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Abstract

Negative density dependence of clutch size is a ubiquitous characteristic of

avian populations and is partly due to within-individual phenotypic plastic-

ity. Yet, very little is known about the extent to which individuals differ

in their degree of phenotypic plasticity, whether such variation has a

genetic basis and whether level of plasticity can thus evolve in response to

selection. Using 18 years of data of a Dutch great tit population (Parus

major), we show that females reduced clutch size with increasing popula-

tion density (slopes of the reaction norms), differed strongly in their aver-

age clutch size (elevations of the reaction norms) at the population-mean

density and that the latter variation was partly heritable. In contrast, we

could not detect individual variation in phenotypic plasticity (‘I 9 E’).

Level of plasticity is thus not likely to evolve in response to selection in

this population. Observed clutch sizes deviated more from the estimated

individual reaction norms in certain years and densities, implying that the

within-individual between-year variance (so-called residual variance) of

clutch size was heterogeneous with respect to these factors. Given the

observational nature of this study, experimental manipulation of density is

now warranted to confirm the causality of the observed density effects.

Our analyses demonstrate that failure to acknowledge this heterogeneity

would have inflated the estimate of ‘I 9 E’ and led to misinterpretation of

the data. This paper thereby emphasizes the fact that heterogeneity in

residuals can provide biologically insightful information about the ecologi-

cal processes underlying the data.

Introduction

Phenotypic plasticity is a ubiquitous feature of animal

populations and characterizes the ability of a single

individual (or genotype) to alter its phenotype in

response to changes in environmental conditions (De-

Witt & Scheiner, 1994). Behavioural ecologists have

long been interested in this phenomenon as plasticity

represents an important mechanism by which individu-

als or populations can respond adaptively to rapidly

changing conditions (Piersma & Drent, 2003) such as

climate change (Nussey et al., 2005b; Brommer et al.,

2008; Charmantier et al., 2008) or changes in perceived

predation risk (e.g. Martin & R�eale, 2008; Lima, 2009).

Over the last few years, ecologists have increasingly

used repeated measures data from longitudinal studies

to quantify variation in plasticity at different levels, for

example, among populations and among individuals

within the same population. These studies have

revealed that individuals within the same population

often differ in their degree of plasticity (behaviours:

review in Dingemanse et al., 2010; Mathot et al., 2012;

Brommer, 2013; and life-history traits: review in

Nussey et al., 2007). Individual variation in plasticity
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may be important for evolutionary processes because if

it has a genetic basis, it has the potential to evolve

under natural selection and provide important informa-

tion on how quickly natural populations may respond

to changes in their environment (Nussey et al., 2007).

Recently, studies in behavioural ecology have also

emphasized that selection might favour the evolution

of between-individual variation in plasticity (e.g. Wolf

et al., 2008, 2011), and therefore, the study of hetero-

geneity in phenotypic plasticity – for long the realm of

evolutionary biologists – has now entered the field of

behavioural ecology (see also van de Pol, 2012;

Dingemanse & Wolf, 2013).

Phenotypic adjustment of labile traits is typically

conceptualized and measured in terms of reaction

norms where the (genotype’s) phenotypic response is

regressed against an environmental gradient (Via et al.,

1995). In this study, we study individual variation in

clutch size–density reaction norms in a wild great tit

(Parus major) population with known pedigree struc-

ture. Density dependence of reproduction is a key

concept in ecology because of its role in regulating

population sizes (Newton, 1998). In birds, longitudinal

studies have revealed that individuals typically pro-

duce fewer offspring in high-density years (Both,

2000) and that this pattern is often the result of

within-individual plasticity rather than selective (dis)

appearance of phenotypes (Both, 1998a; Nicolaus

et al., 2009a). It has been hypothesized that individual

adjustment of clutch size to population density is an

adaptive response to an increase in competition for

local resources (Both et al., 2000) or is constrained by

limited resources (Arcese & Smith, 1988; Nager et al.,

1997). This suggests that the clutch size–density reac-

tion norms may be under selection because individuals

that do not adjust their clutch size to density should

suffer reduced fitness. Yet, despite a large body of

studies documenting density dependence of avian

reproduction, surprisingly little is known about the

extent to which individuals differ in their adjustment

of clutch size to the prevailing density (‘I 9 E’), and

whether such variation has a genetic basis (‘G 9 E’).

This information is nevertheless of importance because

it would enrich our understanding of whether there is

indeed individual-level adjustment of reproduction to

population density and whether such a phenotypic

response can evolve.

Here, we therefore examine two central aspects of

the clutch size–density relationship using 18 years of

data of a pedigreed population. First, we confirm that

females reduce clutch size with increasing population

density and then test whether females do differ in the

slope of their clutch size–density reaction norm

(I 9 E). Second, we test whether variation in plasticity

in the clutch size–density relationship has a genetic

basis (G 9 E), that is, whether it can evolve under

selection.

Materials and methods

Study area and study species

The study was carried out in a great tit population

inhabiting a mixed deciduous forest in the Lauwers-

meer area in the north of the Netherlands. This popula-

tion has been monitored since 1993; the number and

position of the nest boxes in the study have changed

according to the experiments performed over the study

years (see details in Tinbergen & Sanz, 2004; Nicolaus

et al., 2009b): First, from 1994 onwards, 200 nest boxes

were unevenly spread over eight nest-box areas

(‘plots’), where each plot had either a high (from 1.25

to 1.64 nest boxes ha�1) or low (from 0.11 to 0.83 nest

boxes ha�1) number of boxes (phase 1). Second, in

2004, 200 nest boxes were added in 4 additional plots,

offering in total 400 available nest sites (phase 2).

