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Abstract 

Evolutionary ecology has traditionally studied how natural selection shapes the 

phenotypes of individuals in response to their environment, which increases population 

fitness. It is also well known how habitat choice can affect individual local adaptation. 

However, recent work has highlighted the incompleteness of the link between habitat 

choice and its evolutionary consequences. By treating the selected habitat as an extended 

phenotype, the evolutionary focus can be shifted to how the extended phenotype evolves 

to match the organisms' phenotypic traits. Theoretical approximations suggest that animal 

models could be used to estimate the heritability of the extended phenotype, providing 

insights into its evolutionary dynamics. Here we use data from a long-term study of a pied 

flycatcher population (Ficedula hypoleuca) to test the use of animal models for the 

estimation of the heritability of an extended phenotype i: the vegetation around the nest 

box. We also applied animal models to different subsets of the population (based on 

philopatric status) to test which mechanism might be causing the inheritance of the 

extended phenotype, if any. We also ran simulations to randomize the nest box and its 

surrounding vegetation for the different population subsets, thereby eliminating the effect 

of habitat choice, and used the animal models to identify the sources of variation of the 

extended phenotype. We confirmed that animal models can be used to estimate the local 

habitat heritability in natural populations and found a significant habitat heritability for 

our pied flycatcher population. Moreover, subset analysis and subset randomization both 



indicated that the observed heritability was caused by philopatry. Thus, we propose that 

animal models can be used to estimate the heritability of the extended phenotype and also 

to disentangle the mechanism(s) causing its inheritance. By acknowledging that 

organisms can influence the habitat they experience to increase their adaptation and by 

focusing on the evolution of extended phenotype, we should be able to better understand 

how population adaptation increases and how it evolves. 
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Introduction 

Traditionally, adaptation has been seen as the process of natural selection shaping 

populations to match pre-existing environmental templates (Darwin, 1859; Schluter, 

2001). Consequently, the causal relationship of adaptation has been considered as 

unidirectional: the environment affects the organisms, but not the other way around. 

However, recent studies have synthesized and highlighted how organisms can affect their 

local environment by either adjusting or selecting it to match their ‘phenotypic templates’ 

(Edelaar et al., 2019, 2023; K. Laland et al., 2016). When individuals within a population 

differ in the environments that best match their own characteristics (Bolnick et al., 2002), 

their local performance will vary across distinct environments. Under such circumstances, 

natural selection should favor mechanisms that facilitate individuals to select 

environments that best match their phenotypes (Davis & Stamps, 2004), or to modify 

them (Callahan et al., 2014). Thus, the causal relationship between organisms and their 

environment in adaptation terms can be bidirectional, the organism and the environment 

can each be changed to match the other (Edelaar et al., 2023; K. N. Laland & Sterelny, 

2006).  

To highlight the capacity of organisms to adjust their environment, the adjusted 

environment has been called an ‘extended phenotype’ (Dawkins, 1982). The extended 

phenotype has traditionally referred to the expression of the genotype in the external 

environment, any change made in the environment by the organism that affects its own 

fitness. An example of this is the nest of birds. Birds adjust their local environment by 

constructing a nest which, in fact, affects their reproductive success. Thus, natural 

selection should favor the most successful nests and if the bird building capacity is 
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heritable, the extended phenotype (the nests) is expected to evolve. On the other hand, 

extending this logic, the habitat selected by the organism has also been recently 

approached as an extended phenotype since it (partially) depends on the organism 

(Edelaar et al., 2019; Munar-Delgado et al., 2023) and potentially affects fitness. 

Following the nest example, when a bird selects a nest site (such as a nest cavity), and its 

characteristics affect reproductive success, the outcome is similar to that of nest building, 

and nest site selection is expected to evolve. In this paper we focus on the selected habitat 

as an extended phenotype which can be inherited and therefore have its own evolutionary 

dynamics (Edelaar et al., 2023).  

