted by the resource allocation trade-off. Importantly, this
relationship mimics the covariance pattern of actual avian life histories (Fig 1D, grey circles)
presented in Saether and Bakke (2000). We find the same pattern among populations within species,
populations that had a relatively higher allocation in current reproduction had relatively higher

mean fecundity rates and a relatively lower average life spans (Fig 1D).

Individual level correlations between POL and life-history measures

Within all the simulated populations, individual fecundity-related measures (namely, fecundity at
first reproduction and fecundity rate) were positively correlated with an individual's proportional
allocation in current reproduction, whereas age-related measures (namely, age at first reproduction
and lifespan) were negatively correlated with an individual's proportional allocation in current
reproduction (Table 2). The correlation with fecundity rate was strongest for the long-lived species
and weakest for the short-lived species (Table 2), while the correlation with fecundity at first
reproduction did not vary across species. The lifespan of an individual and its age at first
reproduction were more strongly correlated to an individual's POL in the slow long-lived species.
We find a similar pattern for generation time, where an individual's generation time was negatively
correlated with its proportional allocation in current reproduction and that this relationship was
strongest for long-lived species. The average correlation between individual PCA scores and the
simulated allocation trade-off was stronger for the slow species (Fig 2; also see table S1 for details
on the variance explained by PC1). However, correlations changed from negative to positive, for all
the species (Table 2). This shows that the direction of the major axis of covariation can sometimes
change in relation to the allocation in current reproduction; that is, for some populations higher PC

score values reflected a faster pace of life and for others a slower pace of life.

Predictive power of individual life-history measures

In general, demographic stochasticity and among-individual variation in resources increased
variation in life-history trait values, which as expected, decreased the accuracy of all life-history
traits as measures of an individual's POL (Fig 2). Fecundity rate and PC1 scores were the measures
that best reflected the simulated allocation trade-off. When there was no among-individual variation
in resources, fecundity rate and PC1 scores explained around 60% of the among-individual
variation in allocation to reproduction versus survival in the long-lived (slow) species, and around

30% in the short-lived (fast species). This contrasts with the correlation between the PCA scores
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and the simulated allocation trade-off (Table 2), because the R2 values do not incorporate the
directionality of the relationship. Age-related measures performed better in species with a slow POL
than in species with a fast POL. As expected, introducing among-individual variation in acquired

resources also decreased the predictive power of all the life-history measures.

The reproduction and survival trade-off among-species, -populations and -individuals

At the species level, lifespan was strongly and negatively correlated with fecundity rate (mean = -
0.79, 95% confidence interval (Cl) =-0.82, -0.76, Fig 1D). At the among-population within-species
level the correlations were also negative and strong (Table S2). At the within-population among
individual level, lifespan and fecundity were also negatively correlated (Fig 3A-C, left panels).
However, these within-population negative correlations were much weaker than the among-species
and among-population correlations, despite correlations at different levels being generated by the
allocation trade-off between fecundity and survival. This pattern occurred because the individual
level correlations were obscured by demographic stochasticity. As expected, introducing among-
individual variation in acquired resources further obscured the allocation trade-off between
fecundity and survival at the individual level and, in some instances, this even resulted in a positive
correlation between lifespan and fecundity rate (Fig 3A, right panel). This scenario is one where
most of the variation in life-history traits is caused by differences between individuals in their
ability to acquire resources, thus animals with a high fecundity are also the ones that live longer.

