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The slow—fast continuum is a commonly used framework to describe
variation in life-history strategies across species. Individual life histories
have also been assumed to follow a similar pattern, especially in the pace-
of-life syndrome literature. However, whether a slow—fast continuum
commonly explains life-history variation among individuals within a
population remains unclear. Here, we formally tested for the presence of a
slow—fast continuum of life histories both within populations and across
species using detailed long-term individual-based demographic data for 17
bird and mammal species with markedly different life histories. We estimated
adult lifespan, age at first reproduction, annual breeding frequency, and
annual fecundity, and identified the main axes of life-history variation
using principal component analyses. Across species, we retrieved the slow—
fast continuum as the main axis of life-history variation. However, within
populations, the patterns of individual life-history variation did not

© 2023 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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align with a slow—fast continuum in any species. Thus,
a continuum ranking individuals from slow to fast
living is unlikely to shape individual differences in life
histories within populations. Rather, individual life-
history variation is likely idiosyncratic across species,
potentially because of processes such as stochasticity,
density dependence, and individual differences in
resource acquisition that affect species differently and
generate non-generalizable patterns across species.

Species display an astonishing diversity of life-history traits
[1], which are shaped by species differences in their body
size or mass, Bauplan and lifestyle [2]. Organisms face time
and energy allocation trade-offs because time and resources
are limited in nature. Across species, the trade-off between
survival and reproduction determines the pace of the life
cycle [3], the so-called slow—fast continuum [4]. Along this
slow—fast continuum, species rank from a combination of
late reproduction, low reproductive rates, and long lifespans
at the slow end to a combination of opposite characteristics at
the fast end [5]. The slow—fast continuum has been consist-
ently identified as the driving axis of life-history variation
across species in most taxa studied so far, including birds,
mammals, insects and plants [1,6-10].

Within a given species, individuals also show a high diver-
sity of life-history traits [11-14]. Two decades ago, the idea
that a slow—fast continuum of life-histories could also exist
among populations within a given species emerged from the
observation that tropical songbird populations had slower
life histories than temperate ones [15,16]. Different popula-
tions experience different environmental conditions, which
can affect the expression of life-history traits. A demonstration
of this comes from Reznick et al.’s [17] experimental study
showing a shift in population-level life histories after the intro-
duction of predators in nature. More recently, yellow-bellied
toad [18] and common lizard [19] populations affected by
increased anthropization and climate warming, respectively,
have been observed accelerating their life cycles through com-
pensatory investment in reproduction. At the population level,
identifying patterns of life-history variation has generated
much research, but what structures such variation remains
unclear. A common finding is that life-history trade-offs are
not always detected [20]. Individual differences in resource
acquisition can generate positive correlations between life-
history traits, hence masking life-history trade-offs. Whether
the slow—fast continuum, defined by a series of trade-offs
between life-history traits in time units [5], structures individ-
ual variation as it does across species is therefore even
less clear. The existence of a slow—fast continuum of life his-
tories among individuals has nevertheless been repeatedly
assumed in behavioural ecology in regard to the concept of
pace-of-life syndrome (POLS) [21,22]. Specifically, the POLS
hypothesis posits that a series of behavioural and physiological
axes of variation correlates with the individual slow—fast
continuum [21]. A formal test of whether the slow—fast
continuum drives individual life-history variation within
populations is thus needed to move forward in our under-
standing of how individual heterogeneity in life history is
structured within populations.

Here, we empirically assessed whether a slow—fast
continuum  structures individual life-history variation. Our
approach is based on the assessment of a slow—fast continuum
both across species and among individuals within populations,
using the same set of species and focal life-history traits. We
relied on 17 of the world’s most detailed, long-term and indi-
vidual-based population monitoring of bird and mammal
species (figure 1) with contrasting life-history strategies (elec-
tronic supplementary material table S1). First, using principal
component analyses (PCA [23]) and correcting for phyloge-
netic relatedness, we identified the structuring axes of
variation among four life-history traits calculated across indi-
viduals for each species. We used age at first reproduction,
adult lifespan, breeding frequency and fecundity, which are
life-history traits commonly used to describe the slow—fast con-
tinuum of life histories in vertebrates [1,5,9,24,25]. We deemed
a slow—fast continuum as present if the first component of the
PCA was selected and if both traits with a time duration dimen-
sion (i.e. age at first reproduction and adult lifespan) covaried
negatively with traits with a time frequency dimension (i.e.
breeding frequency and fecundity). To determine whether
the first component (PC1) of the PCA was selected, we fol-
lowed the broken-stick model [26], which sets the threshold
above which a component explains more variation than what
would be expected by chance alone. Then, we tested whether
life-history variation across species and among individuals
within populations aligned [27] by comparing variation in
life-history traits at both levels of biological organization for
all species simultaneously. Finally, we used the same pro-
cedure for each species separately to assess whether the
slow—fast continuum consistently structured life-history vari-
ation within populations.

