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Summary

1. Estimates of selection in natural populations are frequent but our understanding of ecolog-

ical causes of selection, and causes of variation in the direction, strength and form of selec-

tion is limited.

2. Here, we apply a multilevel framework to partition effects of great tit fledging mass on

first-year survival to hierarchical levels and quantify their ecological dependence using a data

set spanning 51 years.

3. We show that estimates of the effect of fledging mass on first-year survival decline three-

fold from year- to brood- to individual level, so that estimates of selection depend strongly

on the level at which they are calculated.

4. We identify variables related to summer and winter food availability as underlying higher-

level effects of fledging mass on first-year survival and show experimentally that brood-level

effects originate early in development. Further, we show that predation and conspecific den-

sity modulate individual-level effects of fledging mass on first-year survival.

5. These analyses demonstrate how correlations between traits, fitness and environment influ-

ence estimates of selection and show how partitioning trait effects between levels of selection

and environmental factors is a promising approach to identify potential agents of selection.

Key-words: ecological causes of selection, fledging mass, great tit, local survival, multilevel

selection, Parus major, recruitment

Introduction

Natural selection is the process by which phenotypic trait

distributions change when an environmental agent causes

phenotypic trait variation to be related to fitness variation

among individuals (Endler 1986). One widely used

approach to quantify natural selection consists of regress-

ing standardized trait values on measures of relative fit-

ness, in either a univariate or multivariate framework, to

obtain effect sizes that can be compared between popula-

tions or species (Arnold & Wade 1984a,b). From the use

of these methods, estimates of the direction, strength and

form of selection in natural populations have become

plentiful (e.g. Kingsolver et al. 2001, 2012; Siepielski,

DiBattista & Carlson 2009; Siepielski et al. 2013).

Despite the large number of estimates of selection, our

understanding of why estimates take the direction,

strength and form that they do is rather limited (Endler

1986; Wade & Kalisz 1990; MacColl 2011). We generally

do not know which environmental agents cause the link

between phenotypic trait and fitness variation or the

extent to which our estimates of selection are generated

from (other) environmental factors acting as independent

sources of variation in both the trait and fitness (Fig. 1a,

also see Kingsolver et al. 2012). Making this distinction,

and understanding the ecology that underlies our selection

estimates, is important if we are to understand spatiotem-

poral variation in selection (MacColl 2011), or predict

responses to selection (Morrissey, Kruuk & Wilson 2010),

especially in relation to environmental change (Chevin,

Lande & Mace 2010). Investigations of the extent to

which estimates of selection are affected by environmental

sources of correlated effects, and studies aiming to pin-

point actual agents of selection which underlie a causal

relationship between traits and fitness, are therefore

timely.

Two main methods have been proposed to study envi-

ronmental aspects of selection. First, one could experi-

mentally manipulate environmental factors (preferably in

combination with the phenotypic trait of interest) and

observe how the manipulation affects the direction,*Correspondence author. E-mail: sandra.bouwhuis@ifv-vogelwarte.de
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strength or form of selection on a trait (see Calsbeek &

Smith 2007 for an example). Secondly, one could use nat-

ural spatial or temporal environmental variation and ask

whether selection gradients or differentials differ depend-

ing on environmental factors, in populations where exper-

imental manipulation is not desirable or feasible (Wade &

Kalisz 1990; MacColl 2011). We advocate a variant of the

latter approach and suggest adding environmental factors

as independent variables to trait–fitness regressions. If an

environmental factor affects the trait and fitness indepen-

dently, then adding the factor will control for this effect

and the adjusted parameter estimate for the effect of the

phenotypic trait on fitness is unbiased with respect to the

environmental factor. Alternatively, when the shape of

the relationship between the trait and fitness depends on

the environmental factor, as evidenced by a significant

interaction between the environmental factor and trait,

this provides the best non-experimental support for the

environmental factor’s role as an agent of selection.

An advantage of the correlative regression approach

described above is that it can easily be combined with a

multilevel analysis of selection (Goodnight, Schwartz &

Stevens 1992; Goodnight 2012). This will often be impor-

tant because natural populations are generally character-

ized by a multilevel structure in which individuals are

found in subunits or different contexts, which may result

in different selective processes occurring in different parts

of the population (Heisler & Damuth 1987). Within

groups of water striders Aquarius remigis, for example,

male aggression is associated with increased mating suc-

cess and selected for, while active female dispersal to less

aggressive groups causes a negative between-group associ-

ation between male aggression and mating success

(Eldakar et al. 2010). As another example, predators may

(i) select the lightest individuals in a group [because light

individuals may be more sensitive to starvation and take

more risks while foraging, or less able to escape predation

due to being in worse condition (Lima 1998)] but be ran-

domly attracted to groups, (ii) be attracted to on average

lighter groups due to a greater expression of conspicuous

behaviour of these groups but randomly take individuals

from such groups or (iii) be attracted to on average

lighter groups and non-randomly take individuals from

such groups. Besides resulting in a different direction or

form of selection, as in these examples, selective processes

at different levels may also be driven by different agents

of selection, or be differentially affected by environmental

sources of correlated effects. To our knowledge, no study

has yet addressed multiple environmental aspects of selec-

tion in a multilevel framework.