Following the traditional view, quantitative genetics has traditionally focused on the 

adaptive evolution of phenotypic traits, estimating their heritability and evolutionary 

potential. However, recently, Munar-Delgado et al. (2023) have suggested that by 

approaching the habitat as a potential extended phenotype it is feasible to apply the 

quantitative genetics perspective and use animal models to estimate its heritability. 

Animal models are mixed models widely used in quantitative genetics to estimate the 

heritability of phenotypic traits (Kruuk, 2004; Lynch & Walsh, 1998). In conventional 

application of these models, the environment may be fitted as an independent covariate 

to control for its effects on the phenotypic trait (i.e., to model phenotypic plasticity). 

However, when we consider that the environment is an extended phenotype and it is 

instead fitted as a dependent variable in the animal model, its heritability can also be 

estimated (Gervais et al., 2020, 2022; Järvinen et al., 2017; Munar-Delgado et al., 2023). 

Additionally, Munar-Delgado et al. (2023) showed how the heritability of phenotypic 

traits increases via phenotypic plasticity when they are affected by a heritable extended 

phenotype. So even if the focal trait is a phenotypic trait and the habitat inheritance is not 

of primary interest itself, not taking into consideration that the habitat is heritable could 

bias the interpretation of estimates of phenotypic trait heritabilities. Thus, applying this 

quantitative genetic methodology to environmental traits influenced by the organism 

should help to: i) understand if and how environments are heritable and ii) disentangle 

the evolutionary dynamics between the chosen habitat and other phenotypic traits. 

In this study, we applied animal models to estimate the heritability of the environment 

using an extensive dataset from a long-term study of a pied flycatcher (Ficedula 

hypoleuca) population. The dataset contains pedigree information and information about 

each individual’s local habitat, which was defined as the composition of the tree 



vegetation around the nest box used as a breeding adult. By treating the vegetation 

composition as an individual's extended phenotype, we can estimate its heritability. We 

expect to be able to apply animal models to estimate the heritability of breeding site 

vegetation composition.  

We also investigated the mechanism involved in any habitat heritability. If the chosen 

habitat is heritable, it can be inherited via different habitat choice mechanisms: direct 

genetic habitat choice, plastic habitat choice and matching habitat choice (Akcali & 

Porter, 2017; Ravigne et al., 2004).  

Direct genetic habitat choice refers to habitat choice directly mediated by preference 

alleles. This process is able to drive adaptation when preference alleles differ among 

individuals and are coupled (though physical linkage or linkage disequilibrium) with 

other phenotypic differences that increase the ecological match with the preferred habitat. 

In this case, the chosen habitat can be seen as genetically determined and to evolve via 

natural selection acting on variation in habitat use that affects individual fitness (Jaenike 

& Holt, 1991). Plastic habitat choice refers to habitat choice driven by individual 

preference induced during its ontogeny by environmental cues (as habitat imprinting). 

This kind of habitat choice is adaptive when offspring resemble their parents 

phenotypically; in that case preferring the habitat that their parents used with success is 

likely successful for the offspring as well. Finally, matching habitat choice is a 

performance-dependent type of habitat choice where individuals assess their local 

performance in different habitats and based on that settle where it is highest (Edelaar et 

al., 2008), thereby increasing individual phenotype-environment match and local 

adaptation. Thus, besides estimating the heritability of the environment, identifying the 

inheritance mechanism would provide insight in how it can evolve. 