We analysed individual life-history data from 10 bird and seven
mammal species. The 17 species represent a large diversity of
life-history strategies and large sample sizes of individuals
with complete records of life histories were available for each
species. See electronic supplementary materials table S1 for the
list of species and figure 1 for the geographical location of the
study populations.

To compute life-history traits, we conducted a strict filtering of
the data. See electronic supplementary materials, S1-52 for
more details on data treatment and permits to carry out research
on each species. The slow-fast continuum is a timescale based on
the concept of biological time (sensu [28]) and, as pointed out by
Gaillard et al. [5], it should only include traits that either have a
dimension of time duration (e.g. years) or time frequency (e.g.
number/year). When evaluating relationships among life-history
traits and assessing the slow—fast continuum of life-history strat-
egies, respecting dimensionality is key to obtain isometric
relationships among traits [5]. Further, because our goal was to
assess whether the slow—fast continuum structuring life-history
variation among species can be transposed to life-history vari-
ation among individuals within a population, we used four
life-history traits that had a similar meaning and that could be
calculated similarly across levels of biological organization, as
outlined in Araya-Ajoy et al. [29]. For each individual of each
species, we thus calculated (i) age at first reproduction (years),
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Figure 1. Geographical location of the study populations for the 17 species included in the analyses. Our study includes 10 bird species: white-throated dipper
(Cinclus cinclus), house sparrow (Passer domesticus), great tit (Parus major), blue tit (Cyanistes caeruleus), Eurasian oystercatcher (Haematopus ostralegus), wandering
albatross (Diomedea exulans), black-browed albatross (Thalassarche melanaphris), snow petrel (Pagodroma nivea), southern fulmar (Fulmarus glacialoides) and red-
billed gull (Larus novaehollandiae) and seven mammal species: bighorn sheep (Ovis canadensis), mountain goat (Oreamnos americanus), golden-mantled ground
squirrel (Callospermophilus lateralis), yellow-bellied marmot (Marmota flaviventer), human (Homo sapiens), and Weddell seal (Leptonychotes weddellii).

(ii) adult lifespan (years), (iii) fecundity (i.e. number of indepen-
dent offspring produced per year), and (iv) breeding frequency
(number of breeding events per year). We also computed individ-
ual generation time. Generation time has often been used to
characterize the slow—fast continuum (e.g. [1]). However, gener-
ation time implies in its construction other life-history traits [30].
To avoid generating artificial correlations in our analyses, we did
not use generation time in the PCA, but used it as a covariate in a
subsequent, independent, analysis (see section Analyses). More
details on trait calculation can be found in electronic supplemen-
tary materials, S1. See electronic supplementary materials table S1
for means and ranges of life-history traits and generation times.

(c) Analyses
(i) Retrieving the slow—fast continuum of life histories across
species

PCA [23] is the standard tool to identify the structuring factors driv-
ing life-history variation across species and to detect the slow—fast
continuum [1,4-6,9, 10,25,31,32]. Thus, as a first step, to assess
whether our selection of life-history traits could allow for the detec-
tion of the slow—fast continuum, we conducted a PCA accounting
for the non-independence among species due to phylogenetic relat-
edness (pPCA) [33] using the “phyl.pca’ function in the ‘phytools’
[33] R package. See electronic supplementary materials, S4 for
phylogenetic trees construction. For each of the 100 trees generated,
we conducted one pPCA and summarized results across trees.
We also conducted one pPCA using an average tree, which we

computed using the quadratic path difference criterion in the ‘aver-
ageTree’ function from the ‘phytools’ R package. We calculated the
proportion of variation explained by each principal component. For
each life-history trait, we calculated its relative importance for each
principal component by dividing its absolute loading on each prin-
cipal component by the sum of its absolute loadings across
principal components. Loadings were extracted from the summary
output of the “phyl.pca’ from the ‘phytools’ R package. Because the
slow—fast continuum should represent the main axis structuring
individual variation in life-history traits, we present results for
the first principal component, PC1, in the main text while results
from all other principal components are available in electronic
supplementary material, table S6.