Environment

Fitness

Trait

Environment

Fitness

Trait

51 years

9822 broods

73 121 fledglings 

Fledging mass Recruitment probability

Source of correlated effect
e.g. density of predators, food or conspecifics

Fledging mass Recruitment probability

Source of correlated effect
e.g. quality of parents and/or territory

Fledging mass Recruitment probability

(a)

(b)

Fig. 1. Schematic overview of predicted

origins (a) and sources (b) of the relation-

ship between fledging mass and first-year

survival (i.e. recruitment) probability at

three hierarchical levels: between years

(‘year’ level), between broods within years

(‘brood’ level) and between offspring

within broods (‘individual’ level).
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Here, we present a case study of a well-established cor-

relation between a measure of size (quantified as body

mass at fledging) and first-year survival (i.e. recruitment)

probability in a passerine bird species, the great tit Parus

major. Great tit fledging mass is a phenotypically plastic

trait, sensitive to changes in brood size (e.g. Tinbergen &

Boerlijst 1990) and breeding density (e.g. Garant et al.

2004) that has frequently been reported to be under

strong positive selection (Perrins 1965; Garnett 1981;

Tinbergen & Boerlijst 1990; Lind�en, Gustafsson & Pärt

1992; Both, Visser & Verboven 1999; Visser & Verboven

1999; Monrós, Belda & Barba 2002; Garant et al. 2004;

Royle et al. 2012). Variation in fledging mass occurs at

many levels, but we focus here on three levels common to

many phenotypic traits measured in natural populations:

(i) between years (year level), (ii) between broods within

years (brood level) and (iii) between offspring within

broods (individual level) (Fig. 1b). In the absence of dif-

ferent environmental sources of correlated effects, or dif-

ferent selection pressures between levels, we would expect

the slope of the mass–fitness relationship to be identical

at each of these levels (Tinbergen & Boerlijst 1990; also

see Fig. 2 in Goodnight, Schwartz & Stevens 1992).

Indeed, the single study that we are aware of to have pre-

viously compared the correlation between fledging mass

and first-year survival on two of these three levels found

estimates of the mass–survival correlations at the brood-

and individual level to be indistinguishable (Tinbergen &

Boerlijst 1990). This finding was explained by assuming

the trait–fitness relationship to be causal, that is, by

assuming that fledging mass per se affects survival and

that any brood-level effect is an indirect consequence of

lighter individuals being over-represented in on average

lighter broods (Tinbergen & Boerlijst 1990).

We agree that within broods, the scope for correlated

effects of environmental variables on fledging mass and

survival is smallest and the slope of a mass-fitness relation

at this level will therefore be closest to representing the

causal survival benefit that one extra gram of fledging

mass conveys for an individual, independent of its other

natal characteristics. Between broods, there is more scope

for correlated effects of environmental variables on fledg-

ing mass and survival. Experienced parents may, for

example, be able to fledge heavy chicks, which have good

survival probabilities not just because they are heavy (i.e.

as predicted by the individual-level slope) but also because

they are, for instance, guided to better post-fledging (e.g.

parasite-poor, predator-poor or food-rich) environments.

As pointed out with the predation example above, how-

ever, the causal part of the mass–fitness slope may also be

larger on the between-brood level if there is an additional

effect of average brood mass on predator attraction, for

example because light broods produce more begging

noises and are easier to locate. On the other hand, at the

year level, any correlation between fledging mass and

first-year survival with a slope different from the one on

the brood- or individual level is most likely entirely due

to correlated responses to environmental variables, such

as predation pressure, food availability or the density of

conspecifics, because competition for first-year survival

will not occur between individuals from different years.

Besides the correlation between fledging mass and first-

year survival probability having seldom been compared

between the levels described here, agents of selection on

great tit fledging mass have also rarely been identified

(Vedder, Bouwhuis & Sheldon 2014), although food avail-

ability and predator density have been suggested as likely

candidates (Garnett 1981; Adriaensen et al. 1998).

