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Abstrac

O

Individual en Interact more closely with some members of the population (e.g. offspring,

sibling embers) than they do with other individuals. This structuring of

[

interac ad to multilevel natural selection, where traits expressed at the group-level
influencemlongside individual-level traits. Such multilevel selection can alter

evolution jectories, yet is rarely quantified in the wild, especially for species that do not

interact in clg demarcated groups. We quantified multilevel natural selection on two traits,

postna ‘@ th rate and birth date, in a population of North American red squirrels
(Tamiasciurus fitlsonicus). The strongest level of selection was typically within-acoustic
social neighbourhoods (within 130m of the nest), where growing faster and being born

earlier than nearby litters was key, while selection on growth rate was also apparent both
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within-litters and within-study areas. Higher population densities increased the strength of
selection for earlier breeding, but did not influence selection on growth rates. Females
experienced espgrcially strong selection on growth rate at the within-litter level, possibly
linked to theddiased bequeathal of the maternal territory to daughters. Our results
demonstrortance of considering multilevel and sex-specific selection in wild

species, mcludlng those that are territorial and sexually monomorphic.

e
Introdu@

Phenotypi€’s on measures the association between individuals’ traits and some aspect
of their fitness. Measures of the strength and mode of selection provide insights into the
function om traits (Arnold 1983) and allow for predictions of how these traits might
evolve ac sequent generations (Robertson 1966; Price 1970; Lande 1979; Falconer
1981; La rnold 1983). More broadly, the thousands of estimates of selection in the
wild provi al lessons about the way selection often works in nature (Endler 1986;
Kingsolve 001; Smith and Blumstein 2008; Cox and Calsbeek 2009; Siepielski et al.
2009, 201m

f these estimates consider selection as acting directly on an individual’s
absolute trai or value relative to the population mean. However, individuals often
interac ly with those in their immediate environment; for instance bird nestlings
compete with their siblings for access to food brought by the parents (Werschkul and
Jackson 1%79; Royle et al. 1999). When ecological conditions cause individuals to interact

more closely with some conspecifics than others, multilevel associations between traits and

fitness ca
the individuat

1992). Sug mu!h!evel selection has been shown to be equivalent to kin-selection and
“neigh ted selection”, where individuals influence each other’s fitness (Grafen
1984; MZ Bijma et al. 2007; Bijma and Wade 2008; but see: van Veelen et al.

2012), an may not correlate with selection at the level of the individual (Goodnight

nder these conditions, fitness is influenced not only by the trait value of

Ut also the trait values of litters, broods or social groups (Goodnight et al.

et al. 199 stance, it might be beneficial for a chick to beg more loudly than its nest-

ore food from the parents, but louder nests may suffer higher predation
utionary consequences of multilevel selection are potentially striking; higher-
level selection in“the same direction as individual-level selection can increase the rate of the
evolutionary response, but higher-level selection in the opposite direction can retard,

remove, or even reverse evolutionary response to selection (Bijma and Wade 2008).
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Standard measures of selection represent how trait variation across individuals
relates to among-individual variation in relative fitness. These can be measured as fitness-
trait covari' nces'selection differential; Lush 1937; Falconer 1981) and partial regression

coefficients sglection gradient; Lande 1979; Lande and Arnold 1983). For example, a
selection ¢ @ is given by:

H I
L: w; = constant + B, pP;+ e; (1)

Where MWUaI /s relative fitness, 7 is /s phenotype, By, p is the partial regression
coefficien w;, and e;is a residual term. We use the notation from Bijma and Wade
(2008) for iglency with later sections. The Din g, p, indicates the effect is direct in that
it is the p of individual i influencing its own relative fitness. A single regression
coefficien is calculated across the whole population under investigation. This implies
that the c t of an individual’s trait that is relevant to its relative fitness is its deviation
from the mean.

, in the context of multilevel selection, an individual’s trait can be modelled
as both a ign from its own group mean, and the deviation of the group mean
phenot om the global mean phenotype (also called "contextual analysis"; Heisler and

Damuth 1987; Goodnight et al. 1992; Goodnight and Stevens 1997). An alternative is the
“neighbougrmodulated” or “social selection” approach, where individual phenotype values,
and the rrheir neighbours (i.e. the mean of the group excluding the focal individual)
are used t fitness (Wolf et al. 1999; McGlothlin et al. 2010). Both Queller (1992) and
Bijma and V (2008) have shown these approaches are equivalent; we use the former for
consisten ecent work on this topic by Bouwhuis et al. (2015).

g-individual and among-group variation may be important in determining
fitness.He, selection is modelled with two terms: /s group mean (including i), Py;,
and that im’s deviation from the group mean 427 (Bijma and Wade 2008). A multilevel

selection can, therefore, quantify both the among-group selection gradient, (ﬁw,pgi),

and the oup selection gradient (5, p;) Using standard multiple regression methods
for estim lection gradients (Lande & Arnold 1983):
w; = constant +Bw,pgil_’g,- + Bwap,AP; + e; (2)
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This simple two-l8vel selection model then assumes that all groups within the population
equally inte ith one another. However, if some groups are clustered into a higher
hierarchic @! pf organization (e.g. groups that share a local neighbourhood might interact
more s’ﬂonﬁlm then relationships between group mean traits and group mean fitness might

vary amorfg these higher levels of organization. Therefore, the basic multilevel selection

approach can be extended across any number of hierarchical levels of organization
992; Bijma et al. 2007).