Life-history traits at the species level were calculated by taking
the mean of individual life-history traits for each species. Individual
traits were not all normally distributed for all species, and we
checked the robustness of our results to the deviation from normal-
ity by conducting a PCA among species using median values and
the first and third quartiles of the data distribution in electronic
supplementary material, S6. All mean life-history variables were
log-transformed to correct for allometric relationships between
variables across species and then standardized (mean = 0, standard
deviation = 1) prior to analyses. We used the broken-stick model
[26] to determine the number of structuring axes in the PCAs and
whether the first principal component was retained. See electronic
supplementary materials, S3 for more information on the broken-
stick model. According to this model, the first principal component
was retained if it explained more than 52% of variation. In the con-
text of our study, we deemed a slow—fast continuum as present if
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four conditions were met: (i) the first component of the PCA was
selected according to the broken-stick model, (i) traits with a
time duration dimension (i.e. age at first reproduction and adult
lifespan) covaried positively, (iii) traits with a time frequency
dimension (i.e. breeding frequency and fecundity) covaried posi-
tively, and (iv) traits with a time dimension and traits with a time
frequency dimension covaried negatively.

Because generation time is a reliable measure of a species’
position along the slow—fast continuum [34], we complemented
this analysis by testing whether, and to which extent, species’
positions along the main axis of variation in the PCA was corre-
lated with their (log-transformed) generation times using a
linear regression.

(ii) Detecting the slow—fast continuum among individuals within

populations

In a second step, we included individuals” life-history traits onto
the pPCA performed at the interspecific level to compare patterns
of life-history variation at both levels simultaneously. Individuals’
data consisted of repeated measures of the same species and there-
fore could not be directly analysed using a pPCA. Instead, we
projected individuals” data directly onto the pPCA conducted
across species with the average phylogenetic tree. To do so, indi-
viduals’ data for each of the four life-history traits were log-
transformed and standardized (mean =0, standard deviation=
1). Then, for each species, individuals’ data were rotated according
to the species eigenvectors from the pPCA using the ‘scores’ func-
tion in the “phytools’ R package. Individuals’ rotated scores were
then added to the biplot of the pPCA and we computed 95%
data ellipses for each species using the ‘dataEllipse’ function
from the ‘car’ [35] R package. For each species, we calculated the
variance in rotated individual scores along each principal com-
ponent and across all principal components. To test whether
individual life-histories aligned with the slow—fast continuum
across species, we compared for each species the proportion of
the total variance in rotated individual scores on pPC1 with the
proportion of variance explained by the pPC1 at the interspecific
level. A lower proportion would indicate a failure to align with
the slow-fast continuum across species.

(iii) Species-specific axes of variation in individual life histories
We conducted a separate PCA on individual data within each
population and followed the same methodology as described
in the section Retrieving the slow—fast continuum of life histories
across species, but this time considering only individual life-
history traits. We performed the species-specific PCAs using
the ‘vegan’ [36] R package. As for the interspecific level, all
individual life-history traits were log-transformed and then
scaled (mean =0, standard deviation =1) prior to analysis. Note
that some individuals may have bred in their lifetime, but with-
out success. This led to a null fecundity for these individuals
because fecundity only considers the production of independent
offspring. To avoid generating infinitesimal values resulting from
the log-transformation, we increased all individual fecundity
rates by one prior to log-transformation and standardization.
For consistency purposes, we also increased fecundity rates by
one in the among species analysis above. For each species-
specific PCA, we extracted the proportion of variation explained
by PC1 and tested whether it was related to a species’ (log-trans-
formed) generation time using linear models. As for the pPCA
across species, we then used the broken-stick model (electronic
supplementary material, figure S1) to determine the number of
structuring axes of variation in each species. We deemed the
slow—fast continuum of life-history strategies present if the first
component was retained and was characterized by an opposition
of time duration-related traits and time frequency-related traits.
For each species, we conducted a linear regression to assess

whether, and to which extent, individual scores on PC1 were n

correlated with individual (log-transformed) generation times.

3. Results

(a) Retrieving the slow—fast continuum of life histories
across species

According to the broken-stick model (electronic supple-
mentary material, figure S1), the first principal component of
the PCA correcting for phylogenetic relatedness among species
(pPC1) was retained as the main structuring axis of variation in
life histories across species. The pPC1 accounted for 76-84%
(range across 100 phylogenetic trees; table 1) of the overall vari-
ation. Using an average phylogenetic tree, pPC1 accounted for
77% of variation. No other principal component was retained
as a secondary structuring axis (electronic supplementary
material, table S6). As expected, pPC1 fully aligned with the
slow—fast continuum by opposing traits expressed in time
units to traits expressed in time frequencies (figure 2a). The
contributions of all traits to pPC1 were high and close to
equi-correlation (table 1; electronic supplementary material,
table S6), which indicates that all traits were equally important
in defining the slow—fast continuum. Not surprisingly, a
species’ position on pPC1 (i.e. on the slow—fast continuum)
was closely linked with its generation time (R?=0.78; elec-
tronic supplementary material, table S8), which supports
the hypothesis that generation time reliably predicts species’
position along the slow—fast continuum [34]. When using a
simple PCA without accounting for phylogenetic relatedness,
the same pattern held among species, with even stronger sup-
port for the slow—fast continuum (electronic supplementary
material, tables S3-S5 and figure S2).