In this study, we employ two approaches. First, we ana-

lyse a large longitudinal data set spanning 51 years, using

a within-subject centring technique, implemented in a

mixed model framework (van de Pol & Wright 2009) to

distinguish, and directly compare, estimated effects of

traits and environmental factors on fitness. Secondly, we

make use of a reciprocal cross-fostering experiment to test

whether the brood-level correlation between fledging mass

and first-year survival probability can be attributed to the

environment experienced before or after 14 days of off-

spring age. The former will include all causal mass and

parental or environmental effects that could operate

through the egg, or early parental care, whereas the latter

will relate to direct effects of the nest-location on post-

fledging survival, as well as effects of post-fledging paren-

tal care. Identifying the period during which a correlation

arises will aid the identification of environmental factors

underlying it. Combined, our analyses demonstrate how

correlations between traits, fitness and environment influ-

ence estimates of selection and show how partitioning

trait effects between levels of selection and environmental

factors is a promising approach to identify agents of selec-

tion.

Materials and methods

study population and data collection

The great tit is a small passerine bird abundant in European

woodlands and gardens. As a hole-nester, it readily accepts nest

boxes for breeding, which allows monitoring of the whole breed-

ing population if an excess of nest boxes is provided (Perrins

1979). The data we analyse here come from a long-term study

population in the c. 385 ha mixed deciduous woodland of

Wytham Woods, Oxfordshire, UK. Every breeding season, nest

boxes were checked at least weekly to obtain information on

clutch initiation date, clutch size, hatching date, parental identity

and breeding success (Perrins 1965). Chicks were weighed to the

nearest 0�1 g and ringed with individually numbered metal rings

when the oldest chick in the nest was 15 days of age, which is

when mass has usually approached an asymptote and can there-

fore be classified as fledging mass (van Balen 1973). First-year

survival probability in relation to fledging mass was assessed as

local recruitment, determined from observing locally hatched

birds as parents in subsequent years. Such local recruitment

underestimates actual survival, due to emigration of offspring

from the woods, but emigration from Wytham was shown to be
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independent of offspring sex and fledging mass (Verhulst, Perrins

& Riddington 1997; C.J. Garroway, C.A. Hinde & B.C. Sheldon,

in prep) and is therefore unlikely to bias our results. Note that

by quantifying fitness as local recruitment, we implicitly assume

fledging mass to be an offspring trait. Fledging mass is, however,

likely to reflect aspects of both the offspring and parental pheno-

type (e.g. 13 and 14% of variance in average nestling mass is

explained by male and female identity, Browne et al. 2007), in

which case the overall strength of selection on this trait will

depend on both offspring and parental survival and the covari-

ance between brood mean mass and future reproductive success.

Similarly, we study fledging mass as an isolated trait, while we

acknowledge that indirect genetic effects may also underlie evolu-

tionarily relevant variation in fledging mass and survival and

knowledge of such effects would be required to accurately predict

genetic responses to selection on fledging mass.

For selection analyses, data analysed here come from 73 121

offspring hatched in 9822 nests in the 51 years between 1960 and

2010. The overall first-year survival probability (assessed to 2012)

in this period was 0�095. As ecological variables potentially

underlying correlations between fledging mass and first-year

survival probability, at the year level, we tested: (i) period (spar-

rowhawk), a binary variable splitting the years 1960–1972 and

1973–2010, in which various ecological variables may also have

differed, but which are particularly characterized by the absence

and presence of a key predator of tits, the Eurasian sparrowhawk

Accipiter nisus (Gosler, Greenwood & Perrins 1995; Vedder,

Bouwhuis & Sheldon 2014), respectively; (ii) density, the overall

population density measured as the number of nests per hectare

in which at least one great tit chick reached the age of 15 days

(Garant et al. 2004); (iii) beech mast, a three-category class vari-

able describing the amount (none, little or much) of beech Fagus

sylvatica mast available as food in winter (Perdeck, Visser & van

Balen 2009; Grøtan et al. 2009); (iv) winter temperature, the

average temperature in January and February after fledging

(MacColl 2011); and (v) synchrony, the average synchrony of the
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Fig. 2. Relationship between fledging mass

(in g) and first-year survival probability at

the level of offspring within broods (a, c, e)

and broods within years (b, d, f), in rela-

tion to period (sparrowhawk) (a), breeding

density (c), average winter temperature (e,

f), and synchrony with the caterpillar food

peak at the brood (b) and year (d) levels.