Whilst debate over multilevel selection continues (Gardner 2015; Goodnight 2015),

(Goodnight et al.
empirical omits action is gathering. For example, Bouwhuis et al. (2015) found
covarianc n fledging mass and survival at the between-year, within-year and within-
brood levels in giigat tits (Parus major), with the covariance being strongest at the broadest

scales. Similarly, selection has been observed at various different levels in different systems,
including gong honey bee (Apis mellifera) colonies (Page and Fondrk 1995), among pairs

of monog ollared flycatchers (Ficedula albicollis) (Bjorklund and Gustafsson 2013),

among pmntive Japanese quail (Coturnix japonica) (Muir et al. 2013), among groups
t

of jewelwe s (Impatiens capensis) (Stevens et al. 1995), while contrasting individual
and gr lection was observed in water strider (Aquarius remigis) groups (Eldakar
et al. 2009, d

mples portray organisms interacting in relatively clearly defined groups, yet
animals do not always interact in such discrete units. For example populations of territorial
animals cw individuals aggregated at a range of spatial scales, from individual

territories, s of neighbouring territories to entire populations (Coulson et al. 1997).
13

Selection bly could act at each of these levels simultaneously, and possibly in
differing directions, but this is rarely investigated. Laiolo and Obeso (2012) found there was
disruptive§election at the level of the individual for song repertoire in Dupont's lark
(Chersophilus dugonti), but when selection on “neighbourhoods” (small populations
containing*2-50 territories) was considered, selection on song repertoire was found to be
stabilisinmmonstrates that non-discrete units can be a basis for selection. Nunney
(1985) si

selectio ruism as they are when structured in “trait groups”.

monstrated such “continuous arrays” of animals can be the basis for

e, the key question is not whether multilevel selection is possible, but its
form and strength across systems in the natural world (Biernaskie and Foster 2016).
Aggregating estimates that included scales at which there might be no genetic variance in

the trait might lead to an under-estimation of evolutionary change (if estimates cancel out as
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they are in opposing directions) or an over-estimation of evolutionary change (if the levels of
selection are in the same direction). This may help us explain the inaccuracy of our
prediction' of ev'utionary responses to selection on heritable traits (Merila et al. 2001).
Additional exually antagonistic selection is quite common, and may also pose a
constraintn (Cox and Calsbeek 2009). However, it is unknown whether this
antagoaistic selection extends to multiple levels.

Togstudy multilevel selection in an animal interacting in non-discrete groups, we
focused on recruitment in a wild population of North American red squirrels (Tamiasciurus
hudsonicys, hereafter “red squirrels”). Red squirrels defend exclusive, food-based territories

centred on a cache of hoarded white spruce (Picea glauca) cones (Smith 1968). Most of the

variation i reproductive success is determined by whether or not squirrels acquire a

territory d ir first year before winter commences (McAdam and Boutin 2003b;
McAdam et al. 2007). Juveniles cannot oust adults from their territories, so they must find
vacant territories or, if resource availability is high, create new ones (Price and Boutin 1993),
suggestime population density is a key ecological agent of selection (Dantzer et al.
2013; Ta . 2014). In most cases, juveniles leave their natal territory in search of
vacant terfiito anging on average around 90m, although occasionally up to 900-1000m
away from the'¥#@&tal territory (Price and Boutin 1993; Larsen and Boutin 1994; Berteaux and

Boutin ever, in some cases the mother will “bequeath” all or part of her territory to

one of her o g, typically a daughter, and search for a vacant territory herself (Price and
n and Boutin 1994; Berteaux and Boutin 2000; Lane et al. 2015).

Mean litter size in red squirrels is between three and four but can range from one to
seven (MWt al. 2007). Therefore, there is potential for competition within a litter for

maternal s, nearby available territories, or for access to the mother’s territory if she

Boutin

leaves it.
for vacant territories. Given the distance squirrels can range in search of vacant territories
(see abodg there is possibly selection at greater spatial scales, for example amongst the
young-of-the-yeag for the few unoccupied territories in the area covered by several territories
(“neightM’), and for competition among neighbourhoods for access to vacant

territories within istudy area (a rectangular grid of around 40 hectares, here representing a

inally, within each year the population is comprised of multiple study

ore, each litter is in competition with the other litters in adjacent territories

sub-popul
areas, s is possibly selection among these large spatial scales. This creates the
opportun vestigate the strength of selection at different spatial scales: within-litters,
within-social neighbourhoods, within-study areas and within-years (amongst-study areas in

each year). As claiming a vacant territory is our suggested mode of competition (Taylor et al.