Discussion

We investigated demographic estimates that can be used to study individual variation in POL.
Using a budgetary trade-off between current and future reproduction, measured as allocation in
reproduction versus survival, we simulated an among-species pattern of life-history (co)variation
consistent with the observed life-history strategies of bird species (Saether and Bakke 2000).
Following the hypothesis that variation in the relative allocation in current (fecundity) versus future
reproduction (survival) generates variation along the fast-slow POL continuum across different
levels of biological organization, we used this same allocation trade-off to create life-history
variation among individuals, populations and species. Our simulations show that individual life-
history measures are affected differently by demographic stochasticity and that their accuracy as
POL measures depends upon the species position along the POL continuum. Our simulations
corroborate the results by van Noordwijk and de Jong (1986), showing that among-individual
variation in resource acquisition can obscure the relationship between life-history metrics and an
individual's proportional allocation to current reproduction. The results of these simulations may

also explain the variable and contrasting outcomes of studies intended to relate morphological,
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behavioral and physiological traits to slow and fast life-history strategies (Montiglio et al. 2018;
Tarka et al. 2018; both in topical collection on Pace-of-life syndrome).

In our simulations, fecundity rate is always among the best individual POL measures across
the different types of species. As we detail below, this is because fecundity rate is a measure based
upon repeated observations across an individual's life time, and therefore suffers less from the
biasing effects of demographic stochasticity. In the “slow” species, fecundity rate performs
substantially better than the other metrics, and for the “faster” species it is as good a metric as any
other (Fig. 3). This is partly because in our simulation demographic stochasticity varies
systematically across the POL axis. Any stochastic variation in fecundity rate is caused by the
Poisson process that translates the fecundity rate of each individual into the number of offspring
produced in each breeding attempt. In species with a higher fecundity rate, there will be more
stochastic variation in offspring production, because species with a higher mean fecundity rate will
also have more (stochastic) variance in offspring production, as compared to species with a low
fecundity rate where stochastic variation is smaller. The assumption that annual reproductive
success follows a Poisson distribution is perhaps rather simplistic, since it has been shown that
annual reproductive success might be better described as a generalized Poisson distribution
(Kendall et al. 2010). Despite this simplifying assumption, a general pattern emerges. When the
stochastic variance in a life-history trait is a function of the POL of a species, the accuracy of the
life-history trait as a measure of an individual POL will depend upon the species’ position in the
fast-slow continuum (see Hamel et al. 2010).

On average, age-related measures prove to be better proxies for the POL of individuals in
slow species, as compared to fast species. In short-lived species, lifespan or age at first reproduction
are not good predictors of an individual's POL, because there is little scope for variation. For
instance, the fastest species in our simulation had an adult survival probability of 0.2, where only
20% of the individuals reproduced twice, and less than 5% reproduced three times. Given that
short-lived (fast) species have such low survival probabilities, there is a high chance that an
individual investing relatively more in survival will nevertheless still die (see Saether et al. 2004).
In a similar fashion as with fecundity rate, the within species variance in lifespan is a function of a
Species’ position along the fast-slow continuum, but in this case, it is the variance associated with
individual differences in allocation. Species with high survival probabilities will therefore have a
higher variance in lifespan, and will therefore be easier to approximate individual variation in POL
with age related measures. This agrees with results found in a comparative analysis of mammals,
where the chance of detecting a cost of reproduction (allocation trade-off) was lower when the life-
history trait studied had a low variance (Hamel et al. 2010). But note that in this paper we explicitly
refer to the amount of variation caused by individual differences in allocation in relation to other
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sources of variation (see below). Even in slow, long-lived species, the accuracy of lifespan as an
individual POL measure is lower than that of fecundity rate, reflecting the stochastic nature of
mortality. Generation time performed better in a long-lived species and had a slightly tighter
correlation with the simulated allocation trade-off than lifespan, although fecundity rate still
performed better. This is partly because, compared to other metrics, generation time accumulates
the stochastic variation associated with survival and offspring production, resulting in its
performance decreasing more sharply with the average POL of a species (Table 2).