Dotted lines represent average first-year

survival probability over the study period

(9�5%) and average offspring and brood

fledging mass.
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breeding population with the timing of the peak of its main food

source, measured as the difference between the half-fall date of

winter moth Operophtera brumata caterpillars and the average

great tit clutch initiation date (Charmantier et al. 2008). The

choice of these variables was governed by (i) evidence suggesting

that they are related to variation in first-year survival in this, or

other populations of great tits and (ii) availability of data for the

majority of years over which this study was carried out. At the

brood level, we tested (i) territory size, measured as the area of a

Thiessen polygon (a geometric construct that places boundaries

midway between adjacent neighbours), capped at 1 ha (Wilkin

et al. 2006), (ii) oaks, the number of oaks with a larger than

70 cm diameter at breast height within a 75 m radius of the nest

box (Wilkin, Perrins & Sheldon 2007) and (iii) nest synchrony,

the difference between clutch initiation date and the population-

level timing of the caterpillar half-fall date (Charmantier et al.

2008).

In 2011, 940 chicks that hatched in 115 broods were involved

in a reciprocal cross-fostering experiment. When the oldest chick

in a nest was 14 days of age, it and all its siblings were trans-

ferred to a nest matched for clutch initiation date (�1 day) and

brood size (�1 chick), while the chicks in the foster nest were

transferred to the initial nest. The next day, in their foster nests,

all chicks were weighed and ringed according to standard proto-

col. The overall first-year survival probability to 2012 was 0�056.
This experiment was performed to test a different hypothesis

(relating to genetic and environmental effects on dispersal: C.J.

Garroway, C.A. Hinde & B.C. Sheldon, in prep), and so the

weighing of chicks was not performed on the day of cross-foster-

ing, as would have been ideal for our purpose. However, as this

is the age at which mass has usually approached an asymptote

(van Balen 1973), we assume that foster parents could not alter

chick weight substantially within a single day. This enabled us to

test whether the brood-level correlation between fledging mass

and first-year survival probability can be attributed to the envi-

ronment experienced before or after 14 days of age.

statist ical analyses

Our long-term data were analysed in three steps. First, we con-

structed an individual-level generalized linear mixed model assum-

ing a binomial error distribution in which we analysed effects of

fledging mass on first-year survival (yes/no). Non-independence of

offspring raised in the same brood, and of broods raised in

the same year, was taken into account by fitting hierarchical ran-

dom effects of year and brood. For fledging mass, we constructed

three variables, which together sum to individual offspring mass:

year_mass (annual average mass in g), brood_mass (as a deviation

in g from year_mass) and ind_mass (as a deviation in g from the

actual average brood mass). For example, for an individual fledg-

ling of mass 19�5, hatched in a brood of average mass 18�6 in a year

characterized by an average fledging mass of 18�5, the values for

year_mass, brood_mass and ind_mass were 18�5, 0�1 and 0�9,
respectively. Simultaneously fitting these three variables, as well as

their squared variables (i.e. six mass variables in total), separates

linear and quadratic fledging mass effects on different levels and

allows direct comparison of parameter estimates (Tinbergen &

Boerlijst 1990; van de Pol & Wright 2009).

Secondly, to this initial model, we added the annual and

brood-level ecological variables described above as main effects,

running a model for each variable separately. This allowed us to

quantify how each variable affected the parameter estimates of

the six fledging mass variables. If the ecological variable were to

affect both fledging mass and recruitment probability in the same

direction, we would expect its addition to the model to reduce

the parameter estimate of the effect of fledging mass on recruit-

ment probability. If, on the other hand, the ecological variable

was to affect fledging mass and recruitment probability in differ-

ent directions, we would expect its addition to the model to

increase the parameter estimate of the effect of fledging mass on

recruitment probability. In both cases, the adjusted parameter

estimate for the effect of fledging mass on recruitment probability

is unbiased with respect to the environmental factor.

Thirdly, to the eight models constructed in the second step, we

additionally added the interactions of the annual and brood-level

ecological variables with all six fledging mass variables to test

how the correlation between fledging mass and fitness itself

depended on ecological variation. Each of the eight full models

was simplified by backward stepwise removal of non-significant

terms, where significance (P < 0�05, two-tailed) was assessed

using the Wald statistic, which approximates the chi-square distri-

bution.

Note that we chose to run our models for each variable sepa-

rately. This was because models with six mass variables, eight

environmental variables and 48 interaction terms get overly com-

plex and data hungry, while causal effects will only be correctly

reflected in estimates of selection if all sources of covariance are

adequately measured and modelled, which cannot actually be

achieved in studies of natural populations (e.g. Morrissey, Kruuk

& Wilson 2010).

To analyse the experimental data, we fitted a brood-level gen-

eralized linear model with the proportion of recruited offspring

as the dependent variable, the number of offspring in the brood

as the denominator, and the average mass of both the natal

brood of rearing (natal_mass, i.e. the actual mass of the focal

brood) and foster brood of fledging (foster_mass, i.e. the mass of

the fledglings taken out of the foster nest and moved to the natal

box of the focal brood) as linear and quadratic explanatory

variables. When only natal_mass turned out to predict first-year

survival probability (see Results), we fitted an additional individ-

ual-level model with linear and quadratic effects of natal_brood_-

mass (in average mass in g) and ind_mass (as a deviation in g

from natal_brood_mass) to test for between- and within-brood

effects of fledging mass on first-year survival probability.