We also investigated the mechanism involved in any habitat heritability. So far, there is 

no evidence for direct genetic habitat choice (variation in genetic preference for a specific 

vegetation composition) for this species. In contrast, it is well known that early 

experiences in the natal site have effects on habitat choice for pied flycatchers, causing 

individuals to select breeding sites similar to their natal sites. This seems to support that 

flycatchers have plastic habitat choice (i.e., based on imprinting), which leads to 

philopatry (Camacho et al., 2016; Chernetsov et al., 2006). Philopatry in itself could also 

be a mechanism causing parent-offspring similarity in habitat, when nearby habitat 



patches are more similar than distant habitat patches (i.e., when there is positive spatial 

autocorrelation). Hence, when dispersal distances are not long enough to break the pattern 

of spatial autocorrelation, then this will cause the environment to be heritable. To 

disentangle the effects of habitat choice versus limited dispersal as the cause for 

heritability of the environment, we separately estimated heritability for philopatric and 

non-philopatric individuals (i.e., dispersing within or between study plots). Additionally, 

to ensure that applying animal models to these relatively small population samples did 

not reduce statistical power and that interpretations were not biased, we ran simulations 

of different scenarios in which the nest box locations of different population subsamples 

(based on philopatry status) were randomized. By doing this, we were able to remove the 

effect of habitat selection in the different groups and test where any observed heritability 

at the level of the total population came from.  

Methods 

Study species 

The pied flycatcher is an insectivorous passerine that migrates long distances, wintering 

in Sub-Saharan Western Africa and breeding in temperate and boreal forests across 

Europe. The species easily adopts nest boxes for breeding and is present in habitats 

ranging from deciduous to coniferous forests. 

 

Study sites 

Our study was carried out in Drenthe in the Netherlands (52o49’N, 6o35’N). The study 

population was established in 2007, comprising twelve distinct study plots. Each of these 

study plots was equipped with 50 or 100 nest boxes, totaling 1,050 boxes. The distance 

between adjacent plots varied between 2.6 to 7 km, with the most distant plots being 18 

km apart in the north-south direction and 12 km apart in the east-west direction. 

Data collection 

Arrival Date. Since 2007, the arrival of individuals has been monitored at least once every 

other day starting from the beginning of April. This process has been described in detail 

in Both et al. (2016). During each observation session, the focal study plot was traversed 

on foot, and all evidence of pied flycatcher presence was recorded. The observations were 



carried out from shortly after sunrise until around noon. The arrival date of male 

individuals was determined as the first day of observation when the study plot was visited 

daily. The arrival of females was recorded as the date when they formed a pair since 

previous studies have demonstrated that females typically form pairs within a few hours 

of arrival (Dale et al. 1992). 

Pedigree. On day 7 after nestlings had hatched (hatch date = 0), parents were caught using 

a spring trap and identified or ringed (if unringed) in each box. On the same day, nestlings 

were ringed. Thus, virtually all breeding birds and nestlings are formally identified with 

their individual ring number, which allows for the construction of a robust population 

pedigree. For unringed birds that were caught for the first time, the minimum age was 

estimated, making a distinction between first-year birds and older ones (Jenni and 

Winkler, 1994). 

Breeding individual status. Individuals were initially classified as either "recruits", 

indicating they were born in our study area (in any of the 12 plots) and later found 

breeding within this area, or as "immigrants," indicating they were breeding in the study 

area but were not locally ringed (either originally unringed or ringed outside the study 

plots at >20 km). Then, for each year of observation, recruits were further classified as 

either "philopatric," indicating they were breeding in the same plot where they were born, 

or as "disperser," indicating they were breeding in a non-natal study plot. It is worth 

noting that the same individual could hence be classified as philopatric and disperser in 

different years. 

Breeding site vegetation composition. In a subset of 7 plots, the vegetation composition 

was measured around all the boxes present in the study sites. The average distance 

between nest boxes and foraging sites in the study plots was 13 m (Oosting, unpublished 

data), (although longer flights are difficult to track so this average distance is probably 

somewhat underestimated). For this reason, the vegetation composition was scored in a 

15 m radius around each focal nest box tree. All tree species were counted, and the 

proportion of deciduous trees was calculated. The vegetation composition was collected 

by 7 observers, and a subset of 10 boxes was scored by all observers to check for observer 

effects. The data showed high interobserver correlation coefficients, implying that the 

measurements are not biased (Nicolaus et al., 2019). Vegetation composition around the 



nest box was the focal local environment that was treated as a dependent variable (i.e., as 

an extended phenotype). 