An important aspect to take in to account when choosing a POL measure is its
dimensionality, because the interpretation of a POL estimate depends on the units it is measured
(Galliard et al. 2016). Most of the life-history traits we studied had a time component, which makes
intuitive sense as POL is a concept directly related to the timing of life-history events. Hence, age at
first reproduction, generation time and lifespan are measured in units of time, while fecundity rate is
measured per unit of time. We also studied fecundity at first reproduction as a potential POL
measure, because it could reflect investment in current reproduction, especially in species that
reproduce relatively few times in their life. However, fecundity in the first reproduction not only
performs poorly in our simulations (Table 2), but is perhaps conceptually not a good measure of
POL because it does not have a time component. The units of the measures of an individual’s POL
are also important when estimating composite measures. For instance, in our PC analysis most of
the measures were related to time, thus the PCA axis reflects mostly a time axis. However,
combining POL measures in different units could lead to incorrect interpretations of the PCA axis
(Gailliard et al. 2016), thus we suggest thinking carefully about the units in which the estimate of an

individual’s POL is measured.

Sources of within-population variation in life-history traits

Our simulation explores only some potential POL measures, and presents a simplistic scenario
stripped of the many factors that may decrease the accuracy of real life-history trait values as
measures of an individual's POL (e.g. age-dependent reproduction and survival). This simulation
study is therefore not intended to inform researchers about optimal sampling designs (e.g. power
analyses). The aim here was simply to illustrate some basic properties of the different metrics when
studying an individual POL within species with different life-history strategies (e.g. fast versus
slow). Some specifics of the simulation reflect the patterns of covariation between life histories
found in comparative analyses of bird data (see Methods), but the main conclusions apply more
generally. To provide a more general context, in this section we discuss our simulation results using
equations that illustrate the contribution of different sources of variation in the expression of life-

history traits within a population.
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The sources of variation generating within-population variation in a life-history measure (z)

can be decomposed into its different components.

Zipi = ¢ + [[(piR;) + Biap; + dip; + eppi (14)

where life-history [ of individual i at observation h depends upon the population mean value (c;),
and an individual's deviation of the population mean value (I;;). An individual's deviation of the
population mean value (I;;) is determined by its relative allocation to current versus future
reproduction (p;), its ability to acquire resources (R;) and a coefficient that links the amount of
resources invested (p;R;) to the measured life-history trait (1;). Survival probabilities and fecundity
can vary deterministically with age (ay;), therefore B is a coefficient that relates the expression of
life-history trait [ with the age of individual i at measure h. Note that this assumes no among-
individual variation in age dependent reproduction or survival, but this equation can be easily
extended to accommodate this complexity. Life-history measures are also affected by stochastic
variation in the vital rates of an individual, (d;;; demographic stochasticity). For instance, survival
is a probabilistic process containing intrinsic variation and causing stochastic variation in age-
related life-history measures. Many different types of environmental variables could affect the
expression of a life-history trait, thus e;;,; reflects spatial and temporal variation affecting life-
history trait | of individual i on measurement event h. For instance, this may represent spatial
variation in resource availability and/or temporal variation in climatic conditions.

From equation 14 (above) it follows that variation in the values for a life-history trait (V)
can be decomposed into variation associated with among-individual variation in allocation (V;;0c)
and the ability to acquire resources (V;..5). An underlying assumption of the POLS hypothesis is that
there is among individual variation in p;, that maybe caused by genetic variation and permanent
environmental effects. Thus, consistent individual differences in allocation will generate among-
individual variation in life-history trait values. Similarly, among individual variation in quality
(sensu Wilson and Nussey 2009), or in other words an individual’s ability to acquire resources (R;),
will also generate among individual variation in life-history traits. Variation in resource acquisition
can also vary within individuals for instance with increasing age (MacNulty et al. 2009) or due to
yearly variation in resources, but this will generate within individual variation in life-history traits.
In a similar way, variation associated to demographic (V,.,,) and environmental stochasticity (V,,,,,)
will generate within-individual variation in life-history trait values. Assuming no covariance
between the different effects affecting a life-history trait, we can describe the variation in a life-

history measure | following equation 15.
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Vi = Vaoe + Vees + Vaem + Venw (15)