Third, before the 2005 breeding season, we completely

reorganized the existing study area by establishing 12

new plots. From that point onwards, each plot con-

sisted of 50 boxes totalling 600 nest sites available for

breeding (phase 3). Nest boxes were spread over nine

plots in phase 1, 13 plots in phase 2 and 12 plots in

phase 3. In this study, we distinguish two periods char-

acterized by overall ‘low’ (period 1, 1994–2004) or

‘high’ (period 2, 2005–2011) population density

(Fig. 1a). Population density significantly increased over

the years in period 1 (rs = 0.87, P = 0.002,

n = 11 years) but not in period 2 (rs = �0.05,

P = 0.935, n = 7 years). Given the relatively young age

of the forest (established between 1971 and 1988) and

the low density of excavator birds (i.e. great-spotted

woodpeckers Dendrocopos major), very few natural cavi-

ties were available in the study area, that is, the vast

majority of breeding attempts occurred in the nest

boxes (Nicolaus et al., 2009a).

Data collection

From the beginning of April, nest boxes were checked

weekly and parameters such as lay date, clutch size,

parental identity, nestling growth and fledging success

were monitored using standard methods (detailed in

Nicolaus et al., 2009b). Minimum age of captured par-

ents was inferred from either previous data (i.e. for

recruited birds that were ringed as nestlings in our pop-

ulations) or plumage characteristics (i.e. for unbanded

immigrant birds; Svensson, 1992). Further weekly

checks gave information about the incidence of second

clutches and their breeding success.

Data selection

We used 18 years of breeding data (1994–2011), focus-
sing on first clutches only. First clutches were defined

as clutches that were initiated within 30 days of the
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start of the earliest clutch in the focal year. Clutches

were excluded from the analyses when the female

identity was unknown or when clutches were smaller

than five eggs or larger than 15 eggs because these are

often the result of disturbed situations (i.e. clutch

desertion or multiple females laying in one nest,

n = 155 events). Our data set includes on average (SE)

1.44 � 0.02 breeding events per female (n = 1895).

The number of breeding events per female ranges from

1 to 6 with a mode and a median of 1 (1195 female

with one observation, 351 females with two observa-

tions; 110 females with three observations; 40 females

with four observations; 13 females with five observa-

tions and two females with six observations). These

data constitute a substantial data set for exploring indi-

vidual variation in reaction norms (see power analysis

in Appendix S1). We note that within-individual

variance in clutch size here represents among-year

within-individual variance.

Breeding densities

Breeding density was defined as the number of breed-

ing pairs per surface area (pairs ha�1). We have previ-

ously shown that females adjust their clutch size to the

population annual breeding density (=number of

annual breeding pairs per total surface area; varying

among years) and not to local plot breeding densities

(=number of annual breeding pairs per plot surface

area; varying among plots within and among years).

This pattern was true even when we experimentally

induced a sevenfold difference in local breeding densi-

ties between the plots in period 1 (Nicolaus et al.,

2009a). In period 2, natural variation in local plot

breeding densities was small because all plots were pro-

vided with the same number of nest boxes (natural dif-

ference of maximum 2.6-fold on average) and thus

unlikely to influence female reproductive decisions. We

therefore used population annual breeding density as

the environmental covariate in the reaction norms.

Changes in the size of the study area across years were

taken into account in the calculations of density by

dividing the number of breeding birds by the size of the

study area for each year separately (Fig. 1a,b).

Random regression approaches

In a reaction norm approach, the phenotypic response

of one individual or genotype to the environment is

characterized by an elevation (its expected trait value

in the average environment, ‘I’) and a slope (amount

by which the trait changes per unit change of the envi-

ronment, ‘E’, that is, phenotypic plasticity; Pigliucci,

2005). These two reaction norm components can them-

selves be considered as quantitative traits, where ran-

dom regression phenotypic model (RRPM; Henderson,

1982) can be applied to test for the presence of individ-

ual variation in plasticity (i.e. individual by environ-

ment interaction, ‘I 9 E’; Nussey et al., 2007) and

correlations between elevation and slope. When pedi-

gree data are available, random regression animal mod-

els (RRAM) are used to further quantify the relative

contribution of genetic and nongenetic sources of varia-

tion in both reaction norm components (Meyer, 1998;

Kruuk, 2004; Schaeffer, 2004; Wilson et al., 2010).

RRAM thus provides a means to partition ‘I’ into ‘G’

(effects of genes) and ‘PE’ (permanent effects of envi-

ronments, that is, individual-specific nonheritable

effects) and to partition ‘I 9 E’ into its heritable compo-

nent (‘G 9 E’, genotype by environment interaction)

and nonheritable component (‘PE 9 E’). The perma-

nent environment effect (‘PE’) captures the influence

of environmental factors that are associated with an

individual and whose effects are conserved across the

years
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Fig. 1 (a) Breeding density of great tits has increased over time

(n = 18 years) in the Lauwersmeer (the Netherlands). (b) Mean

population clutch size (�standard error) decreased with breeding

density (n = 2464 observations of 1895 females, raw data). ‘Low’-

and ‘high’-density periods are denoted in white and black,

respectively.
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repeated records of that individual. This environmental

effect is, in any case, different from the within-individ-

ual variance (or ‘residual variance’).