(b) Detecting a slow—fast continuum of life histories
among individuals within populations

To test the expectation that life-history variation across
species and among individuals within populations should
align, we added individual data to the pPCA across species
using an average phylogenetic tree. We found that individual
life-history variation within species did not align with the
slow—fast continuum; the 95% data ellipses containing indi-
vidual data for each species was not distributed along the
slow—fast continuum across species, i.e. pPC1 (figure 2b).
Moreover, for all species the percentage of the total variance
in individual data on pPC1 was well below the 77% found
across species (range: 12-62%, electronic supplementary
material, table S9). This suggests that overall life-history
variation among individuals does not align with the
slow—fast continuum across species, and that a different and
independent pattern might explain life-history traits covariation
between individuals within populations.

Individual life-history variation seemed to be structured dif-
ferently depending on the species’ position on the slow-fast
continuum (figure 2b). In slow species (i.e. human, wandering
albatross, southern fulmar, Weddell seal, snow petrel, mountain
goat and black-browed albatross), individuals were more largely
spread along PC1, compared to species with an intermediate (i.e.
yellow-bellied marmot, bighorn sheep, Eurasian oystercatcher
and roe deer) or fast (ie. great tit, blue tit, white-throated
dipper, golden-mantled ground squirrel and house sparrow)
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Table 1. Principal component analyses (PCA) across species and among individuals within populations. The proportion of variation explained, the relative
importance of each life-history trait and their loadings on PC1 are shown. The relative importance for PC1 (or pPC1) for each trait was calculated as the absolute
value of the loading of PC1 (or pPC1) divided by the total loading across principal components. Because of the random direction of axis rotation in a PCA and
for ease of comparison between species, the orientation (sign) of the loadings of life-history traits were reversed to keep ‘adult lifespan’ on the negative side of
PC1 (or pPCT), when necessary. In golden-mantled ground squirrel and blue tit, breeding frequency did not vary among individuals. Similarly, in the great tit,
both breeding frequency and age at first reproduction showed no individual variation. For those three species, their respective PCAs were reduced to either two
or three dimensions.

proportion of variance age at first adult

reproduction

breeding

explained by PC1

lifespan frequency fecundity

across species
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average phyvlo;qénétvi‘cv o relative importance 0% 064 0% 05
tree pPC1
loading ppC1 088  —095 085 08
 range acoss 100 076-084  relative importance  055-064  062-077  056-060  047-059
phylogenetic trees pPC1
loading pPC1 —094to —0.88  —0.97 to 0.94 0.84-0.96 0.81-0.92
among individuals
bighorn sheep % 0.35 relative importance 0.41 0.28 0.15 0.34
PC1
loading PC1 1.90 -133 —0.71 —1.64
black-browed 040 relative importance 0.13 057 045 017
albatross PC1
Loading PC1 055 -231 m R
blue tit' G- 039 relative importance 0,01 N 000 047
PC1
loading PCT 005 -8 00 -7
dipper ’ ‘ 0.34 relative imporfante ‘ 0.20 ‘ 0.43 0.23 036
PC1
loading PC1 —1.44 —3.20 1.84 -292
golden-mantled ground 0.45 relative importance 0.09 0.51 0.00 0.56
squirrel’ ‘ PC1
loading PC1 —0.26 —-1.712 0.00 -1.77
great tit’ r 0.57 relative importance 0.00 NA 0.00 NA
PC1
loading PCT 00 33w 33
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PC1
loading PC1 011 191 130 -137
human‘ﬂ\‘ ‘ 0.43 relative imporfante ‘ 0.10 ‘ 0.63 0.61 003
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mountain goat Q 0.37 relative importance 0.07 033 0.52 0.30
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loading PC1 0.24 —1.44 1.88 1.28
Eurasian 0.29 relative importance 0.09 0.39 0.46 0.12
oystercatcher 4‘ PQ1
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 red-billed gull <@ 039 relative importance o 004 050 049
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(Continued.)
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Table 1. (Continued.)

proportion of variance age at first adult breeding
explained by PC1 reproduction lifespan frequency fecundity
roe deer 'h 0.40 relative importance 0.48 0.26 0.55 0.02
PC1
IoadmgPC1 T e
. 'sho'w'p‘et‘rel X ....... o e i.m‘p.o e ew e om
PC1
ladingPCl 0% 1% 14 012
southern fulmar + 047 ’ relative importance 0.29 o4 051 0.30
PC1
loading PC1 -132 —2.00 2.20 0.09
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PC1
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Weddell seal® ‘. B 0,60 ” - relative im'por'tan'ce ' 012 Y Y 076
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marmot Y. PC1
loading P —160  -235 190 ~15

