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Abstract  

Variation in traits is essential for natural selection to operate and genetic and environmental 

effects can contribute to this phenotypic variation. From domesticated populations we know 

that families can differ in their level of within-family variance, which leads to the intriguing 

situation that within-family variance can be heritable. For offspring traits, such as birth 

weight, this implies that within-family variance in traits can vary among families and can 

thus be shaped by natural selection. Empirical evidence for this in wild populations is 

however lacking. We investigated whether within-family variance in fledging weight is 

heritable in a wild great tit (Parus major) population and whether these differences are 

associated with fitness. We found significant evidence for genetic variance in within-family 

variance. The genetic coefficient of variation was 0.18 and 0.25, when considering fledging 

weight a parental or offspring trait, respectively. We found a significant quadratic 

relationship between within-family variance and fitness: families with low or high within-

family variance had lower fitness than families with intermediate within-family variance. Our 

results show that within-family variance can respond to selection and provide evidence for 

stabilizing selection on within-family variance.   

 

Introduction 

Phenotypes are determined by genetic and environmental components and using standard 

quantitative genetic models we can partition the phenotypic variance (  ) into additive 

genetic variance (  ) and residual or environmental variance (  ) (Falconer and Mackay 

1996; Lynch and Walsh 1998) in absence of dominance and epistasis. Laboratory studies 

http://dx.doi.org/10.5061/dryad.2qv8n
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have shown that genotypes do not differ only in phenotype, but also in their environmental 

variation (  ) (Waddington 1942, 1960; Rendel et al. 1966; Scharloo et al. 1972; Kaufman et 

al. 1977) and, more recently, that in outbred domestic populations this    can be partly 

heritable (Hill and Mulder 2010). The fact that    can be heritable opens up the exciting 

possibility that the variation itself can evolve when under selection. Such selection can be 

caused by, for example, non-linear fitness functions (Falconer and Mackay 1996; Dall 2010; 

Hamilton 2010). Interestingly, also selection on the trait itself can lead to evolution of   , 

because directional (truncation) selection will select for increased trait variation and hence 

could lead to increase in    if this variation is heritable (Hill and Zhang 2004; Mulder et al. 

2007). Such an increase in trait variation could hinder ‘evolutionary rescue’ as, despite the 

population mean phenotype responding adaptively, more individuals will become 

maladapted, which would negatively impact on population mean growth rate, a key parameter 

in the context of evolutionary rescue (Lynch and Lande 1993; Gomulkiewicz and Holt 1995). 

Although many studies found genetic variation in plasticity in natural systems (Scheiner 

1993; Brommer et al. 2005; Nussey et al. 2005), currently we do not have direct information 

about the occurrence and magnitude of genetic variation in environmental variation (  ) in 

natural systems as current examples are all from laboratory studies or domestic populations. 

Mackay and Lyman (2005) showed highly significant genetic variance in    using iso-female 

lines of Drosophila. Morgante et al. (2015) and Sorensen et al. (2015) found substantial 

genetic variation in    using inbred lines in Drosophila. In different livestock species the 

median genetic coefficient of variation in    was 0.3 (Hill and Mulder 2010). Other evidence 

comes from genome-wide association studies that found QTLs affecting phenotypic 

variability of traits in humans (Yang et al. 2012), Arabidopsis (Shen et al. 2012), Drosophila 

(Morgante et al. 2015) or livestock (Mulder et al. 2013a; Sell-Kubiak et al. 2015).  
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Although empirical evidence for genetic differences in    in laboratory studies and animal 

breeding is growing, the biological understanding of these differences in    is limited. 

Differences in    between genotypes could be due to differential buffering of disturbing 

external or internal environmental effects, which has been discussed as canalization 

(Waddington 1942), developmental (in)stability and plasticity (Gibson and Wagner 2000; 

Debat and David 2001; De Visser et al. 2003; Flatt 2005; Masel and Siegal 2009; Masel and 

Trotter 2010). Canalization consists of genetic and environmental canalization (Wagner et al. 

1997), in which the latter is related to buffering internal environmental perturbations and 

would lead to a reduction in   , while the former is related to buffering effects of genetic 

variation, e.g. mutation (Gibson and Dworkin 2004; Gibson 2009). Developmental 

(in)stability is usually measured as differences in within-individual variance such as 

fluctuating asymmetry (Palmer and Strobeck 1986; Clarke 1998), while plasticity is the 

variation among genotypes in response to (quantifiable) external environmental factors such 

as temperature or diet and studied using reaction norms (Scheiner 1993; Lynch and Walsh 

1998; Schlichting and Pigliucci 1998; Nussey et al. 2005).  

The biological basis of differences in    can also be that within a single macro-

environment unknown micro-environmental differences still exist. Therefore, each individual 

experiences a slightly different environment. A direct mathematical link between plasticity 

and differences in    is given by Gavrilets and Hastings (1994), using a model for differences 

in    due to a linear reaction norm to an unknown environmental factor. Genetic differences 

in canalization or plasticity would be reflected in differences in variance among lines, e.g. 

clones, inbred lines or in differences in within-family variance in outbred populations (Hill 

and Mulder 2010). 



 

 

 
This article is protected by copyright. All rights reserved. 