Random regression phenotypic model

The clutch size CSi,i,k of individual i in year j and plot k

was modelled as a continuous function of the year-spe-

cific breeding density D. We used 2784 measures of

1895 individuals, including those with only one mea-

surement (Martin et al., 2011). With such a sample size,

the power to detect individual differences in elevations

at intermediate population size for the Lauwersmeer

population (i.e. N = 175 females sampled) is around 1,

and the power to detect individual differences in slopes

ranges between 0.60 and 1 (see power analysis in

Appendix S1; van de Pol, 2012). Following the proce-

dure described by Brommer et al. (2012), we first mod-

elled the clutch size–density relationships at the

phenotypic level using a RRPM:

CSi;j;k ¼ b0 þ b1LDi;j þ b2Agei;j;k þ b3Age
2
i;j;k þ b4Dj

þ yearj þ plotk þ f ðindCSx;i ;DjÞ þ ei;j;k;l (1)

where eqn (1) specifies a mixed-effect model with b0
(the overall mean clutch size), b1 LD, b2 Age, b3 Age2

and b4 D fitted as fixed effects and year, plot and

f ðindCSx;i ;DjÞ as random effects, and ei,j,k,l denoting the

residual error. We corrected for parameters known to

influence clutch size: LDi,j, the laying date of individual

i in year j (Klomp, 1970), Agei,j,k and Age2i;j;k the age of

individual i and its quadrate in year j to account for

nonlinear effects of age (Kluijver, 1951; Bouwhuis

et al., 2010). Dj is the year-specific breeding density

standardized to zero mean and standard deviation unit,

and ‘b4’ is the fixed-effect regression coefficient of the

mean clutch size changing with D. Individual variation

that is not explained by the fixed effects is modelled by

the random effects and residuals, where the random

effects year and plot capture annual and spatial varia-

tion. Because year was fitted as a random effect into the

model, the effect of density was consequently not

pseudo-replicated. The polynomial function f ðindCSx;i ;DjÞ
specifies the individual-specific deviations from the

fixed-effect slope of clutch size on breeding density. For

each individual i, a polynomial function of increasing

order x is specified. When x = 0, the variance across

individuals ind0 (elevation) is estimated at the average

density value (i.e. is stable over the density gradient).

When x = 1, the variance in the coefficients ind0 (ele-

vation) and the variance in ind1 (slope) of the function

ind0 + ind1 are estimated as well as the covariance

between them. The residual variance ɛi,j,k,l describes for

individual i in year j and plot k at the instance l the

deviation from the model’s predicted value. When

x = 1, eqn 1 thus partitions the total phenotypic

variance (VP) into year (VYEAR), plot (VPLOT),

between-individual variation in elevation (Vind0, or ‘I’),

between-individual variation in slope (Vind1, or ‘I 9 E’),

covariance between elevation and slope (COVind0, ind1)

and residual (within-individual) variance (VR or ‘e’).
Polynomial functions where x = 2 were also considered

but caused model conversion problems and therefore

these models will not be reported here.

Random regression animal model

We used restricted maximum-likelihood (‘REML’) mod-

els with a pedigree based on social matings to estimate

variance components of clutch size. Such RRAM allow

for the decomposition of the phenotypic variance into

random and fixed-effect variance components by com-

paring phenotypes of known relatives using pedigree

information and facilitate quantitative genetic analyses

of unbalanced data sets (Lynch & Walsh, 1998; Kruuk,

2004). We ran the animal models using a fixed-effect

structure detailed in eqn 1 for a pedigree that includes,

when pruned to retain only links to the individuals

with measurements of clutch size (Morrissey & Wilson,

2010), 2565 records with 1283 maternities and paterni-

ties. Maximum pedigree depth was 15 generations.

Inbreeding was low (only 83 individuals had a nonzero

inbreeding coefficient). Mean maternal sibship size was

1.72 and mean paternal sibship size was 1.66, with a

pedigree-wide mean pairwise relatedness of 0.00152.

The social pedigree was built using all information

about individuals marked in our nest boxes between

1993 and 2011 and based on the assumptions that (i)

immigrants are unrelated to each other and to resident

birds, (ii) the social parents are also the genetic parents,

and (iii) the occurrence of extra-pair paternity (about

10% for this population; Brommer et al., 2010b) has

little effect on the estimate of heritability (Charmantier

& R�eale, 2005). Following procedures described by

Nussey et al. (2007) and Wilson et al. (2010), we

expanded eqn 1 by splitting up the phenotypic variance

in both elevation and slope into their additive genetic

vs. permanent environment components, denoted by

the functions f ðaCSx;i ;DÞandf ðpeCSx;i ;DÞ, respectively:

CSi;j;k ¼ b0 þ b1LDi;j þ b2Agei;j;k þ b3Age
2
i;j;k þ b4Dj

þ yearj þ plotk þ f ðaCSx;i ;DjÞ þ f ðpeCSx;i ;DjÞ þ ei;j;k;l

(2)

When x = 1, eqn 2 thus partitions the total pheno-

typic variance (VP) into year (VYEAR) and plot (VPLOT)

variance and into additive genetic effects on elevation

(VA0 or G) and on slope (VA1 or G 9 E) and their

covariance (COVA0, A1) and permanent environment

effects on elevation (VPE0 or PE) and on slope (VPE1 or

PE 9 E) and their covariance (COVPE0, PE1).

The statistical significance of all random effects was

derived from likelihood ratio tests (LRTs). The test sta-

tistic is twice the difference in log-likelihood between
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hierarchical nested models and is distributed as v2

(Shaw, 1991). Because a (co)variance matrix must be

positive definite, the values of variances are bounded to

be positive and the values of covariances are also con-

strained to a range where correlations are between �1

and +1. For this reason, we calculated the probability to

obtain a certain v2 value while assuming a mixture of

v2 distributions with differing degrees of freedom (cf.