As most studies on selection report standardized selection dif-

ferentials to allow comparison between populations or species, we

wanted to quantify effects of multilevel covariance between fledg-

ing mass and recruitment probability on these measures. Stan-

dardized selection differentials for fledging mass were estimated

using univariate linear regressions of relative fitness (i.e. first-year

survival divided by the average first-year survival) on standard-

ized values of fledging mass (Arnold & Wade 1984a,b). For the

overall analysis, relative fitness and standardized fledging mass

were calculated using pooled data on all individuals measured in

all 51 years. For the brood-level analysis, relative fitness and

standardized fledging mass were calculated using year-specific

averages and standard deviations, while for the individual-level

analysis, relative fitness was still obtained using the year-specific

average, but fledging mass was standardized using brood-specific

averages and the average brood-level standard deviation for each

given year. All models were run in MLWIN 2.02 (Rasbash et al.

2005).
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Results

multilevel covariance

A relationship between fledging mass and first-year sur-

vival probability was found at all three levels analysed:

between years, between broods within years and between

offspring within broods. The year-level (binomial) effect

was 3�0 times stronger than the brood-level effect, which

itself was 2�6 times stronger than the individual-level

effect (Table 1).

Between years, only beech mast reduced the parameter

estimate of the relationship between fledging mass and

first-year survival probability (by 18%, Table 2), because

mean fledging mass and recruitment probability were both

elevated in years with a large winter beech mast. Beech

mast is thus a considerable contributor to the overall rela-

tionship between fledging mass and survival. Period, that

is, sparrowhawk presence, had the opposite effect of

increasing the parameter estimate for the correlation

between fledging mass and first-year survival probability

by 16% (Table 2), because mean fledging mass was lower,

but first-year survival probability higher, in the period in

which sparrowhawks were present.

Population density, period (i.e. sparrowhawk presence),

winter temperature and synchrony with the food peak all

affected the strength of the size–fitness relationship at

lower levels. In the 38-year period in which sparrowhawks

were present, the individual-level relationship between

fledging mass and first-year survival was positive, while it

was negative in the 13 years when sparrowhawks were

absent from the population (Table 3; Fig. 2a) (Table S1,

Supporting information). In high density years and in years

in which fledging was followed by a warm winter, the

individual-level relationship between fledging mass and

first-year survival probability was greater (i.e. selection was

stronger; Table 3; Fig. 2c,e). In milder winters, the brood-

level relationship between fledging mass and first-year

survival probability was also stronger (Fig. 2f). In years in

which the great tit population as a whole bred well in

advance of the peak in caterpillar abundance, the brood-

level effect of fledging mass on first-year survival was stabi-

lizing at high mass, while it was directional in years in

which the birds lagged behind their food peak (Fig. 2d).

Between broods within years, synchrony with the cater-

pillar half-fall date explained part of the relationship

between fledging mass and first-year survival probability

(Table 2, nest_mass2 column), both when characterized at

Table 1. The effect of variation in great tit fledging mass on first-year survival probability at three levels: between years, between broods

within years and between offspring within broods. Shown are parameter estimates obtained from a single model with standard errors,

chi-square values and P values. Main parameter estimates and standard errors (SEs) were obtained from models assuming a binomial

error distribution, but estimates in parentheses were obtained from the same model assuming a normal error distribution. Random

effects are marked by (r)

Parameter Est. SE v21 P

Year_mass 0�527 (0�04677) 0�162 (0�01411) 10�570 0�001
Year_mass2 0�000 (0�00000) 0�000 (0�00000) 0�000 1�000
Brood_mass 0�176 (0�01229) 0�015 (0�00117) 145�644 <0�001
Brood_mass2 �0�063 (�0�00137) 0�008 (0�00045) 57�421 <0�001
Ind_mass 0�069 (0�00455) 0�016 (0�00122) 18�765 <0�001
Ind_mass2 �0�063 (�0�00220) 0�011 (0�00056) 30�627 <0�001
Year (r) 0�178 (0�00134) 0�038 (0�00028) – –
Brood (r) 0�294 (0�00265) 0�026 (0�00020) – –

Table 2. Percentage change in parameter estimates of the effect of fledging mass on first-year survival probability on three different lev-

els when adding year- or brood-level environmental parameters as fixed effects (but not in interaction with fledging mass) to the model

presented in Table 1. Because parameter estimates were derived in models assuming a binomial error distribution, for interpretability the

percentage change in parameter estimates is additionally given as obtained from models assuming a normal error distribution in paren-

theses

Parameter Year mass Brood mass Brood mass2 Ind mass Ind mass2

Year level

Period (sparrowhawk) 16 (16) 1 (0) 0 (0) 0 (0) 0 (0)