5 
 

So far, we mostly considered traits that are only affected by direct genetic effects on the 

phenotype and their   . However, many offspring traits, such as weaning weight in mammals 

or fledging weight in birds, are not only affected by direct effects of the offspring’s genes for 

body weight, but also by the genes for parental care of the parents, which determine the 

amount and quality of food provided to the offspring (i.e. brood environment) (Figure 1). 

Thus, the variation in offspring’s fledging weight is due to (1) the variation in the ‘individual 

environment’ among chicks, which is due to both the overall provisioning by the parents and 

the allocation rules among chicks the parents use, and (2) the inherited reaction norm of the 

chicks in how ‘individual environment’ influences fledging weight. The parental genes affect 

both these routes: the first via genetic variation in provisioning behaviour, the second via 

inherited reaction norms.  

Direct effects of offspring genotype on plasticity as well as parental effects on plasticity 

could thus contribute to heterogeneity in within-family variance. The direct genetic and 

indirect parental genetic effects on    cannot be easily partitioned unless cross-fostering is 

applied. However, studying the net effect of both types of genes on within-family variance 

offers exciting opportunities to study the evolution of    in natural populations.  

As pointed out above, variation in    can lead to variation in individual fitness and    

could hence be under selection. Stabilizing selection on the mean is expected to reduce    as 

demonstrated by Mulder et al. (2015), whereas intense directional selection is expected to 

increase    (Hill and Zhang 2004; Mulder et al. 2007). Under stabilizing selection, Zhang 

and Hill (2005) showed that small homogeneity costs or large temporal variation in optimal 

phenotype and strength of stabilizing selection can maintain   . Theoretical studies have 

focused mainly on stabilizing selection, while empirical studies provide more evidence for 

directional rather than stabilizing selection acting on the phenotype (Kingsolver et al. 2001; 
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Kingsolver et al. 2012). Furthermore, there is no conclusive pattern whether there is a 

positive relationship between developmental stability and fitness (Clarke 1998).  

Fledging weight and its    in great tits is an interesting case to study the selective forces 

on   , because parents could maximize their fitness by either having few similar offspring of 

high quality or many offspring of more variable quality, i.e. bet-hedging strategies or 

adaptive coin-flipping (Kaplan and Cooper 1984; Seger and Brockmann 1987). A crucial 

condition for these strategies to be adaptive is a relationship between    of fledging weight 

and parental fitness caused by a non-linear relationship between the trait itself and fitness 

(Fig. 2A, B). If this relationship is linear, broods with high and low    will have equal fitness, 

as the fitness increase caused by more extreme offspring on one side is exactly balanced by 

the fitness reductions by more extreme offspring on the other side. However, if this 

relationship is non-linear, broods with high and low    do not have equal fitness, as 

decreasing and increasing the trait by the same value does not yield symmetrical changes in 

fitness, resulting in a net effect on fitness. As this relationship is sigmoidal in great tits 

(Tinbergen and Boerlijst 1990; Verboven and Visser 1998; Both et al. 1999; Monros et al. 

2002), the relationship between    and fitness could be non-linear (Fig. 2) and    of fledging 

weight could be under selection.  

We here use avian fledging weight as our model trait and make use of the unique 

opportunity to quantify genetic variance in and selection on    offered by the pedigreed long-

term study population on wild great tits in the Hoge Veluwe (the Netherlands). The 

development of the double hierarchical generalized linear model (DHGLM) enables 

modelling of genetic and non-genetic effects on the trait level and its    in pedigreed 

populations (Rönnegård et al. 2010; Felleki et al. 2012). Studying    of avian fledging weight 

as a model trait will not only increase our understanding of parental behaviour but will 
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generally improve our understanding of evolutionary processes in natural populations, as e.g. 

the adaption to environmental disturbances. 

 

Material and Methods 

Data collection 

We used data from a natural population of Great tits (Parus major) at our long-term (1955 – 

present) study population at the Hoge Veluwe (the Netherlands). In an area of 171 ha of 

mixed woodland, about 400 nest boxes were checked weekly for egg-laying date and clutch 

size. Chicks were weighed when they were 14-16 days old, because this is just prior to 

fledging (day 18) and chicks at this age have reached their fledging weight. All chicks were 

ringed with standard aluminium rings and breeding adults were captured at the nest, which 

allows a pedigree to be constructed. More details on the data can be found in Gienapp et al. 

(2006). We used only chicks from first clutches, where at least five chicks were weighed and 

with known father and mother. We excluded data before 1975, because of small numbers of 

nests per year in which chicks were weighted in those early years. In total, 17,535 phenotypic 

records were used and the pedigree contained 65,280 animals. Summary statistics and the 

distribution of fledging weight suggest that fledging weight is approximately normally 

distributed, but with some skewness (-1.20) and kurtosis (6.19).  