Statistical analysis 

Study plots variance. We estimated the variance of breeding site vegetation composition 

for each plot and between plots. We did this to predict if philopatry could create enhanced 

parent-offspring similarity in breeding site vegetation composition. 

Quantitative Genetics Analyses and Animal models. All mixed-effect model analyses 

were performed using ASReml-R version 4.1.0.130 (Butler, 2020) using a restricted 

maximum-likelihood approach. The social pedigree was constructed using all available 

information on individuals that were marked in the nest boxes between 2007 and 2022. 

The pedigree was built based on the assumptions that all immigrant birds are unrelated to 

any other individual, and that the observed parents in the nest are also the genetic parents. 

Since extrapair paternity is not common in this species (<5%, Brommer et al., 2010), this 

last assumption should have little effect on heritability estimates (Charmantier & Réale, 

2005). Maximum pedigree depth was nine generations. For univariate models, we fitted 

year, individual identity and individual additive genetic merit (i.e., breeding value) as 

random effects to decompose the extended phenotypic variance (VEP) into among-year 

variance (VY), additive genetic variance (VA) and permanent environmental variance 

(VPE), and residual variance (VR). Thus, the variance of the extended phenotype was 

estimated as VEP
 = VA + VPE + VY + VR , and then we calculated the relative importance of 

each variance as (i) narrow sense heritability of the extended phenotype h2 = VA/VEP, (ii) 

permanent environmental variance pe2 = VPE/VEP, , (iii) year variance y2 = VY/VEP, and (iv) 

residual variance r2 = VR/VEP. 

When applying the animal model to the different data subsets, if all the heritability for the 

total population is due to philopatric individuals (those that stay in the natal study patch), 

we should only observe heritability when applying the animal models to that subset. On 

the other hand, if there is some degree of other habitat choice, we should also observe 

heritability when applying the models to the non-philopatric individuals.  

Finally, we ran a binomial animal model for philopatry (philopatric vs non-philopatric 

status). We classified both dispersers and immigrant individuals as non-philopatric. For 

this model we fitted year, individual identity and individual additive genetic merit (i.e., 
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breeding value) as random effects to decompose the phenotypic variance (VP) into among-

year variance (VY), additive genetic variance (VA) and permanent environmental variance 

(VPE), and residual variance (VR). VR from the binomial model was fixed at π2/3 = 3.29 

(Falconer and Mackay, 1996). Thus, the variance of the phenotype was estimated as VP
 = 

VA + VPE + VY + 3.29, and then we calculated the narrow sense heritability of the 

phenotype h2 = VA/VP. We also estimated philopatry heritability for males and females 

separately. 

Simulations 

Simulations were based on randomization of individual breeding nest boxes together with 

the local environment associated with them (i.e., the vegetation composition). 

Randomization in principle removes the effect of habitat choice. In different simulations, 

we randomized nest boxes for different population subsets and combinations of them 

(philopatric, n = 621; disperser, n = 522; and immigrant individuals n = 2822) while 

maintaining the original data for the rest of the population. We varied the pool of potential 

nest boxes that were assigned to each individual (Supplementary material Methods). For 

half the simulations, breeding individuals were assigned a random nest box out of the 

ones that were occupied by any pied flycatcher (including itself) that specific year, but 

only out of the set of boxes in the same plot (within-plot randomization). This removes 

the effect of habitat choice. For the other half of the simulations, breeding individuals 

could get a nest box occupied in any of the 12 study plots that year. This removes the 

effect of philopatry, and habitat choice. By only including nest boxes that were occupied 

by pied flycatchers each specific year, we ensured that those nest boxes were truly 

acceptable for individuals to breed that year. Additionally, the pool of potential nest boxes 

for each individual was dependent on their arrival date (if their arrival date was unknown, 

individuals were assigned a random arrival date from the pool of arrival dates in that 

specific year). This is because if certain territories are preferred, these may become 