From equations 14 and 15 we can infer that the accuracy of a life-history trait as a measure
of an individual’s POL will be determined by the proportion of variation in a life-history trait value
caused by individual variation in allocation (V,;;,./V;), and the degree to which the different
sources of variation can be teased apart. For instance, the accuracy of a life-history trait (z;) as a
POL measure will be very low if it is based upon a single measure, and if there are large sources of
environmental and demographic stochasticity that cannot be controlled for. Our simulations show
that a life-history trait based upon repeated measures per individual (e.g. fecundity rate) performs
better than a measure based on only one observation (e.g. fecundity at first reproduction). This is
because fecundity rate is the average annual fecundity of an individual, and averaging the yearly
number of produced offspring decreases the biasing effects of demographic and environmental
stochasticity characterizing each breeding attempt. We also found that fecundity rate is a better
predictor of an individual’s POL in long-lived species. This is because longer-lived individuals have
more repeated measures of annual fecundity. Therefore, individual fecundity rates based upon a
greater number of repeated measures will suffer less from the biasing effects of demographic and
environmental stochasticity.

When among-individual variation in resources strongly affects the expression of a life-
history trait, its accuracy as an individual POL measure will decrease. The biasing effects of
among-individual variation in resources will depend upon the relative contribution of allocation
versus acquisition in the expression of a life-history trait (V,;;0c/Vyes)- Unfortunately, an
individual’s allocation to reproduction versus survival (p;) and its ability to acquire resources (R;)
cannot be measured directly in observational studies. While averaging over many observations of
individual life-history trait values may provide an unbiased estimate of an individual’s expected
value for a life-history trait (I;), it is not always possible to disentangle how much this value will be
influenced by allocation (p;) versus acquisition of resources (R;). Only in situations where it is
possible to measure or control individual levels of acquired resources, will it be possible to partial
out the effects of variation in acquisition on life-history trait values. Furthermore, we are assuming
that the relative allocation to reproduction versus survival does not depend upon the available
resources, which is also an assumption of the conceptual model on life-history trade-offs postulated
by van Noordwijk and de Jong (1986). It has been suggested that covariance between allocation and
acquisition may be common in nature, and affects the ability to detect trade-offs between
reproduction and survival (Descamps et al. 2016). Importantly, covariance between acquisition and

allocation could be manifested at the within-individual, among-individual, among-population or

This is a post-peer-review, pre-copyedit version of an article published in Behavioral Ecology and Sociobiology.
The final authenticated version is available online at: http://dx.doi.org/10.1007/s00265-018-2477-7.



535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569

among-species level, and its effects on the accuracy of life-history traits as measures of an

individual’s POL remain to be evaluated.

Sources of covariation between life-history traits

The fast-slow POL continuum at the species level has been inferred from the patterns of among-
species covariation in life-history trait values (Stearns 1983; Gaillard et al. 1989; Promislow and
Harvey 1990). Similarly, at the within-species among-individual level, the patterns of life-history
covariation should support the existence of a fast-slow POL axis. Indeed, our simulations show that
PCA scores were among the best performing metrics across all the species, but they were
inadequate measures in the presence of among-individual variation in resources (Fig. 3). It is
therefore key to study the pattern of correlation between life-history traits to determine if there is
support for a within-population fast-slow POL axis. In a similar fashion to partitioning variation in
each life-history trait, we can decompose the sources of covariation among the different life-history

traits (Covyotqp) Into their different sources.

CoViotar = CoVgiioc + COVpes + COVepy (16)