 

Statistical model to estimate genetic variance in    

To estimate simultaneously genetic variance in phenotype and its    the Double Hierarchical 

Generalized Linear Model (DHGLM) was used in ASReml 2.0 (Gilmour et al. 2006; 
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Rönnegård et al. 2010; Felleki et al. 2012). We used here the within-brood variance (  ) 

instead of   ;    contains in addition to    the Mendelian sampling variance and 

unexplained non-additive genetic variance such as dominance and epistasis. Ideally, one 

would use the animal model to analyse both phenotypes and    rather than   . However, the 

DHGLM gives biased variance components when using an animal model when there is only a 

single observation per animal (Mulder et al. 2013b; Sonesson et al. 2013). Therefore, we used 

a sire-dam model following Sonesson et al. (2013) and assessed evidence for genetic 

variation in    as variation in the variance within fullsib families (  ). The DHGLM can be 

represented as: 
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where   is a vector with fledging weight,   is the response variable for   , the matrix   (  ) 

is the incidence matrix for fixed effects,   (  ) is the incidence matrix for sire-dam genetic 

effects,   (  ) is the incidence matrix for common brood effects. The vectors with solutions 

for fixed effects were   and   . To correct for effects of clutch size, year and within-year 

seasonal trend on fledging weight and its variance, year and annual 5-day period of hatching 

starting from 1 April were fitted as fixed effect factors and clutch size was fitted as a 

covariate with linear and quadratic regressions. Years and the seasonal trend within year are 

affecting mean fledging weight and its variance due to differences in weather and food 
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availability. To be able to disentangle brood effects and these periodic effects, annual 5-day 

periods with fewer than five nests were merged to the closest 5-day period before or after. 

These fixed effects were tested for fledging weight with a Wald test using ASReml and were 

significant (P < 0.05); for    the same fixed effects were used. The effect of observer was 

tested as random effect, but was not significant for fledging weight (proportion explained 

phenotypic variance was 0.003; likelihood ratio test (LRT) with one degree of freedom: 

              ) nor for    (estimate on log scale: 2.57 * 10
-3

; LRT with a mixture of 1 

and 2 degrees of freedom (Stram and Lee 1994; Visscher 2006):                 when 

only observers with records in three or more years were used. We restricted the analysis of 

the observer effect in this way to avoid confounding annual and observer effects on fledging 

weight and its   .   

The response variable   for    was calculated for one observation as       (   
 ̂)  

  
      ⁄      

 ̂

   
 ̂

, where   
  is the squared residual for observation  ,    is the leverage, i.e. the 

diagonal element of the hat-matrix of   for observation   (Hoaglin and Welsh 1978), and    
 ̂  

is the predicted residual variance for observation   based on the estimated fixed and random 

effects for    (Felleki et al. 2012). The leverage    is a measure of the uncertainty in the 

residual and as a consequence the variance of    is smaller than the true residual variance. 

Dividing   
  by      ) scales all estimates towards the true residual variance. Because 

  
      ⁄   follows a   -distribution a log-link function needs to be used or as an alternative 

the first-order Taylor series approximation as derived by Felleki et al. (2012), which is 

      (   
 ̂)  

  
      ⁄      

 ̂

   
 ̂

.  
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The vectors   and    contained the sire-dam effects for fledging weight and its    and 

were assumed bivariate normally distributed [
 
  

]   ([
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 +   ), 

where   
  (   

 ) is the additive genetic variance in fledging weight (  ),       
 is the additive 

genetic covariance between fledging weight and its within-family deviation and   is the 

additive genetic or numerator relationship matrix. Note that the sire and dam effects were 

assumed to have the same additive genetic variance. The vectors   and    contained the 

common brood or nest effects [
 
  

]   ([
 
 
]  *

  
       

            
 +   ), where   

  (   
 ) is 

the brood variance in fledging weight (  ),       
 is the brood covariance between fledging 

weight and its within-family deviation  and   is the identity matrix. The vector with residuals 

  and    were assumed to be independent and normally distributed 
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 +), where           ( ̂)    and         
   

 
 , and 

  
  and    

  are scaling variances, which are expected to be unity, because   and    contain 

the reciprocals of the residual variances. Estimation of   
  and    

  allows for departures from 

the expectation of unity. The algorithm was run for 100 runs in which the matrices   and    

and the vector   were updated after each full ASReml-run. Estimates of variance 

components oscillated, but the sum of the squared deviations between estimates in the current 

and previous ASReml-run relative to the current estimates were smaller than 2.1 * 10
-2

 in the 

last 50 runs, indicating only small oscillations relative to the parameter estimates. Therefore, 

we presented the results of the last run. More details on the algorithm are in Felleki et al. 

(2012), and Mulder et al. (2013b). 
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Model comparison 

Model 1 is the full model with fixed and random effects for fledging weights and its   . In 

addition, we analysed fledging weight and its    with a model containing either only fixed 

effects for    (Model 2) or a model with fixed effects and a random brood effect for    

(Model 3). For model comparison, we used a LRT and Akaike’s Information Criterion (AIC) 

in combination with the adjusted profile h-likelihood (see Mulder et al. (2013b) for details). 

LRT was assumed to follow a mixture of   -test 1 and 2 degrees of freedom (Stram and Lee 

1994; Visscher 2006).   