Beech mast �18 (�20) 1 (0) 0 (0) 0 (0) 0 (0)

Winter temperature 2 (2) 0 (0) 0 (2) 0 (1) 0 (0)

Breeding density �1 (�1) 0 (0) 0 (0) 0 (0) 0 (0)

Synchrony with food �5 (�12) 4 (�1) �14 (�26) �3 (�9) 8 (�2)

Brood level

Territory size �5 (�4) �2 (0) �2 (1) 19 (24) 0 (0)

Number of large oaks 0 (0) 2 (1) �2 (�2) 0 (�1) 0 (1)

Synchrony with food 1 (�8) 2 (�9) �25 (�53) �6 (�11) 6 (�7)
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the population level (14%) and when characterized at the

level of individual nests (25%). Synchrony at the brood

level also affected the form of the relationship between

fledging mass and first-year survival probability between

broods, with brood-level effects of fledging mass on first-

year survival being stabilizing in early, but directional in

late, broods within years (Fig. 2b).

cross-fostering experiment

Brood-level analysis revealed that the proportion of fledg-

lings recruited was predicted by the fledging mass

obtained in the natal nest of rearing, rather than by the

mass of the original chicks reared in the foster nest of

fledging (foster_mass � SE: 0�042 � 0�123, v21 = 0�116,
P = 0�733; foster_mass2 � SE: �0�008 � 0�028, v21 =
0�083, P = 0�773). The natal nest mass effect was linear

(natal_mass � SE: 0�348 � 0�150, v21 = 5�349, P = 0�021),
rather than quadratic (natal_mass2 � SE: �0�143 �
0�140, v21 = 1�037, P = 0�309). Hence, this experiment sug-

gests that the brood-level relationship between fledging

mass and recruitment is generated early in development

and does not result from post-fledging effects.

Individual-level analysis also showed that there was evi-

dence for a brood-level relationship between fledging mass

and first-year survival probability (natal_brood_mass

� SE: 0�358 � 0�163, v21 = 4�845, P = 0�028), but did not

reveal a statistically significant effect of fledging mass on

survival within broods in this sample (ind_mass � SE:

0�216 � 0�181, v21 = 1�422, P = 0�223; ind_mass2 � SE:

�0�046 � 0�160, v21 = 0�084, P = 0�772). However, parame-

ter estimates from this model did not differ significantly

from those obtained from analyses on the 51-year data set.

selection analyses

Overall, the standardized directional selection differential

(S’) for fledging mass was estimated at 0�223 � 0�011
across the 51 years of our study, while the nonlinear

selection differential (c’) was estimated to be stabilizing at

�0�060 � 0�006. Using within-year relative fitness and

standardized fledging mass reduced these differentials to

0�209 � 0�013 (�6%) and �0�054 � 0�007 (�10%),

respectively. Using within-year relative fitness, but stan-

dardizing fledging mass within broods, the directional

selection differential was estimated at 0�069 � 0�012
(�67%), while the stabilizing selection differential was

estimated at �0�070 � 0�005 (+30%). Hence estimates of

selection intensity are highly dependent on the extent to

which the hierarchical structure of the data is considered.

Discussion

Despite a wealth of estimates of the direction, strength

and form of phenotypic selection in natural populations,

many questions remain regarding its consequences for

evolutionary trajectories within those populations. Among

these questions are those regarding (i) the very limited evi-

dence for responses to selection (Kingsolver et al. 2012),

(ii) the nature of the agents of selection (MacColl 2011)

and (iii) the causes of variation in the strength and form

of selection (MacColl 2011; Kingsolver et al. 2012). Here,

analysing a long-term data set spanning 51 years of

breeding in a small passerine bird species, the great tit, we

used a hierarchical partitioning approach to address these

questions for a trait known to have a heritable basis and

often found to be under strong selection: fledging mass.