Self & Liang, 1987; Pinheiro & Bates, 2000; Visscher,

2006). Probability (P) of the LRT of a variance was

against a mixture of P(v2, d.f. = 0) and P(v2, d.f. = 1),

and the probability of LRT of one variance and one

covariance (i.e. the inclusion of variance in reaction

norm slope) was tested assuming an equal mixture of P

(v2, d.f. = 1) and P(v2, d.f. = 2). Our findings are quali-

tatively the same when applying the more conservative

testing approach and assuming the d.f. of a LRT equals

the difference in the number of (co)variances estimated

between two nested models (Results not shown). The

significance of the fixed effects was derived using

numerator and denumerator degrees of freedom esti-

mated from the algebraic algorithm in ASREML 3.0

(Gilmour et al., 2009). To circumvent the potential

problem of producing overconfident estimates of fixed

effects, particularly for population density (Schielzeth &

Forstmeier, 2009), we reported fixed-effect estimates

from the most parsimonious models and from models

fitted with random slopes (I 9 E). All models were

implemented in ASREML 3.0 (Gilmour et al., 2009).

Homogeneous vs. heterogeneous residual errors

Typically, random regression models used to test for the

presence of individual variation in plasticity (‘I 9 E’)

assume that the within-individual variance (statistically

called ‘residual variance’) is homogeneous across the

environmental covariate ‘E’, and therefore heterogene-

ity in residuals is often treated as a statistical nuisance

(Erceg-Hurn & Mirosevich, 2008). Although this topic

is still in its infancy, an increasing number of studies

emphasize the fact that heterogeneity in residuals can

provide biologically insightful information about the

ecological processes underlying the data (Brommer

et al., 2010a; R�eale & Dingemanse, 2010; Cleasby &

Nakagawa, 2011; Stamps et al., 2012; Westneat et al.,

2013). For example, a decrease in phenotypic trait vari-

ance along an environmental quality gradient may

occur because individuals converge in their responses

under adverse conditions (i.e. a reduction in the

between-individual variance; Fig. 2b) or because the

within-individual (residual) variance decreases under

adverse conditions (heterogeneous residual variance;

Fig. 2a; Schaeffer, 2004). Hence, ignoring heterogeneity

in residual variance has consequences: one may statisti-

cally ‘force’ between-individual variance to change as a

function of the environmental covariate (Fig. 2b)

because the error is inappropriately modelled. This may

then induce biased estimates or significance of the vari-

ance in plasticity (‘I 9 E’). Moreover, failure to detect

heterogeneous residuals also precludes any consider-

ation of ecological causes of this type of variation.

Therefore, to explore whether the pattern of I 9 E was

affected by heterogeneous patterns of within-individual
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Fig. 2 Conceptual representation of a reaction norm with

heterogeneous vs. homogeneous residual variance. Consider a

reaction norm where the population-average value of the trait

(depicted by the bold line) and its variance (depicted by the

dashed lines) decrease as a function of environmental quality.

Panels a, b: Random regression models allow partitioning the

variance in the reaction norm components into between (solid

lines)- and within-individual (dashed line) components (we

present here only two individuals in the population). The decrease

in trait variance may have two sources: (a) it may be caused by a

decrease in within-individual variance (i.e. heterogeneity of

residual variance) but not in between-individual variance along

the environmental gradient. In this case, individual differences in

elevation (I) but not in plasticity (I 9 E) will be detected; (b) it

may be caused by a decrease in between-individual variance but

not in within-individual variance (i.e. homogeneity of residual

variance) along the environmental gradient. In this case,

individual differences in elevation (I) and in plasticity (I 9 E) will

be detected. Because these two sources are not mutually exclusive,

a combination of both may drive the change in trait variance (not

shown here).
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variance over density gradients (i.e. years; Fig. 2), in

both eqns 1 and 2, residual errors ɛi,j,k,l were first mod-

elled as homogeneous (Table S2 in Appendix S2), that

is, a common within-individual among-year variance

was estimated and assumed to be the same over the

entire density gradient. We then assumed that residual

variance was instead heterogeneous and allowed it to

be specific to each year j-level at which population

density varies (estimating 18 year-specific residual vari-

ances, VRj). In other words, we considered that

observed clutch sizes could deviate more from each

individual’s estimated reaction norm in certain years or

density periods. Notably, an important consequence of

having VRj and consequently the total phenotypic vari-

ance specific to each year j (VPj) is that heritability of

clutch size also varies as a function of year. For each of

the 18 values of annual density, we thus calculated,

based on eqn (2), narrow-sense heritability as

(h2j ) = VA0/VPj where VPj was calculated as the sum of

all variance components included in the most parsimo-

nious model.

Because annual breeding density differed strongly

between period 1 (‘low’-density years: 1994–2004) and

period 2 (‘high’-density years: 2005–2011) of the study

(F1,18 = 128.26, P < 0.001; Fig. 1a), we also analysed

clutch size–density reaction norms in models where

residuals errors were allowed to be specific for the

‘low’- or ‘high’-density period (estimating 2 residual

variances) instead. This additional analysis allowed us

to investigate whether density-dependent patterns of

clutch size were due to a steady change along the den-

sity gradient or due to an adjustment to large density

changes (Table S3 in Appendix S3). Heritability of

clutch size was calculated separately for these two

(‘low’ vs. ‘high’) density periods.

Results

Clutch size–density reaction norms

Models with heterogeneous errors (i.e. heterogeneous

within-individual among-year variance) provided a

substantially better fit compared with models with

homogenous ones (LRT between model 4 of Table S2

in Appendix S2 vs. model 3 in Table 1: v² = 78.46,

d.f. = 17, P < 0.001). Therefore, only models with het-

erogeneous errors will be presented below, but we will

highlight any differences in the estimates of random

parameters between these two approaches.