 

Quantitative genetic parameters 

A sire-dam model was used for statistical reasons (see above). This raises the question 

whether    is a trait of the parent(s) or a trait of the offspring (see also discussion). If    

was assumed a trait of the offspring, then the sire-dam variance was multiplied with four to 

obtain the additive genetic variance (Sonesson et al. 2013). If    was assumed a trait of both 

parents, then the sire-dam variance was multiplied with two to obtain the total genetic 

variance due to both parents assuming that the maternal and paternal genetic variance are 

equal. In order to compare results to literature, we calculated the heritability of    (  
 ) and its 

genetic coefficient of variation (     ) for both considering    as a trait of the offspring and 

as a trait of the parents assuming that all genetic heterogeneity in    is due to genetic 

heterogeneity in   . The   
  can be used to calculate the accuracy of selection and       

indicates how much    could be changed by selection (Mulder et al. 2007). The   
  is defined 

as the regression of the breeding value for    in an additive model for    on the squared 

phenotypic deviation as an analogy of the normal heritability (Mulder et al. 2007). The   
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was calculated following Mulder et al. (2007) and Felleki and Lundeheim (2012); the       

was the square root of    
  (see Appendix). Standard errors for   

  and       were 

approximated according to Mulder et al. (2016). 

 

The effect of environment on    

To estimate effects of year on fledging weight and its    from model 1, we obtained a simple 

linear regression of estimates of    on estimates of fledging weight. To investigate whether 

genetic variation in    is higher under bad conditions than under good conditions, we 

estimated the genetic variance and covariance for    in years with high and low mean 

fledging weight using a bivariate model on  . The dataset was divided in approximately 

equal halves based on the estimated year effect for fledging weight in equation 1. We used 

the response variable   and the weights    from the last iteration of DHGLM. We used LRT 

to test whether the genetic variance in    was the same in the two groups of years and 

whether the genetic correlation was significantly different from one. 

 

Relationships between    and fitness 

When a relationship between fledging weight and fitness at individual chick level is non-

linear, it will create a relationship between    of fledging weight and fitness at the brood 

level (Figure 2 A, B). Therefore, the relationship between    and fitness was investigated at 

two levels: (1) the relationship between fledging weight and recruit survival at individual 

chick level and (2) the relationship between variance and the number of recruits at brood 

level. First at individual chick level, we calculated for each chick whether it appeared as 

parent in the pedigree, i.e. returned as a recruit to the population. We excluded the year 2013, 
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because at the time of creating the dataset and pedigree it was unknown whether chicks 

hatched in 2013 had recruited. The logistic regression model implemented in ASReml 

contained as fixed effects fledging weight, its squared value, a year effect and a random 

brood effect. These were all highly significant. Significance was based on the Wald-test using 

the working variable, which is an approximate test.  

Secondly, the number of recruits per brood was analyzed using year always as a fixed 

class effect, which is similar to analyzing relative fitness, i.e. the number of recruits divided 

by the average number of recruits per brood per year (Lande and Arnold 1983). We used the 

glm-package in R because the number of recruits is Poisson distributed (R Development Core 

team, 2015). We regressed the number of recruits on the mean fledging weight, brood size 

and the log-variance of fledging weight of each brood and the quadratic term of the log-

variance to investigate potential non-linearity. Note that we used here raw means and 

variances and not those estimated from model 1, because pre-adjustment can lead to over-

correction and can remove valuable information. These effects were tested using a   -test. 

 

Results 

Genetic variance in fledging weight and its    

To investigate the importance of genetic variation in    we compared different models for 

  . Comparing a model with a random brood effect for    (Model 3) to a model without any 

random effects (Model 2), indicated large and highly significant differences between broods 

in    (P < 0.001, LRT,    distribution with 1 degree and 2 degrees of freedom) (Table 1). 

Subsequently, the model with sire-dam genetic effects in addition to brood effects (Model 1) 

was tested. It was found that sire-dam genetic effects were significant (P = 0.028, LRT,   -
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distribution with mixture of 1 degree and 2 degrees of freedom), indicating the presence of 

significant genetic variance in   . Furthermore, the AIC indicated that the model for    with 

sire-dam genetic effects and brood effects was the best fitting model. This model testing 

shows significant evidence for genetic variation in    for fledging weight. 

Using the full model, variance components and its derived parameters for fledging weight 

and its    were obtained (Table 2). The heritability for fledging weight was 0.21 (se = 0.05). 

Brood effects explained almost half of the phenotypic variance (44%), indicating large 

differences between broods in mean fledging weight. The other almost half of the phenotypic 

variance was within broods (  ) contributing 46% to the phenotypic variance. For    of 

fledging weight, we estimated a large genetic variance as well as large brood effects. When 

considering    as a trait of the offspring, the genetic variance on the exponential scale was 

0.065 (se = 0.039) and the       was 0.25 (se = 0.077). This indicates that    would change 

by 25% when the directional selection differential would be one genetic standard deviation 

and assuming that all genetic heterogeneity in    is due to genetic heterogeneity in   . The 

heritability   
  was 4.8 * 10

-3 
(se = 2.8 * 10

-3
). When considering    as a trait of the parents, 

the genetic variance was halved, 0.032 (se = 0.020), the       was 0.18 (se = 0.054) and the 

heritability was 3.8 * 10
-3

 (se = 2.1 * 10
-3

). The estimated genetic correlation between mean 

fledging weight and    was 0.10 (se = 0.29). The estimated genetic correlation was not 

significantly different from zero (P = 0.45; LRT with one degree of freedom comparing 

reduced model with zero genetic correlation and full model with estimated genetic 

correlation), indicating no significant genetic relationship between mean fledging weight and 

its   . Besides genetic differences in   , we observed large non-genetic differences in    

indicating large differences between broods in   , i.e. the brood effect. The correlation 

between brood effects for fledging weight and its    was -0.55 (se = 0.05) and highly 
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significantly deviating from zero (P < 0.001, LRT with one degree of freedom comparing 

reduced model with zero brood correlation and full model with estimated brood correlation), 

indicating that broods with higher mean fledging weight had lower   . The analyses show 

existence of genetic variation in    as well as large non-genetic differences between broods 

in   .  