'Breeding frequency did not vary across individuals in golden-mantled ground squirrel and blue tit, leading to only three potential components instead of four.
“Breeding frequency and age at first reproduction did not vary across individuals in great tit, leading to only two potential components instead of four.
3Breeding frequency and fecundity are confounded in the Weddell seal, which artificially inflates the proportion of variation accounted for by PC1.
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Figure 2. The slow—fast continuum of life histories across species. (a) Pattern of covariation among life-history traits across 17 bird and mammal species revealed by
a phylogenetically informed PCA (pPCA) using species-specific trait values. The pPCA was calculated using an average phylogenetic tree for birds and mammals over
100 trees. (b) Projection of individual scores (i.e. rotated individual data according to species’ means) on the pPCA performed on species’ mean life-history traits.
Different colours for points and 95% data ellipses correspond to different species. Length of eigenvectors was increased by a factor of (a) 2 and (b) 5.5 for ease of
visualization.

LLS0SZ0T 06T § 20S Y 20id  qdsi/jeunol/bio-buiysijgndfianosiesol H



Downloaded from https://royal societypublishing.org/ on 05 July 2023

1.0 —

\
! across species !
: I all species 1
I
! within populations !
| B southern fulmar Il mountain goat !
08 ! bighorn sheep red-billed gull '
' across : Il black-browed albatross roe deer 1
3 ' Il dipper M snow petrel :
-5 : Eurasian oystercatcher wandering albatross :
T;L 1 Il house sparrow Il yellow-bellied marmot :
it ! ® human H
= ' ’
2 0.6 R e e e e ”
k=
=
<
>
G
c
=
2
5
g, 0.4
2
o
g
= within
) ]
]
02 1 across
within
]
across
0 -

PC1

PC2

PC3 PC4

Figure 3. Relative importance of principal components, PC, across species and among individuals within populations. The height of bars labelled ‘across” correspond
to the proportion of variation explained by each PC of the pPCA across species (table 1). The height of the bars labelled ‘within" was calculated for each PC by
summing the proportion of variation explained by this PC for all species and dividing by the total number of species. Each colour-coded rectangle in the ‘within’ bars
represents the importance of that axis for a given species, standardized by the total importance of that axis across species (i.e. the height of the bar). Within
populations, we present only the 13 species for which four distinct components could be extracted. The great ftit, the blue tit and the golden-mantled
ground squirrel were excluded because their specific PCAs were based on less than four PCs due to the absence of variation in one or two life-history traits.
The Weddell seal was also excluded because two life-history traits (breeding frequency and fecundity) were confounded in this species.

life cycle speed. Because adult lifespan characterizes the most
PC1 (table 1), this suggests that survivorship patterns strongly
structure individual life-history variation in slow species. In
fast species, individual life histories seemed more spread along
other PCs, such as PC2 (figure 2b; electronic supplementary
material, table S9), which are more characterized by reproduc-
tive traits (electronic supplementary material, table S5).
Reproductive traits may play a greater role in shaping
individual variation in life history in fast species.

(c) Species-specific axes of variation in individual life
histories

Focusing on individual variation in life histories within
populations for each species independently, we tested for the pres-
ence of a slow—fast continuum in each species using species-
specific PCAs (figure 3). In the great tit, there was no variation
in age at first reproduction and breeding frequency among indi-
viduals. In the blue tit and the golden-mantled ground squirrel,
there was also no variation in breeding frequency. For these
species, the slow—fast continuum cannot be detected, hence
comparison with other species was not possible. Also, breeding
frequency and fecundity in the Weddell seal were confounded
because of the absence of information on weaning success
(electronic supplementary material, S1), which also hindered
comparison with other species. Results for these four species are
presented for consistency but should be interpreted with caution.

For the 13 remaining species, the proportion of variance
explained by the main axis, PC1, was consistently much
lower than that retrieved across species (figure 3). Indeed,
PC1 accounted for between 29% of life-history variation
among individuals in the Eurasian oystercatcher and 52% in
wandering albatross (table 1). Interestingly, there was a positive
relationship between a species’ generation time and the pro-
portion of individual variation explained by PC1 (8=0.036,
s.e.=0.016, p=0.048). However, following the broken-stick
model (electronic supplementary material, figure S1), the
only species that was close to showing a dominantly struc-
turing axis of variation was the wandering albatross (52% of
variation explained by PC1). For this species, the pattern
of covariation between life-history traits appeared qualitatively
in line with the slow—fast continuum (figure 4). However,
contrary to the equal contribution of all time and time
frequency traits expected from a slow—fast continuum, age
at first reproduction had a rather independent role in explain-
ing individual variation in this species. Indeed, age at first
reproduction contributed much less to PC1 than other
life-history traits (table 1) and mostly contributed to PC2
(electronic supplementary material, table S6).