2014), we investigated selection on two traits that are relevant to this ability: birth date and
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growth rate. Earlier born litters presumably are able to start searching for vacant territories
earlier than later ones (Réale et al. 2003a; Williams et al. 2014). A fast growth rate might
mean indigidualspof a given age have an advantage in terms of size when competing for a
m and Boutin 2003b).

d three main questions. First, what is the strength of selection on growth

rate ang birth date at each of these levels? Ranking each of these levels of selection also
allowed ugpto identify which was most important to red squirrels. We hypothesized that since

ce is typically short (see above), selection will be strongest at the most local

itters and within-social neighbourhoods). We also compared this multilevel
approach to a standard selection analysis, where we regressed recruitment on individual
growth ratgs irth dates relative to the yearly average. Secondly, we sought to

r, and at what scale, a putative agent of selection, the population density of
the study area, affected the direction and magnitude of natural selection. We hypothesized
that selection would be intensified by increased population density, although we did not
predict which scale would show the most density-dependent selection. Third, as sex-biased
patterns o thal may influence selection strengths, we investigated whether these
levels of differed between males and females. We did not have any previous

expectations fO@Which sex would experience stronger selection.

MaterEMethods

Study sstem
We collec on a wild population of red squirrels in the southwest Yukon, Canada (61°

N, 138° @ ave monitored two adjacent study sites (ca. 40 hectares each), bisected by
the Alaska‘hig

away, continuously since 1987. For this study, we restricted our analyses
squirrels 1989-2015, as 2015 was the last cohort for which survival data were
availamar, we live-trapped new individuals (Tomahawk Live Trap, Tomahawk, W],
USA) aMem unique ear-tags, identified females with litters and ear-tagged their
pups, andmed censuses (using complete enumeration) to ascertain the location and

survival of individ#lals. See McAdam et al. (2007) for further details. These study sites are

patches of go abitat among poorer habitat, and hence are somewhere between “islands”

reas within a continuous range. As red squirrels can live in the surrounding
area,we do s very low degree of successful emigration from the study area. However,
estimated juvenile survival does not differ between the core and the periphery of the study
areas, indicating rates of dispersal outside of the study areas are not biasing mortality

estimates (McAdam et al. 2007).
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Female red squirrels typically give birth to litters between March and May. Young are
weaned at approximately 70 days of age (Larsen and Boutin 1994), after which the pups
disperse il searg of vacant territories or the mother may bequeath a portion or all of her

territory to her pups (Price and Boutin 1993; Larsen and Boutin 1994; Berteaux and
Boutin 20
H

Data coSction

To start mogitoging pups as soon as they were born, we regularly live-trapped all females
and exam&ed thsr abdomens and nipples for signs of swelling. We estimated birth date for

each litter based on female stages of pregnancy during live-capture events and the size of
pups oncelwgffodnd them. For each mother we only used the first litter of the year to allow
better co j among years, as second and third litters are typically only attempted in
“‘mast” years, in smh white spruce (P. glauca) produces orders of magnitude more seed
(Kelly 1994; i

attempts

et al. 2006; Lamontagne and Boutin 2007) or after failed first litter

cAdam et al. 2007; Williams et al. 2014). To determine their growth rate, we

weighed pups twice while they were still within their natal nest, once at 1-2 days old and
again at mdays old. In this time period their growth is approximately linear (McAdam

and Boutin"20 , SO we calculated individual growth rate as the weight difference between
the tw ures divided by the number of days between the measures, to give growth rate
in grams of ained per day. We excluded records where the first mass was above 50g,
or whe nd mass was above 100g, as these were likely to be litters we found late

when pup growth rate is no longer linear. We also excluded records when there were fewer

than five ween weight measurements. Due to their conspicuous territorial behaviour

and our segifamgual censuses of all squirrels, we have nearly perfect knowledge of which
squirrels Iive in the study areas. Each offspring born in the study areas was
classified agg ited” or “did not recruit” based on whether they survived beyond 200 days
of age (i.g survived their first winter). This binary variable was used as the response

variable i*ll our"nodels.

Data analysiss

All analyses wergsconducted in R ver. 3.3.2 (R Development Core Team 2016), with the
packa
(Bolker 2

strongest, we constructed a logistic regression model, containing terms each representing a

Cglmm” ver. 2.23 (Hadfield 2010). Figures were drawn using coefplot2

ggplot2 (Wickham 2009).To determine which levels of selection were

different level of selection. Therefore, all terms (five for growth rate, four for birth date, see

below) were in the same model. The response for the model was the binary variable of

This article is protected by copyright. All rights reserved.
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whether the individual recruited or not, and we used a logit link function. This meant we were
restricted to using absolute rather than relative fitness, but we were still able to calculate
selection goefficignts, see below. We then calculated each of growth rate and birth date at a
series of leyelsaThe first of these for growth rate was the individual's growth rate relative to
the mean @ ermates. This represents within-litter selection. There is no such selection
for birth-date as all littermates possess the same birth date. The mean of a litter of one was

simply thefvalue for the single individual. The next level for growth rate was the mean growth

rate of its litter relative to the mean growth rate of all individuals born in nests within 130m of
focal nestf@irepresénting within-social neighbourhood selection. For birth date we used the
birth date o
neighbourio@dl. Bhe radius of the social neighbourhood was set at 130m, as this is the
distance withi ich squirrels respond to each other’s territorial calls (Smith 1968, 1978), so
represents the agustic social environment an individual experiences. Furthermore, 130m is
similar to the distance Dantzer et al. (2012) identified (150m) in this system as being the
most rele%local” density effects. We repeated the analyses with the social