 

The effect of environmental quality and clutch size on    

To investigate the impact of environmental effects on    and fledging weight, we 

investigated the estimated effects of year and clutch size on fledging weight and its   . The 

   of fledging weight increased when the annual average fledging weight decreased (r = -

0.70, se = 0.12), thus in years with poor environmental conditions, i.e. food shortage,    was 

large (Figure 3). The difference in    was four-fold between years with low fledging weight 

compared to years with high fledging weight. With increasing clutch size, independent of 

year, fledging weight decreased and    increased (Figure 4). For fledging weight, the linear 

and quadratic regression coefficient were significantly different from zero (   -0.60, 

    
     ; P <0.001;    0.32,     

     ; P =0.03; Student t-test two sided with 15357 

degrees of freedom), whereas for    only the linear regression coefficient was significantly 

different from zero (   0.27,     
     ; P = 0.006;    0.05,     

     ; P =0.57; 

Student t-test two sided with 15357 degrees of freedom). The opposite effects of clutch size 

on mean fledging weight and its    indicated again a strong negative correlation between 

mean fledging weight and its   . In summary, high clutch sizes and years with poor 

environmental conditions increased    and decreased mean fledging weight. 
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To investigate whether genetic variation in    is higher under bad conditions than under 

good conditions, we performed a bivariate analysis on    in bad and good years. The 

analysis showed no significant evidence that genetic variance was different in bad or good 

years, although estimates were numerically different (genetic variance in   : 0.16 (se = 0.08) 

in bad years and 0.04 (se = 0.06) in good years) (null model: equal genetic variance; 

alternative model: different genetic variance; LRT one degree of freedom: P = 0.20). 

Furthermore, the genetic correlation between    in bad and good years was estimated to be 

0.32 (se = 0.78), but not significantly different from either zero (null model: genetic 

correlation = 0; alternative model: genetic correlation is estimated; LRT one degree of 

freedom: P = 0.86) or one (null model: genetic correlation = 1.0; alternative model: genetic 

correlation is estimated; LRT one degree of freedom: P = 1.00). It seems that we do not have 

sufficient power to answer the question whether    is genetically more expressed in bad 

years than in good years and whether there is evidence for genotype by environment 

interactions.   

 

Relationship between fledging weight and fitness 

When investigating the relationship between recruitment survival and fledging weight at the 

chick level (level 1), a highly significant quadratic relationship was found using logistic 

regression (P = 0.005; logistic scale: linear effect = 1.26 (se = 0.36); quadratic effect = -0.029 

(se = 0.01)) (Figure 2C). Furthermore, year effects were highly significant (P < 0.001) 

indicating substantial differences between years in survival.  

 

Relationships between    and fitness  
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When investigating the relationship between    and the number of recruits at brood level 

(level 2), we found no association between the number of recruits and log-variance in 

fledging weight (  -test, P = 0.21). We found significant associations between number of 

recruits and mean fledging weight (  -test; P < 0.001; log-scale: effect = 0.21 (se = 0.03)) 

and brood size (  -test; P < 0.001; as factor). This shows that broods with a higher mean 

fledging weight have a higher number of recruits, but there is no linear effect of    on 

fitness. However, when testing the quadratic regression of number of recruits on log-variance 

of fledging weight, it was highly significant (  -test; P < 0.001; log-scale: linear effect = -

0.14 (se = 0.05); quadratic effect = -0.11 (se = 0.04)). Figure 2D shows that families with 

either low or high log-variance of fledging weight have lower fitness than families with 

intermediate log-variance. This quadratic relationship indicates that there is stabilizing 

selection on   . 

 

Discussion 

Genetic variance in    

The aims of this study were to quantify the genetic variation in    for fledging weight and to 

explore the relationships between    and fitness in a wild great tit population. We analysed 

the within-brood variance (  ) instead of   , because a sire-dam model was used. We found 

genetic variance in    and a significant quadratic relationship between    and fitness. To 

interpret the size of the additive genetic variance in   , we assume that genetic variance in 

   is entirely due to genetic variance in   . Analogous to the genetic coefficient of variation 

for traits (GCV, Houle 1992), the genetic variance in    can also be expressed as a genetic 

coefficient of variation for    (     ) (see Mulder et al., 2007). The       was 0.18 when 
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considering    as a trait of the parents and 0.25 when considering it as a trait of the offspring. 