Consistent with previous studies of this species

(Klomp, 1970; Nicolaus et al., 2009a), clutch size

decreased linearly and significantly with both annual

breeding density and lay date (quadratic effects of these

covariates were not significant, Table 1, Fig. 2b). Clutch

Table 1 Results of the univariate random regression animal model of clutch size as a function of annual breeding density. (a) Estimates of

random regression variance components are given with their standard error in parentheses (as specified in eqns 1 and 2). For each model,

variance terms are provided with a likelihood ratio test (LRT; v2 statistics with associated d.f.) between the given model and the previous

model. The LRT was based on a mixture of chi-square probability distributions with 0 and 1 d.f. (indicated by d.f. = 0.5) when testing a

single variance component and an equal mixture of chi-square probabilities with 1 and 2 d.f. (indicated by d.f. = 1.5) for tests involving

one variance and one covariance. The most parsimonious model is denoted in bold face. All models are fitted with heterogeneous residual

variance. (b) Estimates of the fixed effects of model 4 (random slopes model) and the most parsimonious model (model 5) (b) are given

with their standard error in parentheses. Their significance is tested using F tests.

(a)
Random regression variance Test

Model Year Plot I(ind0) I 9 E(ind1) G(a0) PE(pe0) LogL v2 d.f. P

1 0.259 (0.100) – – – – – �2267.99 180.82 0.5 < 0.0001

2 0.283 (0.108) 0.216 (0.079) – – – – �2198.08 139.82 0.5 < 0.0001

3 0.272 (0.103) 0.198 (0.075) 0.957 (0.075) – – – �2108.58 179 0.5 < 0.0001

4 0.270 (0.102) 0.194 (0.074) 0.887 (0.096) 0.137 (0.090) – – �2107.24 2.68 1.5 0.182

5 0.272 (0.103) 0.178 (0.069) – – 0.532 (0.124) 0.444 (0.122) �2097.45* 22.26 0.5 < 0.0001

(b)

Fixed effects† Fixed effects‡

b Wald’s F d.f. (nom.) d.f. (den.) P b Wald’s F d.f. (nom.) d.f. (den.) P

Intercept 9.182 (0.325) 799.22 1 277.10 < 0.001 9.167 (0.322) 807.33 1 274.80 < 0.001

Density �0.784 (0.202) 15.00 1 24.70 < 0.001 �0.779 (0.202) 14.80 1 24.40 < 0.001

Lay date �0.043 (0.006) 54.83 1 1862.40 < 0.001 �0.042 (0.006) 53.63 1 1866.20 < 0.001

Age 0.506 (0.139) 13.30 1 1203.60 < 0.001 0.503 (0.137) 13.42 1 1191.50 < 0.001

Age2 �0.063 (0.020) 10.05 1 1067.30 0.002 �0.062 (0.020) 9.88 1 1054.40 0.002

*This LRT is performed by comparing Loglikelihoods between model 3 and 5.

†Fixed effects of model 4.

‡Fixed effects of model 5.
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size also exhibited a significant quadratic relationship

with female age which is consistent with patterns of

senescence patterns reported for this species (Kluijver,

1951; Bouwhuis et al., 2010). Estimates of fixed effects

were qualitatively the same in the most parsimonious

model and the model fitted with random slopes, imply-

ing that our method did not produce any biases

(Table 1). The RRAM further revealed that year and plot

explained on average 11% (range: 7–17%; n = 18 year-

plot specific variances) and 8% (range: 6–13%;

n = 18 year-plot-specific variances) of the variance in

clutch size, respectively, implying that there was con-

siderable spatial and temporal variation that was not

attributable to the fixed effects alone (models 1 and 2;

Table 1). The inclusion of ind0, the variance among

individuals in reaction norm elevation (‘I’ for individ-

ual), increased the fit of the model significantly (model

3; Table 1), explaining an average 39% of the variance

in clutch size (range: 25–59%). This finding implies

that females differed significantly in their clutch size at

the mean-centred density. Interestingly, the inclusion

of ind1, the between-individual variance in reaction

norm slopes (I 9 E for individual-environment interac-

tion), did not increase the fit of the model significantly

when heterogeneous (i.e. year-specific) errors were

assumed (model 4; Table 1), whereas it did increase the

fit of the model significantly when modelling homoge-

neous errors (model 5; Table S2 in Appendix S2). This

finding implies that all females adjust their clutch size

to a change in density in a similar way (i.e. there was

no statistical support for individual variation in plastic-

ity) and that the estimate of I 9 E obtained in models

with homogeneous errors (0.171 � 0.087; model 5 in

Table S2 in Appendix S2) was biased upwards (i.e. both

in terms of the estimate and value of significance) com-

pared with the estimate of I 9 E in the model where

residual variances were year-specific (0.137 � 0.090;

model 4 in Table 1). Splitting I into its additive genetic

(a0 or ‘G’) and environmental (pe0 or ‘PE’) components

further improved the fit of the model (model 5;

Table 1), implying that clutch size was heritable in this

population. Because there was no statistical evidence

for I 9 E, we logically concluded – following Nussey

et al. (2007) – that we also could not provide statistical

support for genetic variation in slope of clutch size–
density reaction norm.