Equation 16 states that the covariance between life-history traits within a population can be caused
by covariance induced by individual variation in the proportional allocation to current versus future
reproduction (Covyg;;,.), covariance induced by among-individual differences in resource
acquisition (Cov,..), plus covariance induced by environmental factors affecting all the life-history
traits (Cov,,,). Composite measures of an individual’s POL, such as PCA scores, are based upon
the covariance between life-history traits. Therefore, PCA scores are an intuitively good measure of
the position of an individual along the fast-slow POL continuum, because they summarize the
covariation among different life-history traits. In our simulations, demographic stochasticity results
in a weaker correlation among the life-history traits in the faster species, and therefore PCA scores
are a less accurate measure, though they are among the metrics that perform best (Fig. 2). The
accuracy of a composite measure will also depend upon the relative contribution of variation in
allocation in generating covariation among the different life-history traits Covy;i0c/CoViotar-
Therefore, among-individual variation in resources leads to a decreased accuracy of PCA scores as
a measure of individual POL, because the relative contribution of allocation in the covariance
between traits decreases (Fig. 2, Table S1). Life-history theory predicts that if allocation has a
stronger contribution in the expression of life-history traits, fecundity and age-related measures
should be negatively correlated, whereas if resource availability has a stronger influence, the
opposite pattern is expected (van Noordwijk and de Jong 1986). Indeed, our simulation results show
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that the correlation between fecundity and longevity changes depending upon the level of among-
individual variation in resources (Fig. 3). Furthermore, in the case of the fastest species, the relative
contribution of among-individual variation in resources was higher compared to the contribution of
allocation, resulting in a positive correlation between fecundity rate and lifespan. Therefore, it is
important and useful to check the patterns of covariation between life-history traits before

interpreting PCA scores or any of the other life-history traits as a measure of individual POL.

The adaptive nature of POLS and the multivariate evolution of traits

Estimating variance-covariance matrices of phenotypic traits is a key component of many
ecological and evolutionary studies (Houle 1991). These approaches commonly involve partitioning
phenotypic variance-covariance matrices into its differences sources. Mixed effect models have
been used to partition phenotypic correlations into their among- versus within-individual
components (Dingemanse and Dochtermann 2013). Among-individual correlations are a core
component of the POLS hypothesis, because it hypothesizes that the proportional allocation of
resources to current reproduction should result in among-individual correlations among life-history,
morphological, behavioral and physiological traits. Mixed effect models are very flexible tools that
can be used to also control for other factors causing (co)variation in life-history traits, via the
inclusion of random and/or fixed effects. Moreover, if pedigree or genetic relatedness information is
available, it is possible to estimate the additive genetic (co)variance in life-history trait values using
animal models (Wilson et al 2010), further removing the potential biasing effects of demographic
and environmental stochasticity (Reznick 1985), although if among-individual variation in the
ability to acquire resources has a genetic component it will still hinder the ability to estimate an
individual's allocation (Fry 1993). In general, attempting to account for biases using statistical
approaches should increase the ability to quantify an individual’s POL, but requires that the proper
factors and the linearity of the relations are correctly modelled.

The variance-covariance matrices estimated from a mixed effect model can be further
analyzed to determine whether the covariation between life-history, morphological, behavioral and
physiological traits can be explained by the proportional allocation of an individual to current
versus future reproduction. Importantly, the proportional allocation to current reproduction of an
individual and its ability to acquire resources are generally not measured directly, and therefore its
effect on the different life-history traits should be determined by the pattern of correlation between
them. Therefore, the proportional allocation to current reproduction can be studied as a latent
variable inferred from the correlation between the different life-history traits. Structural equation
modeling (SEM) is a very flexible tool that can be used to study the existence of a latent variable
reflecting the proportional allocation to current versus future reproduction based upon the
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correlation patterns (Grace et. al 2010). Furthermore, this approach can be used to test specific
hypotheses regarding the underlying factors generating covariation among other phenotypic traits
(Dingemanse et al. 2010; Araya-Ajoy and Dingemanse 2014; Santostefano et al. 2017). However,
even when using such an approach, it is still critical to account for the role of among individual
variation in resources in generating the covariation between the different trait values, because this is
another latent variable that is difficult to measure directly. It may be possible to control for variation
in resources if there is a way to measure it, but if there is a correlation between allocation and
acquisition it may be difficult to disentangle its effects on the different life-history traits.
Interestingly, an among-individual correlation between allocation and acquisition will result in
selection on allocation, because individuals that allocate resources in a particular way will be the
ones that have more resources and therefore a higher reproductive success. This then raises a
question concerning the adaptive nature of among-individual variation in allocation and the
mechanisms maintaining this variation within populations (Mathot and Frankenhuis 2018 in topical
collection on Pace-of-life syndrome).