scarcer as more individuals have chosen a box. Therefore, individuals could only get a 

nest box that was unoccupied at their arrival date. In this way, individuals that arrived on 

day 1 of a specific year could get any of the nest boxes occupied that year, while those 

arriving on the last day could only get any of the nest boxes that were being occupied that 

same day. Finally, to increase the randomness of the assignments and because we do not 

investigate competitive interactions other than depletion by arrival date, nest boxes were 

assigned without replacement; the same nest box could be assigned several times to 



different individuals. Overall, following these criteria, we conducted eight different 

simulation designs (i.e., eight different scenarios) by changing which population subset 

was being randomized (philopatric, disperser or immigrant individuals) and whether the 

randomized nest boxes for each individual were restricted to the individual’s breeding 

plot or not. Thus, we were able to remove habitat choice and philopatry effects for each 

group separately. 

 

We simulated each different scenario 1000 times, and each resulting new dataset was 

analyzed using animal models to decompose the extended phenotypic variance (see 

below). For each scenario, we first calculated the h2, pe2, y2 and r2 ratios for each 

simulation and then extracted their mean from the 1000 simulations. 

In these simulations, if heritability is only due to philopatry, heritability should only 

decrease when randomizing the nest box location of philopatric individuals between 

patches. If it decreases when only non-philopatric individuals are randomized, it would 

mean that another type of habitat choice is also acting.  

Results 

Study plot variance 

We found that the variance of breeding site vegetation composition between plots was 

higher than the variance within plots (Table 1). 

 Plot 

 2 5 6 7 8 10 12 Between 

Variance 254.17 770.51 680.57 529.59 403.78 629.26 1.02 781.31 

Table 1. Breeding site vegetation composition variance within each plot and between 

plots. 

 

 



Observed heritability of breeding site vegetation composition in relation to philopatry 

We found a highly significant heritability for breeding site vegetation composition (0.19 

± 0.04) (estimate ± SE). The heritability was similar for males and females (males: 0.34 

± 0.09; females: 0.23 ± 0.09) (Table S1). 

Heritability depended on the dispersal status of individuals. For non-philopatric 

individuals (immigrants + dispersers), there was no heritability for breeding site 

vegetation composition (0.00 ± 0.00), and all individual repeatability was estimated to be 

due to permanent environment effects (0.44 ± 0.03) (Table S1)). In contrast, for 

philopatric individuals we found a high heritability (0.38 ± 0.10) and no permanent 

environment effects (0.00 ± 0.10) (This last model output did not fully converge properly, 

so the estimate is less reliable). The heritability was similar for male and female 

philopatric individuals (males: 0.40 ± 0.07; females: 0.39 ± 0.09; Table S1). 

Heritability estimates in different randomization scenarios 

We found negligible change in the estimated heritability of breeding site vegetation 

composition in simulated scenarios where individuals were randomly assigned a nest box 

from their natal breeding plot (Fig. 1a; Table S2). These results suggest that, for this 

population of pied flycatchers, breeding in a randomly assigned box from their natal 

breeding plot would not affect the inheritance of vegetation composition.  

In contrast, we did observe large changes in heritability estimates in simulated scenarios 

where individuals were assigned a random nest box from any study plot (Fig. 1b; Table 

S2). Notably, we observed an almost complete elimination of heritability when the 

breeding nest boxes of philopatric individuals were randomized, indicating that 

philopatric individuals breeding in their natal plot are responsible for the observed 

vegetation composition heritability. We also found a considerable decrease in heritability 

when immigrant individuals (representing the majority of the population) were included 

in the randomizations. This is because when philopatric individuals have immigrant 

parents (or ancestors) whose breeding box is randomized, the parent-offspring similarity 

for the extended phenotype is also reduced (we don't randomize offspring but we do 

randomize parents) and heritability decreases. Finally, as expected, when all individuals 

were assigned a random nest box, almost all the observed variance of the extended 

phenotype was attributed to residual effects. 