For all other species, the proportion of life-history variation
explained by PC1 was (often far) below the 52% threshold
necessary for it to be interpreted as a structuring axis based
on the broken-stick model (table 1). Individual variation
could thus not be distinguished from a random process and
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Figure 4. Species’ positions on the slow—fast continuum of life histories across species and the species-specific individual patterns of covariation in life-history traits.
Individual values (grey dots) and scores of life-history traits on the first and second axes of variation (arrows) extracted from individual-level principal component
analyses (PCA) are shown for each species. Species’ positions on the slow—fast continuum correspond to the species’ scores on the first axis of a phylogenetic PCA at
the species level using the species’ mean value for each life-history trait. For ease of interpretation and comparison among species, the orientation (sign) of the
scores of individual and life-history traits were reversed to show the green arrow (adult lifespan) pointing towards the left-hand side of the plots, when necessary.

therefore did not seem to be structured by any of the life-history
traits considered. When looking at species-specific PCAs
(figure 4), we nevertheless noted that across species, adult life-
span and breeding frequency covaried negatively, which might
suggest a trade-off between those two life-history traits. Indeed,
the covariance between adult lifespan and breeding frequency
was negative and strong (less than or equal to —0.5) in six
species (electronic supplementary material, table S10). Overall,
age at first reproduction was the life-history trait that covaried
the least with other life-history traits, suggesting that individual
variation in this trait is independent from the other traits we
analysed. Although species-specific PC1s could not be inter-
preted as structuring axes of individual life-history variation,
we assessed the relationship between PC1 scores and individ-
ual-level generation time in each species to provide a direct
comparison with the pattern of life-history variation retrieved
across species. The strength of species-specific relationships
was much weaker (average R*=0.32, with R? values ranging
from 0.003 in southern fulmar to 0.69 in yellow-bellied
marmot) than that observed across species (0.78 and 0.92 with
and without phylogeny included, electronic supplementary
material, table S8). Detailed PCAs and correlation plots for
each species can be found in electronic supplementary material,

figures S3-56. Our analyses thus provide clear evidence that the
slow—fast continuum is not a structuring axis of life-history
variation among individuals within a population.

4. Discussion

Based on high-quality and long-term demographic data from a
substantial number of bird and mammal species with contrast-
ing life-history strategies, we assessed whether the slow—fast
continuum of life histories is the main factor structuring indi-
vidual life-history variation within a given population. Using
key demographic traits that shape the speed of a life cycle,
namely age at first reproduction, adult lifespan, fecundity
and breeding frequency, we successfully retrieved the expected
slow—fast continuum across species. The percentage of
variance in life-history traits explained by the slow—fast conti-
nuum we provided is in line with previous studies (70-80%
in vertebrates [5,10,24]). Moreover, as expected from previous
work, all time and time frequency traits equally contributed
to the slow—fast continuum and species-specific scores on the
slow—fast continuum were closely associated with species’ gen-
eration times. However, individual variation in those same
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life-history traits within a given population did not align with
the slow—fast continuum. The wandering albatross was the
only species for which PC1 almost supported expectations
from the slow-fast continuum. The apparent breeding fre-
quency—adult lifespan trade-off in the wandering albatross
could be explained by their extreme long life and their quasi-
biennial breeding tactic. Indeed, most successful breeders,
but not failed breeders, skip breeding the following year to
replenish body reserves [37], which may exacerbate the trade-
off between breeding and survival processes and increase
individual variation. Nevertheless, for all species including
the wandering albatross, the broken-stick model indicated
that no structure could be statistically identified beyond a
random variation. As a result, our study showed that individ-
ual life histories within a population are not structured by a
slow—fast continuum.

Our approach was based on comparing life-history
variation across species and among individuals within popu-
lations using the same set of species, life-history traits and
methodological tools. The approach we used has been pre-
viously suggested [27,29], but not yet applied, potentially
because of the challenges of monitoring a large number of
individuals over their entire lifetime within a population in
the wild. In our collaborative effort, we could access the
required individual life-history records for 17 bird and
mammal species. With this set of species, we first confirmed
the existence of the slow—fast continuum as the major structur-
ing axis of life-history variation across species before moving
on to the individual level. Based on the same data, our
approach would have allowed for the detection of the slow—
fast continuum of life histories among individuals within a
population, if present in any of the species considered. Many
studies have previously acknowledged that the challenges
associated with the detection of a slow—fast continuum
within populations are great and numerous [24,29]. Below
we discuss the generalization of a slow—fast continuum of life
histories across levels of biological organization, the various
factors that can mask its expression within a population and
the implications of our findings for the POLS hypothesis.