neighbou t at 60 or 200m, and found no qualitative differences in the results (see the

online suppo information). The next level of selection is within-study area. For this we
ansg@rowth rate and mean birth date of an individual’s social neighbourhood

itter relative to the mean birth date of all litters within its social

used the

relativ n for the whole study area. We then modelled within-year selection as the
mean growt and birth date for an individual’s study area relative to the mean growth
rate an for the entire year. We also included terms for the year's mean growth

rate and birth date relative to the global mean (across all years and study areas), to control

for trait-fitwariances among-years (e.g. Bouwhuis et al. 2015). Only linear terms were

fitted to kls from getting overly complex and because quadratic terms have
. )

previousl| own to be less important than directional selection for these traits in this

species (M and Boutin 2003b). This method models an individual’s trait as a series of
deviationsgFor example, an individual with a growth rate of 1.6 g/day might have grown 0.2
g/day slower than,the average pup in its litter. This average growth rate of the litter (1.8

g/day) might be 0.3 g/day faster than the average of all litters within the social
neighbourhood 555 g/day). This may be 0.15g/day slower than the study area-wide mean

(1.65g/da 2g/day slower than the year-wide mean (1.85g/day). This might be
0.1g/da han the global mean of 1.75g/day. Therefore, we modelled an individual’s
growth r e sum of a series of components (1.6 =1.75+0.1-0.2-0.15+ 0.3-0.2),

and estimate selection on each using separate partial regression coefficients:

This article is protected by copyright. All rights reserved.
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w; = = = =
ln(l_—wi) = constant + Bw,ApyAPym + ﬁw,AFsAPsm, + ﬁW,A,—,NAPlek + ﬂWvA}_)LAPLmlkj +

BwspAPmikji + €; (3)

Note as t

P

tic regression we have shown the response variable as the log odds of

fitness.Amsents the difference between the mean growth rate for the year mthat i
was born Wlobal mean growth rate. Aﬁsml is the difference between the mean growth
rate of is\@ea /in year m and the yearly mean. APlek is the difference between the
mean gro of /'s social neighbourhood & in study area /in year m and the study area

mean. AP, ” e difference between the mean growth rate of /s litter jin social

neighbourhood % in study area /in year m and the neighbourhood mean, and AP, j; is the

difference betweS'n /s growth rate and the mean of its litter jin social neighbourhood kin
study area /in year m. 8, terms are the partial regression coefficients for each component
of growth mitness. These logistic regression coefficients were converted into selection
coefficients, ing Janzen and Stern (1998), to allow comparison with other studies (e.g.
Kingsolvemoou This is similar to Bouwhuis et al.’s (2015) analysis on brood mass
and surviva¥i at tits (Parus major), although for growth rate we have two additional
levels (E— | neighbourhood and within- study area). The same formulation was used
for birth date pt that there was no within-litter selection. We mean-centred each

contin [ ffect and transformed it by dividing by the variable’s standard deviation,
giving each variable a variance of 1. This allowed the effect sizes to be directly compared
(Schielzet®2010). Therefore, by directly comparing the magnitude of the coefficients for
each Ieveh rate and birth date, we were able to identify the levels at which selection

3

acted mos gly.

Each model also included study area as a fixed effect to control for any variation in
survival bgtween the two study areas. We also entered the random effect of year, and the
eets o
recruitmem among years, among litters and among mothers beyond the levels of growth rate
and birth mre studying. As each social neighbourhood was uniquely calculated there

random € litter ID nested within mother ID. These accounted for variation in

was no re of each social neighbourhood, and so we did not include a random effect
for this | e priors for the variance components followed an inverse-gamma distribution
(V=1,n 02), with the residual variance fixed at 1, because in a model with a binary

response the residual variance is defined by the mean. Models were run for 200,000
iterations, with the first 50,000 discarded and then 1/10 of the remaining iterations used for

parameter estimation, to reduce the influence of autocorrelation between successive

This article is protected by copyright. All rights reserved.
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iterations. Trace plots of the model parameters were checked and a Gelman test for
stationarity was used to confirm stable convergence had been achieved (p > 0.156 in all
cases). W! reRo'the posterior distribution mode (PDM) for each parameter, and the 95%
credible integ (Cls) for this estimate. Our model for the standard selection analysis
included iits relative to the yearly mean, and the yearly mean relative to the
overallﬁneanI as levels of growth rate and birth date. Otherwise the model structure was the

same. !

Populati‘n de’sity an agent of selection

To test whethegbopulation density acted as an agent of selection (Dantzer et al. 2013;
. 201

Taylor et
populatioﬂ(number of live adult squirrels per hectare in that study area in that year)

, we took the multilevel model built previously, and added study area

as a fixed effect. MVe interacted this effect with each level of growth rate and birth date in the

model, to se the influence of these competitive traits varied as density changed

(Bouwnhuiglet al. 2015). As before, we mean centred study area density and divided it by the
variable’s overall standard deviation. Marginal R?s (the proportion of total variance explained

by the fix) were calculated for each model (Nakagawa and Schielzeth 2013) to

determine the TRange in explanatory power adding our agent of selection had brought.