Heritability

Clutch sizes produced by individuals deviated more

from their estimated reaction norms in certain years

and density periods, and consequently the residual

(i.e. within-individual among-year) variance was het-

erogeneous with respect to these factors: it fluctuated

between years of the same density period and

decreased from the low- to high-density period

(Fig. 3a, Table 2). Consequently, estimates of narrow-

sense heritability (h2) also varied between years of

the same density period and increased by 21%

between the low- and high-density periods (Fig. 3b,

Table 2).

Discussion

Great tit females reduce their clutch size with increas-

ing annual breeding density (Both, 1998a; Nicolaus

et al., 2009a). This paper investigated individual varia-

tion in such reaction norms and showed that females

differed in their expected clutch size when controlling

for density (i.e. I > 0) and that part of this between-

individual variation in clutch size was heritable (cf.

Postma & van Noordwijk, 2005). We did not detected

significant individual variation in plasticity (i.e. slopes

of the clutch size–density reaction norms or I 9 E)

when within-individual among-year or among-period

variance in clutch size was modelled as heterogeneous.

In contrast, models with homogeneous within-individual

variance falsely detected significant I 9 E.

Between-individual variation

Our study revealed that females differed in elevation of

their clutch size–density reaction norms and that the

heritability of clutch size in the Lauwersmeer population
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Fig. 3 (a) Mean residual (i.e. within-

individual among-year) variance in

clutch size (VR � standard error) and

(b) mean heritability (h2 � standard

error) estimates for all 18 study years

(grey) and for the low- and high-

density periods (black) as a function of

annual breeding density. All estimates

are derived from models 3 and 5 of

Table 1 and models 5 and 7 of Table S2.

‘Low’- and ‘high’-density periods are

denoted with triangles and squares,

respectively.
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varied between 0.14 and 0.30, which is very similar to

the estimates reported for other great tit populations

where year-specific within-individual variation was not

modelled (reviewed by Postma & van Noordwijk,

2005). Proximate explanations for individual differ-

ences in elevation may involve nonrandom settlement

in heterogeneous environment (H€ogstedt, 1980) or

individual variation in the ability to exploit/monopolize

resources or to use and integrate environmental cues

(e.g. with females laying larger clutches being better in

exploiting heterogeneous resources or being more

sensitive to changes in food situation; Mathot et al.,

2012). In the first case, the heritability estimate of

clutch size may thus partly be explained by permanent

environmental effects (e.g. females repeatedly laying

larger clutches in good territories). Future studies

should aim at modelling heterogeneity in residual vari-

ance at the plot or territory level to test whether

accounting for limited dispersal or spatial heterogeneity

in resources would reduce estimate of heritability

(Stopher et al., 2012).

Furthermore, the fact that between-individual differ-

ences in plasticity were not significant suggests that in

this population, the clutch size–density reaction norm

may be under stabilizing selection: From an adaptive

viewpoint, any deviation from this reaction norm may

have been selected against leading to a decrease in pop-

ulation variance in slopes. If so, the negative density

dependence of reproduction, a common phenomenon

in passerines, may be interpreted as an adaptive

response to an increase in local competition for food

prior to, during (e.g. Both, 1998b), or following the

nestling phase (Nicolaus et al., 2009a). However, the

absence of significant I 9 E does not preclude the pres-

ence of significant selection on phenotypic plasticity (cf.

Charmantier et al., 2008), implying that insight into

patterns of selection must await their actual quantifica-

tion. At the same time, individuals may also be geneti-

cally and environmentally constrained in differentially

adjusting their clutch size to population density (Auld

et al., 2010). Alternatively, our measure of annual den-

sity may only capture part of the overall underlying

process of competition that influence clutch size. If

birds tune their clutch size to density at a small spatial

scale (i.e. within-plot density or density nearby neigh-

bours) rather than to density of the population as a

whole, lack of significant I 9 E might be the result.

This explanation is unlikely because we already showed

elsewhere that annual – not local plot – density drives

density dependence of clutch size (Nicolaus et al.,

2009a). Nevertheless, because annual breeding densities

increased with year in period 1 and increased between

periods (Fig. 1a), there remains the possibility that

females tune their clutch size in earlier years to some

environmental parameter(s) other than density that

changed in correspondence with period (discussed

below). Finally, we may not have been able to detect

significant I 9 E, because for females with < 3 observa-

tions, statistical power to detect I 9 E was around 0.6

(although power ranged between 0.6 and 1.0 for the

data set as a whole) and imprecision around the esti-

mate was relatively large (see Appendix S1).

Environment-specific within-individual variation

Observed clutch sizes deviated much more from the

individual’s estimated reaction norm in certain years

compared with others, implying within-individual

among-year heterogeneous patterns of residual vari-

ance. When plotted against density, the pattern reveals

that changes in within-individual among-year devia-

tions from reaction norms were not related to subtle

year-to-year changes in density (e.g. no ‘fanning in’

pattern as hypothesized in Fig. 2a). This suggests that

changes in within-individual among-year variance

(Fig. 3a) could equally well be explained by fluctua-

tions in other environmental factors than density (e.g.

changes in food availability or other resources such as

Table 2 Annual breeding density (pairs per ha), residual variance

(VR) and narrow-sense heritability (h2) in clutch size specific for

(a) each year j of the study period (1994–2011) and for (b) each

density period p (low-density period: 1994–2004; high-density

period: 2005–2011). All parameters (�standard error) are obtained

from univariate random regression animal models of clutch size as

a function of annual breeding density where residual (i.e. within-

individual among-year) variance was allowed to vary with annual

breeding density (a) or with density periods (b).