The estimate of       at the level of the offspring was lower than the median value of 0.34 

but well within the range (SD = 0.21) found in domestic species (Hill and Mulder 2010). The 

heritability estimate either at parental level or offspring level was smaller than in most 

domestic populations due to the substantial variance attributed to brood, which leads to a 

relatively small proportion of   , i.e. the within-brood variance, to the phenotypic variance 

after correcting for systematic environmental effects (    ⁄  = 0.37). Here we used a sire-dam 

model, which means that    contains the Mendelian sampling variance if we assume that    

is a trait of the offspring and in absence of dominance or epistasis. In Mulder et al. (2013b) 

we used an adjusted Double Hierarchical Generalized Linear Model (DHGLM) to get 

unbiased estimates of genetic variance in    when using a sire model. Preliminary analysis 

showed that an adjusted DHGLM did not give stable variance components and therefore the 

standard DHGLM was used here. However, this leads to underestimation of the genetic 

variance in    when using a sire(-dam) model. If the adjustment would be applied afterwards, 

the       at offspring level would increase from 0.25 to 0.33.  

Besides being genetically caused, heterogeneity of within-family variance can be caused 

by: (1) scale of measurement, (2) differences in measurement error, (3) differences in 

developmental homeostasis, (4) mortality selection against extremes, (5) segregation of major 

genes, (6) differences in levels of inbreeding between parents of broods (Mitchell-Olds and 

Bergelson 1990), or (7) genotype by environment interactions (Mulder et al. 2013b). We will 

discuss in the following why we do not think that these alternative explanations apply here, 

except the last one (7).  

(1) Scale of measurement typically leads to higher variances with higher means for 

biological traits (Falconer and Mackay 1996; Lynch and Walsh 1998). This would suggest a 
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positive correlation between fledging weight and its   . We observed, however, negative 

relationships for brood and year effect (Figure 3), although we observed a small, but not 

significant positive genetic correlation between fledging weight and its   .  

(2) Measurement error contributes to    and different depths of pedigree affect estimation 

of genetic variance in   . The data did not offer the possibility to quantify the contribution of 

measurement error to    as this would require repeated observations on the same individual, 

which obviously is impossible for fledging weight. The measurement error is, however, 

expected to be random and its variance homogeneous and not confounded with genetic 

effects as fledging weight is measured by simply reading off spring balances, which does not 

require special training or experience. As expected, we hence found no evidence that 

observer effects explained any variance in fledging weight and its   . Any possible changes 

in equipment over time are accounted for by fixed year effects on   , although no significant 

trend was observed in year estimates (ANOVA, F-test, P=0.24). Furthermore, different 

depths of pedigrees result in variation in precision of estimated random effects and their 

residuals. The DHGLM accounts for this by using leverages and weights. Simulations show 

that estimates of genetic variance in    are unbiased with DHGLM (Felleki et al. 2012; 

Mulder et al. 2013b). Therefore, estimates of genetic variance in    are not expected to be 

affected by measurement error or differences in precision of random effects due to 

differences in pedigree depth. However, confounding of pedigree with environmental effects 

could still have inflated the genetic variance.  

(3) Differences in developmental homeostasis are expected to give higher variance for 

families that deviate more from the mean, but with lower variance close to the centre of the 

distribution (Mitchell-Olds and Bergelson 1990). Here we found smaller variance with 

increasing fledging weight, rather than higher variance for families with extreme means.  
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(4) Mortality against extremes could have played a role here in the form of adaptive brood 

reduction. At the day of measuring fledging weight, small chicks could have died already and 

therefore reducing   . However, the scope for adaptive brood reduction is small in great tits 

as we found that, on average, the number of weighed chicks was 1.4 smaller than the clutch 

size. 

(5) Segregation of major genes causing heterogeneity of within-family variance is 

unexpected, because traits like fledging weight are highly polygenic, although the expected 

polygenic nature of the trait does not rule out existence of one or a few major genes (Rowe et 

al. 2006; Manolio et al. 2009).  

(6) Differences in levels of inbreeding between parents of broods are expected to be small 

because the average inbreeding coefficient in the used pedigree was 9.22 * 10
-4

 and only 297 

animals had an inbreeding coefficient larger than 0.06.  

(7) Genotype by environment interactions in response to micro-environmental variables 

may contribute to differences in within-family variance. In dairy cattle, it was shown that 

macro-environmental sensitivity and    have largely a common genetic background as 

indicated by a genetic correlation of 0.77 (Mulder et al. 2013b). Differences in within-family 

variance may arise as a consequence of response to multiple environmental factors, i.e. 

multidimensional phenotypic plasticity (Westneat et al. 2014).   

 

Are fledging weight and its    traits of the parents of the offspring? 

One of the key questions in the genetic analysis of fledging weight and its    is whether 

fledging weight is an offspring trait or a parental trait. Preliminary results showed that for 
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fledging weight a model with direct genetic and maternal genetic effects had equal log-

likelihood compared to a model with only direct genetic effects, indicating either absence of 

maternal genetic effects or complete confounding between direct genetic and maternal 

genetic effects. From a biological point of view (see Figure 1), fledging weight is affected by 

the genes of the individual chick, but also by the genes for parental care of the parents, 

indicating how good they are in provisioning food to their chicks (i.e. brood environment). 

Some evidence for the latter comes from the finding that heritability estimates from parent-

offspring regression either on own parent or on foster parent when chicks were cross-fostered 

were similar (Gebhardt-Henrich and Van Noordwijk 1991), which indicates that parental 

care, which consists of genetic and non-genetic effects (MacColl and Hatchwell 2003; 

Hadfield 2012), can play an important role compared to direct genetic effects. Hadfield et al. 