Our simulations also show that among population patterns of life-history covariation are
easier to detect, because averaging over many individuals within populations removes the variation
caused by demographic stochasticity. In a similar way, at the individual level, metrics based on
repeated measures within individuals (e.g. fecundity rate) better predict an individual’s POL,
because averaging over several observations reduces the biasing effects of demographic
stochasticity. The number of individuals in a population does not necessarily affect the accuracy of
individual demographic estimates as POL measures (Fig. S1). It is the number of repeats within
individuals that affect their accuracy, because as we show fecundity rate is a better predictor of POL
on long-lived species, where estimates are based on a greater number of repeated measures within
individuals (slow species Fig. 3). In a similar way, the predictive power of a population’s mean life-
history trait value reflecting its average allocation to reproduction versus survival tends to increase
with the number of individuals sampled in the population (Fig. S1). These results suggest that
focusing on populations, or other biologically relevant groups of individuals within populations
(e.g. families, flocks, etc.), will improve our ability to study the role of POL, because any estimated

life-history measure will be less affected by environmental stochasticity.

Conclusions

In this paper, we explored how to quantify the pace of life (POL) of individuals in the context of
pace-of-life syndromes (POLS). We suggest characterizing an individual’s POL using demographic
measures commonly used in species and population level studies (e.g. fecundity rate and generation

time). The use of these metrics will allow the connection of any studies of within-population
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variation in life-history strategies with their among-population and among-species counterparts. The
predictive power of the different measures depends upon the relative contribution of individual
variation in allocation, stochastic environmental variation and among-individual variation in
resources to the total phenotypic variation in each life-history measure. Our simulations show that
metrics like fecundity rate that are based upon repeated measures, and other estimates based upon
multiple metrics like PCA, suffer less from the biasing effects of environmental stochasticity.
However, the relative contributions of the different sources of variation may differ between metrics
and along the fast-slow continuum, making it difficult to find a single individual POL metric that
works well across all species. Therefore, we suggest carefully studying the sources of covariation
among-life-history traits and other phenotypic traits to determine if there is evidence for individual
variation in POL, but also because studying the causes of among-individual variation in life-history
traits will provide a better understanding of the multivariate evolution of life-history strategies. Our
simulations also highlight that focusing on among population patterns of life-history covariation
will increase our ability to study POLS using demographic measures. Moreover, integrating among-
population and within-population studies will provide further insights concerning the factors
determining the optimal allocation between reproduction and survival of a population and their

relationship with the adaptive nature of within-population variation in POL.
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Figure captions

Fig. 1 Simulated variation in the allocation in current reproduction, fecundity and longevity for 7
species, each with a different pace-of-life (POL). Red colours are associated with a fast POL, and
green colours with a slow POL. Grey dotted lines represent the expected relationships. (A)
Distributions of individual allocation in current reproduction for the different species. (B) Mean
(circles) and 95% confidence interval (lines) for the fecundity rate for each species as a function of
their mean allocation in current reproduction. (C) Mean (circles) and 95% confidence interval
(lines) for fecundity as a function of lifespan for each species. (D) The resulting relationship
between fecundity rate and lifespan at the among-population and among-species level. Filled
colored circles represent species means, unfilled colored circles represent populations means and

grey circles represent the values for bird species extracted from Sather and Bakke (2000)

Fig. 2 The proportion of the variation (R?) in the individual-level proportional allocation in current
versus future reproduction (POL) that is explained by different metrics in species positioned at the
(A) fast, (B) intermediate and (C) slow ends of the pace-of-life continuum. Open circles in the left-
hand plots represent a scenario where there was no among-individual variation in resources, and
solid circles in the right-hand plots represent a scenario where there is variation in resources. Note
that R? values for age at first reproduction in the fastest species are missing because there was no
variation in this trait for this species.