(a)

Year Density VRj h2j

1994 0.33 0.744 (0.236) 0.245 (0.063)

1995 0.36 1.167 (0.261) 0.205 (0.052)

1998 0.37 1.024 (0.243) 0.217 (0.054)

1996 0.38 2.186 (0.419) 0.147 (0.038)

1997 0.4 1.781 (0.33) 0.166 (0.042)

2001 0.42 1.208 (0.332) 0.202 (0.054)

2000 0.43 1.24 (0.336) 0.200 (0.053)

2002 0.45 1.213 (0.347) 0.202 (0.053)

1999 0.49 1.946 (0.325) 0.158 (0.040)

2003 0.5 2.48 (0.481) 0.136 (0.036)

2004 0.56 0.854 (0.192) 0.234 (0.057)

2009 1.27 1.145 (0.195) 0.207 (0.050)

2011 1.3 0.625 (0.162) 0.260 (0.064)

2006 1.39 0.363 (0.097) 0.298 (0.071)

2010 1.76 1.394 (0.197) 0.189 (0.045)

2008 1.81 1.079 (0.16) 0.177 (0.050)

2005 2.05 1.226 (0.164) 0.168 (0.047)

2007 2.16 1.097 (0.148) 0.176 (0.050)

(b)

Period Mean density VRp h2p

Low (1994–2004) 0.426 (0.024) 1.458 (0.098) 0.192 (0.045)

High (2005–2011) 1.677 (0.086) 1.017 (0.065) 0.226 (0.053)
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nest boxes). Several proximate mechanisms may

explain why in certain years individuals produced

clutch sizes that deviate more strongly from their over-

all clutch size–density reaction norm. First, it may be

linked to annual variation in the ecological conditions

and to the precision of environmental cues that females

rely on when taking reproductive decisions (DeWitt,

1998; Auld et al., 2010). When cues do not reflect reli-

ably the environmental conditions, individuals may be

less likely to produce the optimal phenotype that

matches the specific environment. It could then be

more advantageous to increase the variance in clutch

size as cues become increasingly flawed (DeWitt &

Langerhans, 2004). Second, clutch size may be part of a

multidimensional reaction norm (Westneat et al., 2009,

2011). Because birds live in environments that vary in

many ways, their clutch size may be function of multi-

ple environmental factors. Heterogeneous errors may,

in this case, reflect interactions or correlations between

density and other variables that may vary more in

some years than others (Westneat et al., 2009). Third,

some years may be associated with lower food availabil-

ity that may reduce female endogenous reserve accu-

mulation prior to breeding and homogenize variability

in condition among females (Arcese & Smith, 1988;

Nager et al., 1997). As a consequence, energy con-

straints on egg production may be greater, and females

may be forced to reduce their reproductive investment,

thereby reducing within-individual among-year vari-

ance (Arcese & Smith, 1988; Nager et al., 1997). Condi-

tion dependence in reproductive investment may be a

general mechanism explaining limitations in a trait

expression (Nussey et al., 2005a; Reed et al., 2009). Het-

erogeneity in residuals may thus reflect biologically rel-

evant mechanisms, and future studies should aim at

distinguishing between these (nonexhaustive) options.

Specifically, investigation of patterns of residual vari-

ance will be particularly important with respect to the

environmental gradient under study (in our case:

yearly density changes) because doing so will help

avoid erroneous conclusions. For example, had we

focussed on spatial variation in density instead, analyses

of heterogeneity at the level of plot rather than year

would have been warranted.

Our results also show that the within-individual

among-year variance was larger for individuals breed-

ing under low compared with high-density periods (as

depicted in Fig. S4 in Appendix S4). The experimental

increase in density between the two time periods may

have caused the ecological conditions to deteriorate

(e.g. via an increase of intraspecific competition, a

change in the social composition of the population or a

change in individual territory quality). In this case,

selection may have canalized the level of expressed var-

iation of clutch size within individuals under harsh

environmental conditions (Fig. S4 in Appendix S4;

Gibson & Wagner, 2000). This hypothesis now warrants

experimental verification. Such experiments should log-

ically include manipulations of yearly density and

thereby reveal whether the presumed effects of density

revealed by this observational study were indeed causal

rather than related to other correlated environmental

factors.

Heterogeneity in residual variances: methodological
implications

Our study shows that allowing residual variances to

vary with annual density improved the model fit and

reduced the estimate of I 9 E [homogeneous (SE) vs.

heterogeneous (SE) = 0.171 (0.089) vs. 0.137 (0.090)].

This effect of heterogeneous residual variance on the

estimation of random regression parameters is impor-

tant for analyses that use a frequentist’s approach (i.e.

where inferences are based on values of p) because it

affects the interpretation of the results. For example,

with homogeneous residual variances (model 5 of

Table S2 in Appendix S2), we would have concluded

that individuals differ significantly in plasticity of

clutch size, which was not the case with heteroge-

neous residual variances. Ignoring this heterogeneity

inflated between-individual variance in plasticity by a

value of almost 20% because it forced the between-

individual variance to vary with density. In general,

the problem of heterogeneous errors should be analy-

sed for data presenting spatial or temporal compo-

nents: in natural populations, repeated measures of

individuals often tend to be clustered in space or time,

and therefore, consecutive measurements within an

individual are likely to be collected under similar con-

ditions (van der Jeugd & McCleery, 2002). Because

the random regression procedure estimates individual

slopes over the continuum of the covariate, these dif-

ferences in within-individual variance will become

associated with between-individual differences. Conse-

quently, these within-individual differences can be

erroneously interpreted as between-individual vari-

ances (Fig. 2b) and thus cause bias in the estimated

variance components.