Sex—sElection

We added sex as a fixed effect and the interaction between sex and each level of growth
rate and lSh date to the first model for multilevel selection (without study area density) to

test for sex-specific selection. As sex is a two-level factor, we modelled females as the

default an as a contrast, giving the regression estimate for females and the deviation

at each leveM®f males. Note the values for each level of the traits are still relative to the

mean of :lnalwguals in the level above, including both sexes.

squirrels. 26% ‘Ofhese juveniles survived to 200 days. Social neighbourhoods contained a

median of four litters (range: 1 — 22) and a median of 11 juveniles (range 1 — 60).
Levels of selection

This article is protected by copyright. All rights reserved.
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Selection on growth rate was positive at all levels, but was strongest within-neighbourhoods
and became weaker at both smaller (within-litter selection) and larger hierarchical scales
(Fig. 1). There was also a positive among-year effect, such that years with higher growth
rate had highegaverage recruitment. None of the levels of birth date experienced consistent
selection,as a strong, positive among-year relationship; years where the mean

birth date was later had higher recruitment. The was considerable variation among-years in
N

recruitmerdt (PDM = 0.749, Cls = 0.376 to 1.60), essentially no variation among-mothers in

'llV =0.02, Cls = <0.001 to 0.350), and a large amount of variation among-

recruitmen

litters (PD b, Cls = 0.744 to 1.98). There was no difference in juvenile recruitment
between the study areas (PDM = -0.164, Cls = -0.471 to 0.194). The standard selection
analysis imositive selection on growth rate (PDM = 0.330, Cls = 0.130 to 1.25) but no

overall selecti n birth date (PDM = -0.066, Cls = -0.198 to 0.089). From Fig. 1 itis
apparent that the8e values represent an aggregation of the different levels of the multilevel

analysis.
Agent o:se ection
Years withifhi pulation density experienced stronger within-neighbourhood selection for

earlier birth"dates. To a lesser degree, within-study area selection on birth date also

increa population density. Within-year selection on birth date, and all levels of
selectij)r{Eh rate did not vary with changing population density (Table 1). For the
majorit ts (7/9), increasing density increased the strength of selection, as the
coefficient for the interaction was of the same sign as for the main effect. However, only for
within-neiwod selection on birth date did the interaction term not overlap with zero,
although t action for within-study area selection on birth date only marginally
overlappe @ Adding the fixed effect of study area density, and its interaction with all
levels of gr te and birth date, improved the model fit by 42% (without study area

density m@del R? = 0.144, with study area density model R? = 0.204).

Sex-spe!ific selection

Females :re likely to recruit than males (PDM = -0.747, Cls = -1.04 to -0.480; Figs.
2-4). Fema grew faster than their littermates were more likely to recruit, while males
y little selection for growth rate at this level (Fig. 2a; PDM = -0.403, Cls = -
0.740 to -0.163)."Males and females were under equivalent selection for growth rate within-
social neighbourhoods (Fig. 2b; PDM = -0.023, Cls =-0.314 to 0.211), within-study areas
(Fig. 2c; PDM =-0.117, ClIs = -0.415 to 0.107), and within-years (Fig. 2d; PDM = -0.032, Cls

This article is protected by copyright. All rights reserved.
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= -0.356 to 0.240). The among-year relationship between mean year growth rate and
recruitment was positive in females, but tended to be weaker in males (Fig. 3a; PDM = -
-0.686 to 0.064). Males and females were under equivalent selection within-
social neighbeurhoods for birth date (Fig. 4a; PDM = 0.053, Cls = -0.186 to 0.326). Females
b @ods with earlier mean birth dates tended to be more likely to recruit, but the
reverse was true for males (Fig. 4b; PDM = 0.311, Cls = 0.021 to 0.528). Males and females

were und

equivalent selection for birth date within-years (Fig. 4c; PDM = 0.024, Cls = -
ut females showed a marginally stronger association between growth rate
and recruiiment dimong-years (Fig. 3b; PDM = -0.297, Cls = -0.657 to 0.061). Sex-specific

regression es |n;ates are plotted in Fig. 5 to aid interpretation.

Multilevél-selection

Natural selection on red squirrel growth rates and birth dates was most prominent for both

traits with@neighbourhoods. Being born earlier than neighbouring litters, and/or
r

growing fa n them increased the chances of juveniles recruiting. This level of

selecti ove the level of the individual squirrel yet is much more local than selection
acting acrog ntire population. Pups who grew faster than their littermates, and from
social ods that grew faster than others in the study area, were also more likely

to recruit. Consistent selection on birth date was only apparent when we added our putative
agent of sm study area density, to the model, indicating that an earlier birth date is

primarily bgmefigial for recruitment when there are many other competing individuals.
Thereforere interactions among-litters, within a social neighbourhood that are
important f her a juvenile red squirrel recruits or not, and these interactions increase
in importage when population density is higher. Consistent selection on birth date was also
not appar*t frowour standard selection analysis, as this value represents an aggregation

of the withih- and among-study area effects, which were in opposite directions. In contrast,
the standard seleégtion analysis did reveal consistent selection favouring faster growth. Our

multilevel selectign approach revealed that this overall selection was primarily driven by
selecti at the more local scales.
ithin-neighbourhood scale was the most important (although for females