Fig. 3 Fecundity rate (average offspring per year) as function of lifespan (years) in species with an
(A) fast, (B) medium, and (C) slow pace of life (POL). Results for each type of species are shown
with (right panels) and without (left panels) variation in individual resources to illustrate its effects
on this life-history trade-off (see text for details). Filled larger circles represent the mean for each
lifespan, whilst empty circles show individual values. Mean values were calculated only when there
were more than 10 individuals alive at that lifespan
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Tables and figures

Table 1 Mean and variance (in parenthesis) for the allocation in reproduction and the life-history

traits of the different species. The estimates are based on 100 populations consisting of 300

individuals for each of the 7 species

Species POL Fecundity Fecundity Age 1st Lifespan Gene_ration

1st rep rate rep Time

1 0.2 0.96 0.56 2.85 5.33 4.09
(0.02) (0.95) (0.73) (10.89) (24.6) (14.27)

2 0.3 1.33 0.98 1.82 3.82 2.82
(0.02) (1.33) (1.16) (3.81) (14.91) (6.93)

3 0.41 1.78 1.52 1.34 2.76 2.05
(0.02) (2.04) (1.87) (1.01) (7.59) (2.87)

4 0.51 2.28 211 1.15 2.2 1.68
(0.02) (2.88) (2.69) (0.32) 4.1) (1.38)

5 0.6 3 2.9 1.06 1.76 1.41
(0.02) 4) (3.72) 0.1) (1.85) (0.58)

6 0.7 3.85 3.8 1.03 1.49 1.26
(0.02) (5.46) (5.19) (0.04) (1.08) (0.33)

7 0.8 4.73 4.7 1.01 131 1.16
(0.02) (6.75) (6.52) (0.02)  (0.65) (0.19)
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Table 2 The correlation between the different derived life-history traits and the simulated
proportional allocation to fecundity versus survival for 7 species with different POL. Species 1 is
the species with the slowest POL and species 7 is the species with the fastest POL. The estimates

are based on 100 populations consisting of 300 individuals for each of the 7 species. We present the

mean and the 95% confidence intervals in parenthesis

Fecundity Fecundity Generation
Species 1st rep. rate Age 1st rep Lifespan time PC scores
1 0.53 0.77 -0.49 -0.48 -0.53 -0.4
(0.4,0.64) (0.72,0.81) (-0.55,-0.44) (-0.55,-0.41) (-0.59,-0.48) (-0.74,0.71)
2 0.51 0.71 -0.44 -0.44 -0.49 -0.27
(0.42,0.6) (0.64,0.77) (-05,-0.37) (-0.52,-0.35)  (-0.55,-0.4) (-0.71, 0.66)
3 0.5 0.67 -0.39 -0.4 -0.44 0
(0.42,0.58) (0.6,0.73)  (-0.44,-0.31) (-0.49,-0.32) (-0.51,-0.35) (-0.66, 0.64)
4 0.51 0.62 -0.33 -0.36 -0.39 0
(0.44,0.58) (0.56,0.68) (-0.42,-0.24) (-0.45,-0.25) (-0.48,-0.29) (-0.65,0.62)
5 0.51 0.59 -0.27 -0.35 -0.37 -0.1
(0.44,0.57) (0.51,0.64) (-0.38,-0.17) (-0.45,-0.25) (-0.46,-0.28) (-0.64,0.61)
6 0.53 0.57 -0.24 -0.36 -0.37 -0.08
(0.45, 0.58) (0.51,0.63) (-0.35,-0.1) (-0.46,-0.25) (-0.48,-0.26) (-0.65,0.63)
7 0.52 0.55 -0.2 -0.39 -0.39 -0.21
(0.45, 0.59) (0.49,0.62)  (-0.33,-0.02) (-0.51,-0.26) (-0.53,-0.24) (-0.65, 0.64)
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