We found a relationship between fledging mass and

first-year survival probability at all three hierarchical lev-

els we investigated: between years, between broods within

years and between fledglings within broods. In the

absence of different environmental sources of correlated

effects or different selection pressures on each of these

levels, we would expect the three slopes of the mass–

fitness relationship to be identical (Tinbergen & Boerlijst

1990; also see Fig. 2 in Goodnight, Schwartz & Stevens

1992). However, we found the strength of these relation-

ships (estimated from a model with binomial errors) to

decrease by approximately a factor three with each level,

which suggests that while the individual-level slope may

be closest to representing the causal survival benefit that

one extra gram of fledging mass per se conveys for an

individual, extra causal mass effects on survival may exist

on the brood level, and much of the mass–fitness relation-

ship will to a considerable extent result from correlated

effects of other factors at the brood- and year level

(Tinbergen & Boerlijst 1990; Fig. 3). At the year level, we

identified the size of the beech mast in the winter follow-

ing fledging as a factor underlying correlated responses of

fledging mass and survival, accounting for 18% of the

mass effect on survival. In years in which fledging was fol-

lowed by a large beech mast, both average fledging mass

and recruitment probability were high (see Fig. S1a, Sup-

porting information). For first-year survival probability,

this is likely to be a direct effect of an extra, dependable

food source in winter. For fledging mass, a direct effect of

food is unlikely, due to the obvious time lag (beech mast

is produced in the autumn, long after birds have fledged),

but also because the biomass of the main caterpillar food

source in spring is not related to the size of the beech

mast crop in the following winter (Perdeck, Visser & van

Balen 2009). An interesting possibility is that great tits,

such as American and Eurasian red squirrels (Tamiasciu-

rus hudsonicus and Sciurus vulgaris; Boutin et al. 2006),

show anticipatory reproductive investment in years in

which the beech mast will be large (which they can poten-

tially predict from the flowering of beeches during the

parental provisioning period), for example because costs

of reproduction are easier to bear in such years or

because the expected return on investment is higher.

At the brood level, the relationship between fledging

mass and first-year survival probability was partly

explained as a correlated effect of seasonal differences in

reproductive performance. In this case, however, it was
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the nonlinear aspect of the relationship that was affected,

because years in which the great tit population as a whole

initiated nests early in relation to the caterpillar half-fall

date, as well as individual broods that were initiated early

(see Fig. S1c, Supporting information), were characterized

by intermediate fledging mass, but high first-year survival

probability, in comparison with late, or intermediately

timed, years and broods. When taking into account the

population- and nest-level synchrony of clutch initiation

with the caterpillar half-fall date, estimates of the effect

of mass on survival at the brood level were 14% and

25% smaller, respectively. Since the earliest breeders are

generally the individuals of highest quality (Verhulst &

Nilsson 2008), parental quality that is transferred to off-

spring may explain the brood-level effect of synchrony on

recruitment probability. Alternatively, early broods may

provide fledglings with good food conditions just after

fledging, or with more time to develop flight skills before

predators exert their strongest selection pressure, as well

as providing high nutrition during earlier phases of

growth. The year-level effect is less strong and explana-

tions of this effect are less obvious.

Our analyses of the long-term data set did not help us

to identify factors underlying the linear aspect of the

brood-level relationship between fledging mass and

first-year survival probability in addition to that of the

individual-level relationship. However, our cross-fostering

experiment revealed that this relationship can be attrib-

uted to causal mass effects and the environment

experienced before fledging, since the brood-level mean

fledging mass obtained before being cross-fostered at the

age of 14 days was related to first-year survival probabil-

ity, while the average fledging mass of the chicks origi-

nally raised by the foster parents was not. Post-fledging,

brood-level parental quality effects, such as parents rais-

ing a heavy brood leading fledged offspring to high-qual-

ity or low-risk feeding areas, thereby improving their

survival prospects, can therefore be discounted, while pre-

fledging brood-level effects (other than territory size or

number of oaks within a 75 m radius of the nest box)

should be considered in future work.

Partitioning the relationship between fledging mass and

first-year survival probability to different organizational

levels allows quantification of its effect on estimates of

selection differentials. To date, selection analyses in wild

populations have usually been performed in two ways.

First, overall estimates of selection differentials have been

obtained using overall relative fitness and phenotypic trait

values standardized with the overall mean and variance of

the trait in all individuals. Secondly, year-specific esti-

mates of selection differentials have been obtained using

year-standardized phenotypic trait values and year-specific

relative fitness. In the latter case, statistical significance of

the resulting estimates of selection differentials is some-

times tested in additional models where a random effect is

included to account for the statistical non-independence

of offspring reared in the same breeding attempt (e.g.