within-litter selection on growth rate was stronger, see below) suggests differences among-
litters within the social neighbourhood has the largest influence on recruitment in juvenile red

squirrels. An evolutionary response to group selection such as this requires non-zero
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relatedness among-group members (r > 0), or alternatively for there to be IGEs among
individuals (Bijma and Wade 2008). Litters have a non-zero r (mean of between 0.25 and 0.5
dependinion th’number of fathers, notwithstanding any inbreeding) and as such selection
among litte an be expected to result in an evolutionary response. Indeed, previous
research @ ated that the majority of evolutionary potential in our system appears to be
through-selection on litter-level characteristics and indirect maternal effects on these

characterifitics, as this is where the genetic variance in fitness is (McFarlane et al. 2015) and

where selection is strongest (this study, see also: McAdam et al. 2002; McAdam and Boutin
2004). Welalso

effects and they correlations with other components of maternal fitness (Thomson et al.

te that the response to selection will be influenced by these maternal
2017), which e Rlave not estimated here. Future studies and predictions on the evolutionary
potential (:: f:f g;pulation should take this in account, as models of evolutionary change
incorporating sudh indirect effects can lead to counter-intuitive results (Mousseau and Fox
1998; Wolt et al. 1998; Bijma and Wade 2008).

Wﬁal-neighbourhood selection being more important than within-study area

selection that our definition of a social neighbourhood as all individuals within
130m refléct level at which red squirrels compete for space and resources to recruit.
Further, this'i gruent with the work of Dantzer et al. (2012), who demonstrated that
densit m was the most relevant measure in this system. Red squirrels can hear
territorial vocajis@tions by others from up to 130m (Smith 1968), and mothers use these
vocalis sess local density and increase the growth rate of their pups through

stress-mediated maternal effects (Dantzer et al. 2013). The within-neighbourhood scale did
not corresma discrete and mutually exclusive ‘group’, but instead represented the
unique integaetigns between each individual and its surrounding neighbours. We add to the
results of d Obeso (2012) to show that this form of selection can occur based on
individually uni social environments, rather than discrete units such as a unique pair or
colony (seg also: Nunney 1985). For all territorial animals, and those that live in
hierarchicilly str’:tured populations, groups of competing or cooperating animals exist at

different s€ales (Hill et al. 2008). These can be relatively clearly defined, such as a
population contasmg distinct clans formed by discrete family units as found in sperm whales

(Physeter cephalus; Cantor et al. 2015), or defined based on spatial scale as we have
done in rent study. Therefore, multilevel selection may be widespread in situations
where it to be considered. Genetic relatedness within a social neighbourhood or

IGEs among neighbours is required for among-neighbourhood selection to produce a
response (Bijma and Wade 2008). Juvenile red squirrels typically do not disperse far from

the natal nest (mean around 90m; Price and Boutin 1993; Larsen and Boutin 1994; Berteaux
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and Boutin 2000), which could lead to clusters of related individuals. Explicit calculation of

this parameter will allow us to predict the response to this level of selection.

Study ar, sity as an agent of selection on birth date
Our putati selection, the density of the study area, was important in determining

the stremgtimefiselection on birth date at the within-social neighbourhood level, and to a

1

lesser ext ithin-study area level, although not for growth rate at any level. Being born
earlier thagghei@@bouring litters increased survival, which was especially important when the
study arem

strengthemea that an early birth date is selectively advantageous because it allows

juveniles

a high density, but was less important when density was low. This

vacant territories within their social neighbourhood.

W ious studies have shown that local density is often negatively related to
fitness co s (e.g. Coulson et al. 1997; Wilkin et al. 2006), we have identified a trait
whose €eff itness are mediated by population density (MacColl 2011; see also:
Dantzer em& Bouwhuis et al. 2015). Although our initial analysis suggested no

early-bornlitt ere more likely to recruit, and that this effect was stronger at higher

densiti is is likely because there is among-year variation in the strength of selection,
related to s in population size (McAdam and Boutin 2003b), so by accounting for this

consistenﬁn on birth date, adding population density to the model revealed both that

detect the effect. Birth date is moderately heritable (h? = 0.16; Réale et al.
2003) and so as predicted by the breeder’s equation should be advancing (Lande 1979).

we wer!

However, despite initial results suggesting a genetic change occurred over a 10-year period
(Réale et ) additional data and a re-analysis indicated no change in birth date (Lane
etal. Inre seems to be caused by selection acting on environmental deviations
metic basis to birth date.

Selec&owth rate

In our aMpulation density was not an agent of selection on growth rate. Dantzer et
al. (201 3my found that a female’s reproductive success was increased if her litter
was fast [

rather tha

hen local density was high, but not when it was low, in contrast to our

results. Th relative fitness rather than raw survival as their response variable, which
ariance when recruitment is lower, which occurs in high-density years. This
may have enabled them to detect stronger selection on growth rate in high density years
where we did not. In addition, Dantzer et al. (2013) also included litter size in their selection

analysis, whereas we included only growth rate and birth date. The degree of competition for
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vacant territories depends on both the number of vacancies as well as the number of
potential competitors (Taylor et al. 2014). While population density represents the inverse of

territory vacancymates, the number of juveniles competing for each vacant territory might

also dependg@a.the availability of food resources affecting the rate of offspring production.
This mec w emains to be tested.