 

Figure 1. Breeding site vegetation composition (i.e., extended phenotype) variance 

partitioned into heritability, permanent environmental effects (PEE), among-year 

variance (Year) and residual variance for the different datasets: original dataset without 

randomization (Original), or randomizing philopatric (P), disperser (D), immigrant (I), or 

all individuals. For the simulated scenarios, plotted values are the means from the 1000 

independent simulations. In a) randomized breeding individuals were assigned a random 

nest box from their original breeding plot while in b) they were assigned a random nest 

box from any of the study plots. 

Philopatry heritability 

Regarding philopatry itself (breeding in the natal plot or not), we found a significant 

heritability for natal philopatry (0.27 ± 0.04), with no significant differences in heritability 

between males and females (males: 0.27 ± 0.08; females: 0.38 ± 0.09). 

Discussion  

Heritability of the environment as an extended phenotype 

This study aimed at evaluating the use of animal models to estimate the heritability in a 

wild population of an aspect of the environment, as an extended phenotype. As expected 

(Munar-Delgado et al., 2023), we were able to fit animal models with the focal local 



environment as a dependent variable and estimate its heritability. We found a heritability 

of the breeding site vegetation composition of 0.19 ± 0.04. This is lower than the mean 

heritability estimated for morphological, behavioral, physiological, and life-history traits 

using animal models (0.31 ± 0.03; Postma, 2014) but still statistically different from 0. 

The first direct consequence is that breeding site vegetation composition can evolve, if it 

affects fitness (i.e., if it affects the phenotype-environment match). The influence of 

breeding site vegetation composition on pied flycatchers' fitness is well established, as 

they rely on insect peaks in their breeding area to feed their offspring (Burger et al., 2012; 

Samplonius et al., 2016; Sanz et al., 2003), and different vegetation types (deciduous trees 

vs non-deciduous) can differ strongly in food availability throughout the breeding season 

(Both et al., 2009). The temperature increase due to climate change has caused an advance 

in insect peaks faster than pied flycatchers are able to adjust their laying date via 

phenotypic plasticity (Both, 2008; Both et al., 2006; Both & Visser, 2001). However, 

individuals breeding in sites with less deciduous vegetation have a minor need to adjust 

the timing of breeding because of the relative lack of seasonal insect peaks (Burger et al., 

2012). Thus, inheriting breeding site vegetation composition can have direct effects on 

individuals' fitness in a changing world. Although it is thought that pied flycatchers 

usually prefer to breed in deciduous patches (Lundberg & Atalo, 1992; Siikamäki, 1995), 

there might be some fitness trade-offs that maintain this environmental variability and 

heritability. For example, it could be possible that in warmer years, when pied flycatchers 

are unable to accordingly adjust their laying date to match the caterpillar peak in 

deciduous habitats (Both et al., 2006), flycatchers inheriting non-deciduous habitats have 

a higher reproductive success and, thus, non-deciduous habitat would be positively 

selected (Both et al., 2006). Thus, an additional step in disentangling this could be 

estimating the selection differential for the habitat.  

Pied flycatchers breeding in deciduous habitats mostly rely on caterpillars  (Sanz, 1998) 

while individuals in more coniferous habitats rely more on flying insects (Lundberg et 

al., 1981). This difference in diet provisioning during growth as nestlings could affect 

individuals' phenotypic traits via phenotypic plasticity (Buchanan et al., 2022; Lindström, 

1999; Monaghan, 2007), which can also affect their fitness. A direct consequence of the 

effects of the heritable extended phenotype on other phenotypic traits of the individuals 

via phenotypic plasticity is that it also increases the heritability of those phenotypic traits 

(Munar-Delgado et al., 2023; Saltz, 2019). For example, the heritability underpinning the 



expression (selection) of the breeding site vegetation composition could indirectly affect 

the heritability of fledgling body mass (that are fed with different insects while in the 

nest). In fact, this could occur with any of the phenotypic traits affected by breeding site 

vegetation composition. Researchers should be aware of this when trying to disentangle 

genetic and environmental effects shaping the evolution of pied flycatcher phenotypic 

traits. In quantitative genetics, when estimating the heritability of a phenotypic trait, is a 

common practice to add to the animal model all the environmental variables hypothesized 

to affect the phenotypic trait, because it is thought to avoid overestimation of the 

heritability (Wilson et al., 2010). However, when the environmental variable included as 

a covariate is heritable, its effects on the phenotypic trait heritability would be statistically 

removed and the estimated heritability would decrease (Munar-Delgado et al., 2023). 