We relied on individual data to reconstruct the slow—fast
continuum across species. By taking the average of individual
life-history traits for each species, we assumed the data to be
normally distributed, but this assumption was not always
met (electronic supplementary material, S9; figures S7 and
S8). We confirmed the robustness of our results by repeating
the analysis using the median as well as the first and third
quartiles of the data distribution (electronic supplementary
material, figure S9). We nevertheless acknowledge that
there may be uncertainties in the individual data due to,
e.g. imperfect detection, variation in recapture rates and
selective disappearance, and that the importance of such
uncertainties is likely to differ among species.

A great challenge in transposing the slow—fast continuum
from the across-species to the among-individual levels is
that the overall variation in all life-history traits is much
larger across species than among individuals. Indeed, the coef-
ficient of variation in the four life-history traits we analysed
was consistently larger across species compared to among indi-
viduals within populations, especially for adult lifespan,
fecundity and age at first reproduction (electronic supplemen-
tary material, table S11). As hypothesized by Stearns in 1983
[4], as we descend along the taxonomic scale, the partitioning
of the variation should change between taxa. The covariation

between life-history traits would persist, but among fewer
and fewer traits as some traits become fixed. Based on the set
of species we analysed, our results also support this claim
because we found an absence of individual variation in one
or two life-history traits in three species (great tit, blue tit,
and golden-mantled ground squirrel). Because the potential
for variation in each life-history trait likely depends on the
species, not all life-history traits may be equally relevant for
the detection of individual patterns of variation across species.

Generalizing the concept of a slow—fast continuum of life
histories across levels of biological organization (i.e. species,
populations, and individuals) may be challenging, poten-
tially because evolutionary and environmental constraints
(e.g. body size, habitat quality) differ at each level and
among species [15]. Our analyses revealed that the main
axis of life-history variation among individuals within popu-
lations might differ depending on the species’ position on the
slow—fast continuum. The magnitude of individual variation
within a population is likely not equal for all life-history traits
and should differ between slow and fast species. For example,
in slow species such as humans (with a generation time of ca
30 years), the potential to observe differences in lifespan
between individuals is greater than in fast species such as
white-throated dipper (with a generation time of less than 2
years). When focusing on the effect of individual hetero-
geneity alone, however, the opposite pattern is found: the
variance is lower in lifespan for slow compared with fast
species [38,39]. Therefore, finding a pattern of life-history
variation that would fit all species is unlikely. General
patterns may be easier to detect across species of similar gen-
eration times and their detection may require redefining, for a
restricted range of generation times, the life-history traits that
would capture the most individual variation.

There is still a possibility that a slow—fast continuum of life--
histories exists among individuals within a population but is
difficult to detect. Indeed, despite studies showing genetic corre-
lations between life-history traits [40,41], a plethora of factors
influence the phenotypic expression of genotypes in natural
populations [15], which may prevent the detection of a slow—
fast continuum. The slow—fast continuum consistently retrieved
across species is generally interpreted as being brought about by
species-specific differences in resource allocation to biological
functions [42]. Evolutionary constraints in body plan, size,
lifestyle and habitat requirements are much weaker among indi-
viduals within a population than across species. As a result,
individuals within a population only differ slightly in energy
allocation patterns but differ strongly in resource acquisition.
Since van Noordwijk & de Jong’'s pioneering work [20], we
know that higher variance in acquisition than allocation gener-
ates positive covariation among performance traits (see e.g.
[13,43-45] in some of the species included in our analyses).
These individual differences in resource acquisition explain
why theoretical predictions seldom match empirical evidence
in the POLS literature [29,46]. This widespread situation indica-
tes that individual heterogeneity in resource acquisition
confounds trait variation within a population. In addition, den-
sity dependence, which often occurs in vertebrate populations
monitored for a long period, can modulate selective pressures
on the speed of life at the population level [11,47], leading
individuals to be faster at lower than higher population
densities. Individual differences in resource acquisition and
density-dependence are two processes illustrating the impor-
tance of considering the ecological and demographic context
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under which a population occurs when attempting to retrieve
life-history trade-offs and the slow—fast continuum [27,48].