-Goodniﬁht et al. (1992) stated that if both individual and group-level selection
coefficien? are the same, the selection is “hard”. The absolute value of the individual’s trait

is selected ypop, unrelated to the social environment, with the agent likely to be some

environmehntal fagtor (Goodnight et al. 1992). Considering the selection coefficients were all
the same direction for growth rate, and that population density did not greatly influence the
strength clibn, selection on growth rate may act in this way. Possibly, faster growing
pups are of higher “quality”, and so more likely to survive over winter. This too is a
mechanism that fémains to be tested. Note that the overlapping Cls for the selection
coefficients is not necessarily good evidence that selection at different scales is equivalent,
as selecti@n strengths fluctuate across years (McAdam and Boutin 2003b).

Alt ur standard selection analysis indicated strong selection on growth rate,
some of tmﬁon occurred at the within-study area level. Response to this section

requires gefeti@ariance within-years (among-study areas), which we do not believe is

likely. , this portion of the selection gradient will not contribute to any evolutionary
response. Thi y be a common phenomenon, where standard selection analyses assume
that all n measured is aligned with the available genetic variation. Our results

suggest that might not be the case, which may contribute to the lack of evolutionary
response wd in populations where directional selection has been estimated on a

heritable é et al. 2001). A thorough multilevel quantitative genetic analysis would

be require@ er, to completely determine how the scale of selection and the scale of

genetic Eugether affect rates of evolution of growth rates and birth dates.

Sex-speiific ilection at the level of the litter for growth rate

Combinin ilevel and sex-specific selection revealed contrasting relationships within-
litters for selectig on growth rate. Females were under strong, positive selection within the

litter, while malgggwere under no selection at this level. Furthermore, females typically were
more li ﬂv@ ecruit than males, a relatively common pattern in birds and mammals
(Clutton-Brock

(LaMontagne et al. 2013). We suspect that selection was strong within-litters for females as

al. 1985), and one that has been detected previously in this system

red squirrel mothers sometimes (19% of mothers; Lane et al. 2015) bequeath their territory,

or part of it, to one of their offspring (Price and Boutin 1993; Larsen and Boutin 1994), and
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this offspring is most commonly a daughter (Berteaux and Boutin 2000). If squirrels do
disperse from the natal territory, the distance of settlement is not typically very large (see
above), af doe'not differ between the sexes (Cooper et al. In rev). Therefore, growing
more quic han its littermates to obtain a larger size is perhaps important for a female
squirrel tte its littermates for either the natal territory, or one of the (likely few)
available territories near to the nest. As bequeathal is biased towards females, fast growing

I
males magghave no better chance of acquiring the natal territory than slower growing males,

as the territgry fends to go to a female regardless. This may explain the lack of selection for
s within-litters. Berteaux and Boutin (2000) found that individuals having
a territory bequeathed to them were not heavier than those that did not, however this was a
populatio
identify thi

been smaller at birth, but grew more quickly than their siblings. This, however, would oppose

leMel ahalysis, with a smaller sample size than ours, and so may have failed to

LES

f within-litter competition. Alternatively, fast-growing females may have

the general pattern that individuals that experience catch-up growth suffer reduced longevity

(Lee et al§2012). Young and Badyaev (2004) noted that sex-biased allocation of parental

Ik

resources common when parents are limited in their ability to acquire or store

resource ed squirrels do not appear limited in their ability to store resources, in most

al

years they Wil strongly limited in their ability to acquire resources. In mast years this is
unlikel . Sex-biased allocation of resources depends on changes in the cost

differential o and daughters across different environments (Young and Badyaev 2004).

IV

Such a ntial change is not obvious in red squirrels at present, but could be
explicitly tested.

w at the absolute growth rate of individuals did not differ between the sexes
(1.73 and g/d for females and males respectively; t-test, t = -0.821, df = 2392, p = 0.41),

suggestin

E

ection has not resulted in the evolution of sex-biased growth rates.

Sexually a jstic selection is quite common (Cox and Calsbeek 2009), for instance,

some Andlis lizard species show sexual eco-morph divergence so that the sexes occupy

1

different ecological niches (Butler et al. 2000, 2007), while body size in female yellow pine

{

chipmunk{Tamias amoenus) was typically positively related to fitness, but was selectively

neutral in males {Schulte-Hostedde et al. 2002). Sexually antagonistic selection is not

u

necessari nt in sexually monomorphic species such as the red squirrels, as a sex-

specific se may not be possible (Cox and Calsbeek 2009). Although viability selection
typically
found evidence for sexually antagonistic selection on recruitment. Similar results have been

he least degree of sexual antagonism (Cox and Calsbeek 2009), we still

A

found in Drosophila melanogaster, where when selection on females is prevented,

populations evolved towards a slower rate of growth that is favoured in males (Prasad et al.
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2007). Cox and Calsbeek (2009) noted that many studies either focus on only one sex, or
pool the sexes, despite the fact that sexually antagonistic selection can strongly constrain
evolution.l herewre, we can only agree with their assertion that more studies should look for
sex-specificgatierns of selection. Intriguingly, this sexually antagonistic selection was not
apparent r level we considered or in previous individual-based selection analyses
for thesae traits (e.g. McAdam and Boutin 2003b). Therefore, considering both sex-specific

selection Sd multilevel selection simultaneously may be necessary in future selection