(2013) however showed in blue tits using cross-fostering that the heritability of body mass is 

smaller than previously reported, i.e. 0.06 - 0.08.  

For    of fledging weight, it becomes even more the question whether    is genetically a 

trait of the offspring or a trait of the parents or both. It is likely that both direct genetic effects 

as well as parental effects affect    of fledging weight. Parental effects relate to food 

allocation strategies of the parents whether they feed all chicks equally well or favour the 

larger ones compared to the small ones (Figure 1). Because of differences in allocation of 

food to their chicks (Dickens et al. 2008; Tanner et al. 2008), each chick has a different 

individual environment and the chicks respond differently to their individual environment, for 

instance in begging behaviour (Dickens et al. 2008) or plasticity of growth (Kunz and Ekman 

2000). If both direct genetic and parental genetic effects affect    of fledging weight, then 

the sire-dam model captures part of the total genetic variance. Depending on the sizes of the 

parental genetic variance, the direct genetic variance and the covariance between them, the 
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total genetic variance is between two and four times the estimate of the sire-dam additive 

genetic variance, when the genetic correlation between direct and parental genetic effects is 

zero or positive.  

Behavioural studies (Tanner et al. 2008) have shown that differential food allocation 

among nestlings is partly influenced by parental choice and by the nestlings by adjusting 

positioning and begging behaviour. Experimental work such as done in Tanner et al. (2008) 

could reveal whether parental choice decisions or differential nestling behaviour would 

contribute to genetic differences in   , e.g. by comparing parents with high or low breeding 

values for   . Other recent studies have found evidence for differences in within-individual 

variance of food provisioning behaviour (Westneat et al. 2013). Studying within-individual 

variance of behavioural traits related to parental behaviour using for instance double 

hierarchical generalized linear models (Westneat et al. 2013; Westneat et al. 2014; Cleasby et 

al. 2015) would open an avenue to better understand the genetics of fledging weight and its 

  . 

 

Heritability versus genetic coefficient of variation: why bother about both measures? 

We here presented both the heritability (  
 ) and the genetic coefficient of variation (     ) 

as measures of the ‘evolutionary potential’ to reflect the accuracy of mass selection and the 

potential response to selection, respectively (Houle 1992; Hansen et al. 2011). We here 

observed a low   
  and a high       of   , similar to fitness traits (Houle 1992). When 

considering the extremely low heritability of 0.005, it could be concluded that heritable 

variation in    can be neglected. However, that is only part of the story because the       

(0.25 as offspring trait; 0.18 as a parental trait) is much higher than the GCV for fledging 



 

 

 
This article is protected by copyright. All rights reserved. 

23 
 

weight itself, which is 0.040. This indicates that there is substantial room for natural selection 

to shape   , even more than to shape fledging weight itself. The low heritability is highly 

related to the nature of the trait and the definition of the heritability. The heritability is here 

defined as the regression of the breeding value for    on the squared phenotypic deviation as 

an analogy of the heritability of traits means (Mulder et al. 2007). Therefore, the heritability 

is an indication of the accuracy of mass selection. To estimate variances with the same 

precision as means one needs at least five times as many observations according to Tukey’s 

rule (Lee and Nelder 2006). Therefore, the accuracy of mass selection for    is low due to 

high uncertainty, i.e. a high sampling variance with one phenotypic record. In conclusion, 

considering both the heritability and the GCV shows that there is ample room for natural 

selection to shape   , though the accuracy of mass selection would be low.  

 

Relationships between within-family variance and fitness: consequences for natural 

selection  

We found strong evidence for stabilizing selection on    indicated by the significant 

negative quadratic regression (Figure 2D). Stabilizing selection on    (Figure 2D) implies 

that parents with intermediate variance have the highest fitness and parents with either 

uniform offspring or very variable offspring have a lower fitness. The estimated parabolic 

fitness function peaked around a log-variance of -0.54, which is lower than the current mean 

log-variance (mean = -0.28). Stabilizing selection on the variance can explain the 

maintenance of the abundant phenotypic variability among individuals within animal 

populations. The strong evidence for stabilizing selection is in agreement with the sigmoidal 

curve of recruitment survival as a function of fledging weight (Figure 2C) as we hypothesized 
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in Figure 1A and 1C. Mathematically, the optimum of the parabola of number of recruits on 

   is at the inflection point of the sigmoidal curve of recruitment survival on fledging 

weight. The inflection point of the sigmoid was 17.31 g, very close to the mean fledging 

weight of 17.35g. The effect of sigmoidal trait-fitness curves on selection for or against 

variance in trait values is an example of Jensen’s inequality (Ruel and Ayres 1999; Martin 

and Huey 2008; Dall 2010; Hamilton 2010).  

The presented framework opens an avenue to better understand the maintenance of    and 

increase in    in unfavourable conditions (Hoffmann and Merila 1999; Merila et al. 1999; 

Charmantier and Garant 2005). The increase in    in unfavourable conditions suggests that 

the optimal    depends on the environment and unfavourable conditions lead to uncovering 

hidden genetic variation in   . Our data was not suitable to detect a statistically significant 

genotype by environment interaction for   . We found, however, a strong indication that 

years with high food abundance show lower    than years with food shortage. Genomic data 

could help to reveal the genetics of    in favourable and unfavourable conditions. It is known 

that for instance heat-shock proteins (HSP90) buffer effects of stress in laboratory species 

such as Drosophila and Arabidopsis (Rutherford and Lindquist 1998; Queitsch et al. 2002; 

Sangster et al. 2008). Therefore, genome-wide association studies could help to unravel the 

biological control of    in stressed and unstressed conditions.  