Kruuk, Meril€a & Sheldon 2001; Charmantier et al. 2004;

Garant et al. 2004). Our finding that the relationship

between fledging mass and first-year survival probability

varies by a (binomial) factor three between levels, how-

ever, implies that estimates of selection differentials on

fledging mass may, in absence of evidence for between-

group causal effects of the trait on fitness, be most appro-

priately made at the within-group level. In our case, the

difference is substantial. While our estimate of the overall

directional selection differential was only 6% higher than

our estimate controlling for the between-year relationship

between fledging mass and recruitment probability, this

estimate itself was 67% higher than our estimate control-

ling for the brood-level relationship as well. Note that we

do not argue that, in our case, competition for survival in

relation to fledging mass occurs only between fledglings

raised in the same brood. This may be the case, since

analyses of data from our population suggest that selec-

tion on fledging mass predominantly takes place in the

first few weeks after fledging (S. Bouwhuis & B. C. Shel-

don, unpublished results), when fledglings rely on post-

fledging parental care and roam the woods in family

flocks (Verhulst & Hut 1996) and when the main source

of mortality is predation (Naef-Daenzer, Widmer &

Nuber 2001). However, we argue that in the absence of

evidence for causal brood mass effects on survival, the

within-level selection differential will most accurately

reflect the extent to which fledging mass variation per se

is the cause of fitness variation between individuals and
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Fig. 3. The predicted relationship between great tit fledging mass

and first-year survival probability at the brood and individual

levels in a year with a mean fledging mass of 18�5 g. The figure

illustrates model predictions for three hypothetical broods with

an average fledging mass of 17�6, 18�5 and 19�4 g (i.e. aver-

age � 1 SD of brood mass), while offspring within these broods

have a range of 2�0, 1�8 and 1�6 g, respectively (i.e. aver-

age � 1 SD offspring mass per average brood mass). The inset

shows that because the brood-level relationship is 2�6 times stron-

ger than the individual-level relationship, this relationship mostly

results from a correlated response to a brood-level trait.
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be least sensitive to environmental contributions to the

phenotype-fitness covariance overwhelming the evolution-

arily relevant covariance (also see Morrissey, Kruuk &

Wilson 2010). Either way, this result shows that failing to

take into account the phenotypic structuring within a

population can result in greatly inflated estimates of selec-

tion differentials, as may also be the case for estimates of

heritability (Price & Schluter 1991). We therefore suggest

that explanations for the mismatch between observed and

expected evolutionary dynamics in natural populations

should also consider the possibility that selection esti-

mates are inflated, in addition to other factors which have

often been concerned with the quantitative genetic param-

eter estimation (Brooks & Endler 2001; Meril€a, Sheldon

& Kruuk 2001; Kruuk et al. 2002).

In our multilevel approach of adding environmental

factors as independent variables to trait–fitness regres-

sions, a significant interaction between the environmental

factor and trait would provide the best non-experimental

support for the environmental factor’s role as an agent of

selection. In our case, we found individual-level selection

to be stronger in a period in which sparrowhawks were

present in the population, in years when the population-

wide breeding density was high, and in years in which the

breeding season was followed by a mild winter. In each

case, we found the lightest fledglings to suffer most from

reduced recruitment probability. The first result suggests

that sparrowhawk predation is a likely agent of selection

on great tit fledging mass, which is confirmed by our

recent finding that lighter great tit fledglings are more

likely to be found as prey remains in sparrowhawk pellets

in the vicinity of sparrowhawk nests (Vedder, Bouwhuis

& Sheldon 2014). This finding is not in agreement with

the idea that heavy individuals may lack the agility and

speed to escape predation (Witter & Cuthill 1993), but

rather suggests that light fledglings are least well devel-

oped for flight ability and escape, or beg loudest and are

therefore easiest for predators to locate. Our second result

that breeding density and winter temperature affect the

strength of individual-level selection suggests that the den-

sity of conspecifics, which compete for clumped and

limited food sources over winter, may be an additional

agent of selection, if a higher breeding density and a

milder winter both result in an increase in the number of

competitors via increased production and reduced mortal-

ity, respectively. Indeed, great tit fledging mass (which is

related to adult mass, Perrins & McCleery 2001) may con-

fer an advantage in competition for food (e.g. Lange &

Leimar 2004).

Overall, our analyses show that correlated responses of

traits and fitness to environmental factors at different

organizational levels can make up a large component of

estimates of selection, such that analyses of micro-

evolution are best performed using estimates of selection

at the level at which causality is most likely to occur. Our

analyses also identify environmental factors at a range of

levels as underlying substantial parts of the non-causal

covariance between size and fitness in a wild bird

population. In cases where experimental manipulation of

traits is difficult, partitioning correlations between

levels of selection and environmental factors is a very

promising approach to understanding the causes of

selection.
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Data S1. Notes on the relationships between fledging mass and

first-year survival in relation to beech mast, sparrowhawk pre-

sence and synchrony with a food source.

Fig. S1. The year- and brood-level relationships between fledging

mass and survival to recruitment are partly due to correlated effects

on both of (a) beech mast, (b) period (sparrowhawk presence), and

(c) synchrony with the caterpillar half-fall date.

Table S1. The effect of variation in great tit fledging mass on first-

year survival probability at three levels: between years, between

broods within years, and between offspring within broods in

13 years in which sparrowhawks were absent from the population.
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