Based on published literature, it appears that most

empirical studies in behavioural ecology ignore hetero-

geneity in residual variance, particularly those focussing

on behaviour (11 of 12 studies (91.7%) in Table 3; see

also Cleasby & Nakagawa, 2011); this problem applies

to a lesser extent also to studies of life-history traits

(four of 13 studies (30.8%) in Table 3). Therefore, the

amount of I 9 E may be generally overestimated.

Future studies should investigate patterns in residual

variances, especially because those studies that consid-

ered both homogeneous vs. heterogeneous within-

individuals variances typically found that the latter

fitted the data best (Brommer et al., 2008; Reed et al.,

2009; Husby et al., 2010; Dingemanse et al., 2012a;

Westneat et al., 2013).
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Table 3 Studies that have used random regression analysis to estimate individual variation in plasticity (I 9 E) in behavioural (B) or life-

history (LH) traits. Statistical evidence (i.e. P < 0.05) for I 9 E or heterogeneity in residual (i.e. within-individual) variances are indicated

by yes (Y) or no (N). The list of studies was adapted and modified from the literature reviews by Mathot et al. (2012) and van de Pol

(2012).

Number Species Trait type Trait

Environmental

covariate

Evidence

for I 9 E?

Allowing

heterogeneity

in residual

variances? Reference

1 Brown trout

(Salmo trutta)

B Aggressiveness/

Foraging activity

Experience N/Y N Adriaenssens &

Johnsson (2011)

2 Eastern chipmunk

(Tamias striatus)

B Activity/Exploration Familiarity N N Martin & R�eale

(2008)

3 Great tit (Parus major) B Exploration Familiarity/

Season/Interval

Y N Dingemanse

et al. (2012b)

4 Great tit (Parus major) B Feeding behaviour Predation risk Y N Quinn

et al. (2012)

5 House sparrow

(Passer domesticus)

B Provisioning rate Nestling

age/partner

Y N Westneat

et al. (2011)

6 Nutmeg mannikins

(Lonchura punctulata)

B Feeding rate/vigilance Group size N/N N Rieucau

et al. (2010)

7 Nutmeg mannikins

(Lonchura punctulata)

B Patch use/

scrounger use

Food Y/Y N Morand

Ferron et al.

(2011)

8 Red knots (Calidris canutus) B Escape flight duration/

Proportion of time vigilant

Predation danger N/Y N Mathot

et al. (2011)

9 Speckled damselfish

(Pomacentrus bankanensis)

B Activity/Boldness Temperature Y/Y N Biro et al. (2010)

10 Yellow damselfish

(Pomacentrus miluccensis)

B Activity/Aggression/

Boldness

Temperature Y/N/N N Biro et al. (2010)

11 Threespined stickleback

(Gasterosteus aculeatus)

B Exploration Familiarity

Predation risk

Y Y Dingemanse

et al. (2012a)

12 Tree swallow

(Tachycineta bicolor)

B Aggression Temperature Y N Betini &

Norris (2012)

13 Ural owl (Strix uralensis) B Aggression Food availability Y N Kontiainen

et al. (2009)

14 Collared flycatcher

(Ficedula albicollis)

LH Laying date 3 weather variables Y N Brommer

et al. (2005)

15 Common gull (Larus canus) LH Laying date Spring temperature Y Y Brommer

et al. (2008)

16 Eurasian oystercatcher

(Haematopus ostralegus)

LH Laying date Age N N van de Pol and

Verhulst (2006)

17 Great tit (Parus major) LH Laying date Spring temperature N N Charmantier

et al. (2008)

18 Great tit (Parus major) LH Laying date Spring temperature Y N Nussey et al.

(2005a)

19 Great tit (Parus major) LH Laying date Spring temperature Y Y Husby

et al. (2010)

20 Great tit (Parus major) LH Clutch size Annual

breeding density

N Y This study

21 Guillemot (Uria aalge) LH Laying date Various Y Y Reed et al. (2009)

22 Guillemot (Uria aalge) LH Laying date NAO N N Reed et al. (2006)

23 House sparrow

(Passer domesticus)

LH Clutch size Age/laying date N N Westneat

et al. (2009)

24 Painted turtle (Chrysemys picta) LH Laying date Winter temperature Y N Schwanz &

Janzen (2008)

25 Red deer (Cervus elaphus) LH Calving date Rainfall Y N Nussey et al.

(2005b)

26 Ural owl (Strix uralensis) LH Clutch size Laying date Y N Brommer et al.

(2012)
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Concluding remarks

Our study highlights the importance of using long-term

individual-based data to understand patterns of pheno-

typic variation. By quantifying variation in plasticity at

the individual level, we showed that plasticity at the

population level does not necessarily imply that varia-

tion in plasticity exists at the level of the individual (no

I 9 E or G 9 E). We have shown that within-individual

among-year deviations from reaction norms were not

constant over the years or density periods and that this

influenced the heritability of clutch size. Although vari-

ation in heritability was small in our study, this finding

supports accumulating evidence that heritability is not

only specific to a given population but can vary also

across environments within populations (e.g. Husby

et al., 2010, 2011). The reported patterns thereby open

up interesting future questions about how varying eco-

logical conditions can affect evolutionary trajectories of

phenotypic traits. Overall, this study confirms that

(behavioural) reaction norm approaches are powerful

tools to investigate the structure of phenotypic variance

(Nussey et al., 2007; Dingemanse et al., 2010; Westneat

et al., 2011; Dingemanse & Dochtermann, 2013). This

approach may also shed light on the ultimate and prox-

imate factors influencing the complex nature of this

variation (Dingemanse & Wolf, 2013). Our study

thereby calls for studies considering the biology of het-

erogeneity in residual errors.
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