@

Selection_onbirth date is opposite at local scales vs. among-years
Offspring fkomy litters born earlier than others in their social neighbourhood had an increased

analyses.

chance of itment, yet the among-year effect was in the opposite direction: years that
have on averagegater birth dates had higher mean recruitment. This lead to the standard
selection an is suggesting very limited selection on birth dates. This among-year effect is
driven by @nnual variation in resource abundance. In mast years, litters tend to be born later
(Boutin et al. ). The recruitment in these years is then increased as there are far more
resourcesfava ‘@ e, allowing juveniles to create territories where there were none previously

and cache Tood®here, increasing survival over winter (McAdam and Boutin 2003b). We also

note th ction on growth rates is stronger in the year after one of high cone abundance
(i.e. after a ear), likely due to high densities, but that episodes of strong selection are
rare ( Boutin 2003b). Therefore, consistent within-year selection may not

always be apparent if among-year variation is not accounted for. Among-year relationships

between ' ental conditions and reproductive dates alongside selection within each
year for th es to shift earlier have been found in collared flycatchers (F. albicollis) and
red deer ( laphus), where females alter reproductive dates based on local
temperatur, vious autumn rainfall respectively (Brommer et al. 2005; Nussey et al.

2005). Th&cefore, the masking of within-year selective forces by among-year variance in
environm*tal cwditions may be common, and so controlling for it necessary when

investigating selection (see also van de Pol and Wright 2009 for analogous within- and
among-individuaiaffects).

Concl

We have dete multilevel selection on recruitment in a natural population of red squirrels.
Selection was typically strongest when considering all individuals within the acoustic social
neighbourhood, although females also experienced strong within-litter selection on growth

rate. We also found evidence that population density acted as an agent of selection on birth
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date during juvenile recruitment, but we found no evidence of density-dependent selection
through growth rate. If, as our results suggest, interactions are strongest at the within-
neighbouiood I’el, then evolutionary dynamics will strongly depend on traits and genetic
parameters afthis level, alongside the individual level (Goodnight et al. 1992; Bijma and
Wade 20u|ts highlight 1) the range of scales at which natural selection might act
ina soli-tarx orﬁanism, 2) how identifying the agent of selection helps us understand a
system, 3jithat sex-specific selection can occur only at particular levels of organisation, and
4) coefficients qf selection being in the same or opposite direction across levels may lead to

the over- @r undef-estimation of selection. A better understanding of how natural selection

acts across a rﬁige of scales will enhance our ability to understand and predict trait

evolution unal populations.
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Table 1. Posterior distribution mode (PDM) for the estimate of the main effect of each level

of growth rate and birth date, and the PDM for the interaction with each effect and study area

adult squimrel de
Cls did no

between dg

91

stronger selection.

nd the trait act in the same direction then increased density resulted in

ity (with 95% credible intervals [Cls] in parentheses). Effects for which the

@ss zero are highlighted in bold. When the trait main effect and the interaction

.
Trait Effect PDM of main PDM of Same
effect interaction direction?
Growth Qn-litters 0.094 (-0.029t0  -0.114 (-0.260 to No
rate (D 0.226) 0.066)
ithin- 0.232 (0.094 to 0.022 (-0.159 to Yes
neighbourhoods 0.383) 0.169)
mn-study areas  0.239(0.030to  0.007 (-0.194 to Yes
0.425) 0.223)
@n-years 0.021 (-0.169t0  0.103 (-0.181 to Yes
0.228) 0.384)
g-years 0.694 (0.156 to -0.287 (-0.806 to No
1.20) 0.294)
Birth date. Within- -0.174 (-0.359to0  -0.214 (-0.476 to - Yes
vaourhoods -0.029) 0.002)
@n-study areas  -0.131(-0.288to -0.184 (-0.407 to Yes
0.095) 0.051)
£n-years 0.169 (-0.057to  0.104 (-0.205 to Yes
0.340) 0.331)
Amang-years 1.15 (0.534 to 0.091 (-0.402 to Yes

1.71)

0.596)

Ault

Figure legends
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Figure 1. Regression estimates and their 95% credible intervals for the influence of different
levels of growth rate (GR) and birth date (BD) on the recruitment of juvenile red squirrels.
Also given are the selection coefficients for each trait, obtained following Janzen and Stern

(1998). Esfimated

from the multilevel analysis are indicated with solid points, while the

estimates fragmmthe standard selection analysis (“Individual-year” terms) are indicated with
open circlmzus variables have been transformed to the same scale, so effect sizes
and selectiom@@effigicnts are directly comparable. Study area is modelled as a two-level

factor, mitméi€ieniias the default, and so the effect here shows the difference in the “Sulphur”

(SU) studgrea.
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birth date relative to the mean birth date for that year. Predictions from the model for females
are plotted as a solid line, for males as a dashed line, with the grey areas indicating the
standard errors around the estimates. Points have been moved a small amount at random

either uHhe y-axis to aid viewing, but all were either O or 1.
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