Two other important factors that might explain why there is
no cross-level consistency, despite marked individual variation
in the considered traits, are individual stochasticity and pheno-
typic plasticity. First, individual stochasticity corresponds to
differences in life courses that are generated by the occurrence
of random events in the life cycle of an individual (e.g. surviv-
ing or not, reproducing or not, etc.), and is thus the result
of chance alone [49]. For instance, an individual allocating a
lot of resources to reproduction may still live longer than an
individual prioritizing allocation to maintenance because
mortality may be due to random events whose occurrence
is independent from the individual allocation strategies.
Individual stochasticity is known to increase among-individual
variation in life-history traits and to weaken correlation among
traits [29]. Thus, stochasticity is likely an important source
of variation in life-history traits generating unstructured indi-
vidual variation in populations in the wild. Second, at the
individual level, plasticity in the expression of genotypes
may allow individuals to adjust their phenotypes according
to environmental conditions. However, there is no reason to
expect plastic responses to necessarily match evolutionary
responses at the levels of populations or species and mis-
matches are likely to occur [24]. A careful examination of
what shapes life-history variation at each level separately,
from individuals to populations to species is thus needed.

Whether the lack of structure in individual life-history
traits we found here corresponds to random individual vari-
ation or is the result of the coexistence of different processes
or types of trait covariation cannot be teased apart in our ana-
lyses. Using a different analysis, Jenouvrier et al. [14] found
that in addition to individual stochasticity, complex life-
history patterns could be detected in the southern fulmar.
Indeed, individuals were found to exhibit patterns of trait
covariation in line with both the slow—fast continuum and a
continuum of individual performance [50]. Specifically, a
first group of individuals had late, but successful, recruitment
and extended reproductive lifespan, a second group were less
likely to recruit, had higher adult survival, and skipped
breeding often, and a third group recruited early, attempted
to breed often, and had a short lifespan. Individuals in
the first and third groups performed better than individuals
in the second group as they produced, on average, more
offspring over their lifetime. The interplay between these
two structuring axes of variation (slow—fast continuum and
performance continuum; sensu Nussey ef al. [51]) may inter-
fere and prevent the detection of a unique main structuring
axis of variation within populations.

The POLS hypothesis was first formulated to suggest cov-
ariations between physiological and life-history trade-offs
among species and populations [15], and several studies
have repeatedly supported its predictions (e.g. [16,52,53]).
The POLS was later extended to incorporate expected covar-
iations between behavioural and life-history traits, relying on
the assumption that slow and fast phenotypes co-occur in a
single population, opening a new branch of research on
life-history variation within populations. However, this inte-
grated POLS has so far received only limited empirical
support [54], especially for vertebrates [55]. Indeed, out of
141 studies on vertebrates, support of the POLS was mixed
[55]. This may be because the basic assumption of the
POLS, i.e. the existence of a slow—fast continuum, does not

hold. Considering that an individual slow—fast continuum
should arise from a series of individual life-history trade-
offs and that the latter have been proven difficult to detect
in many taxonomic groups [48], this is not totally surprising.
In our study, we go beyond single life-history trade-offs and
specifically tested for the underlying assumption of the
POLS, ie. the existence of a slow—fast continuum. We
showed little to no evidence of an individual slow—fast conti-
nuum within 17 populations of 17 different bird and
mammal species. Our results show decisive evidence that
the slow—fast continuum may not be the most appropriate
framework on which to graft individual behavioural and
physiological suites of traits, as the POLS hypothesis orig-
inally formulated [21]. It may remain possible to detect a
generalizable slow—fast continuum among individuals in
the wild in other taxonomic groups or once confounding fac-
tors such as demographic stochasticity, density dependence
and individual resource acquisition will have been adequately
accounted for. However, this task is far from easy because the
relative importance of these confounding factors will vary
across species and contexts [29].

In conclusion, our study revealed that the slow—fast conti-
nuum does not structure variation in individual life histories
within bird and mammal populations as it does across species.
Different species have different life cycles [1], but those differ-
ences may get blurred as we descend the taxonomic scale. For
example, evidence of populations from the same species living
in very contrasted environmental conditions showing both
similar to as well as dissimilar life cycle speeds can be found
[56,57]. Within populations, the variation among individuals
appears much more diversified, involving multiple causes.
Individual differences in resource acquisition and demo-
graphic stochasticity are likely to be dominant causes, but
other biological processes may also come into play. In spite
of this, individual heterogeneity in life histories is often
detected and its impact on demography can be large (e.g.
[14]). What governs individual differences in life-history
traits is likely idiosyncratic across species, with the conse-
quence that identifying a ‘one size fits all’ pattern of variation
is unlikely. Quantifying and comparing the relative roles of
chance and resource acquisition across species would help
move forward in our understanding of what shapes individual
variation in life histories within populations in the wild.
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