In conclusion, we find evidence for genetic differences in    of fledging weight and 

presence of stabilizing selection on   , indicating that    is maintained. However, 

understanding the levels of    in different environments and the role of genotype by 

environment interactions is largely lacking. This research provides some first insights and is a 

stepping-stone for further research to understand the evolution of phenotypic variability in 

natural populations. 
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Appendix 

Calculation of heritability and genetic coefficient of variation of    

Although equations were derived elsewhere, we present them here for readers interested 

without having the need to go back to other articles. The   
  was defined using an additive 

model for    rather than an exponential model as used in the DHGLM. Therefore, the genetic 

variance in    in an additive model (       
 ) was calculated as (Mulder et al. 2007; Felleki 

and Lundeheim 2012; Sae-Lim et al. 2015): 
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where   
  is the average    estimated with the model with homogeneous residual variance in 

step 1 of the algorithm. Note that in this case    is considered a trait of the offspring   
  

  
  

 

 
  

 , because the residual variance contains half of the additive genetic variance. 

Subsequently,   
  is calculated as: 
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where   
  is the squared phenotypic variance (  

  
 

 
  

    
    

 ) and        
  is the 

variance due to brood, similar to equation A1: 
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The       is calculated as: 

         
          (A6) 

Table 1. Adjusted profile h-likelihood (APHL) and Akaike’s information criterion (AIC) 

comparing different variance models within DHGLM while mean model was kept the same. 

The full model with a random sire-dam genetic and random brood effect was set to a APHL = 

0 and AIC = 0 for comparison; lower values are better.  

Name Model fledging weight ( ) Model on    ( ) APHL AIC 

Model 1 Fixed + sire-dam + brood Fixed + sire-dam + brood 0.00
1
 0.00 

Model 2 Fixed + sire-dam + brood Fixed + brood 6.27 2.27 

Model 3 Fixed + sire-dam + brood Fixed + no random effects 882.45 874.45 

1
 P = 0.028 (Variance model with fixed, random sire-dam and random brood tested against 

reduced variance model with only fixed and random brood effects; Likelihood Ratio Test:    

distribution with a mixture of one and two degrees of freedom (Stram and Lee 1994; Visscher 

2006). 

Table 2. Variance components (and their approximated se) for phenotype and    of fledging 

weight using a sire-dam model in DHGLM (assumes it is an offspring trait; genetic variance 

   = genetic variance   ). 
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Variance component Phenotype    

Genetic variance 0.488 (0.115) 0.065 (0.039) 

Brood variance 0.966 (0.060) 0.258 (0.025) 

Residual variance
1
 0.854 (0.062) 

  Phenotypic variance 2.308 (0.047) 

  h
2 2

 0.211 (0.050) 0.005 (0.003) 

GCV
3
 0.040 (0.005) 0.254 (0.077) 

    

4
 0.100 (0.293) 

      

4
 -0.548 (0.047) 

  1 
Residual variance is based on estimate from homogeneous model. 

2 
Se h

2
 fledging weight is based upon model with homogeneous residual variance; se  

  
  is approximated following Mulder et al. (2016). 

3           
      ;              

      
 (Lynch and Walsh 1998). 

4     
 is the genetic correlation between fledging weight and its   ;     

 is the correlation 

between brood effects for fledging weight and its   . 

 

Figure 1. Genetic and environmental effects shaping the phenotype of the offspring and the 

within-family variance. Differences between offspring within a brood can be caused by 

variation in the genes of the offspring, by variation in individual environment or both. 

Within-family variance in offspring phenotype can thus be the result from genetic differences 



 

 

 
This article is protected by copyright. All rights reserved. 

38 
 

in the allocation rules of the parents as well as genetic differences between families in 

plasticity to the individual environment leading to heritable variation in within-family 

variance. 

 

Figure 2. Theoretical and observed relationships between recruitment probability and 

fledging weight (A and C) and between number of recruits and    of fledging weight (B and 

D). The Figures A and B show how theoretical relationships (linear, quadratic 

convex/concave or sigmoid) between fledging weight and recruitment probability at the 

individual chick level (panel A) translate into theoretical relationships between the number of 

recruits and the log within-brood variance at the brood level. Figures C and D show the same 

relationships observed in the studied population; obs consists of raw means when dividing 
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data in 20 bins, pred is the predicted line based on the statistical analyses outlined in 

‘Relationships between    and fitness’. 

 

 

   

   

  Figure 3. Relative within-brood    per year as a function of the mean annual fledging 

weight (g) relative to 1975 using estimates and their standard errors of model 1 (mean 

fledging weight = 15.5g). A simple linear regression is fitted through the estimates. 
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Figure 4. The predicted effect of clutch size on fledging weight (panel A) and its within-

brood    across years using estimates of model 1 (panel B).  

 

 