Thus, it is necessary to take this into account when interpreting the estimates provided by 

animal models. 

As a summary, all these environment-phenotype interactions suggest that breeding site 

vegetation composition influences individual fitness and thus it should evolve to improve 

the environment-phenotype match. In other words, that habitat choice could lead to 

adaptive evolution of habitat use (Edelaar et al., 2023).  

Disentangling the mechanism behind the inheritance of the habitat  

We also aimed at identifying the mechanism driving habitat heritability in our pied 

flycatcher study population. Applying animal models to different subsets of the 

population based on their dispersal status, we observed that the heritability as estimated 

for the whole population's extended phenotype could be attributed solely to philopatric 

individuals. Testing for heritability in non-philopatric individuals, including dispersers 

and immigrants, resulted in a heritability estimate of zero (0.00 ± 0.00). However, when 

we applied the animal model only to the subset of philopatric individuals, heritability was 

estimated to be higher than for the total population. This indicates that the heritability of 

breeding site vegetation composition was due to philopatric individuals, which 

represented only 16% of the observations in our dataset. 

The impact of philopatric individuals on the observed heritability was supported by the 

simulation results. When dispersing individuals were included in the randomizations 

(representing 13% of the observations) and thereby any habitat choice by them was 



removed, the mean heritability estimate was similar to the heritability estimate from the 

original dataset. This suggests that dispersing individuals were not exerting any habitat 

choice that was promoting habitat inheritance. When philopatric individuals were 

assigned a random nest box from their original breeding plot, we did not observe any 

change in the extended phenotype heritability. However, when those individuals were 

assigned a random nest box from any of the study plots, heritability estimates dropped 

towards zero (0.01 ± 0.00). These results confirm that the observed overall habitat 

heritability was due to philopatric individuals breeding in their natal plot and, thus, to 

location heritability. The fact that heritability dropped when immigrants were randomized 

across the study plots reflects the elimination of the parent-offspring link for breeding site 

vegetation composition. When randomizing the breeding nest box for the majority of the 

population (71%), the natal box of the philopatric individuals was most likely in a 

different study plot with a different vegetation, and the vegetation composition of their 

own breeding box and their natal box was dissimilar. Overall, these results are in 

concordance with previous studies that have suggested that early experience in the natal 

site influences habitat choice in the pied flycatcher (Camacho et al., 2016; Chernetsov et 

al., 2006). 

The subset data analysis and simulations provided no evidence for direct genetic habitat 

choice (i.e., genetic preference for a specific breeding site vegetation composition) or 

matching habitat choice. If either of these mechanisms had been present, we would have 

observed heritability in the subset of non-philopatric individuals too. In the first case, 

offspring would have inherited their parents' genetic preferences, which would have led 

them to choose a similar environment to that preferred by their parents. In the second 

case, because offspring generally inherit a phenotype similar to that of their parents, this 

would have led them to select a similar environment where they would have optimal local 

performance. There is no reason to think that only philopatric individuals exert either of 

these types of habitat choice. However, our study could be extended to test for matching 

habitat choice by using animal models with the habitat as a dependent variable and 

phenotypic traits as covariates (Munar-Delgado et al., 2023). In this way it could be 

possible to test if the phenotypic traits have any effect on habitat choice. For example, 

body size is thought to affect phenotype-dependent dispersal in pied flycatchers 

(Camacho et al., 2019) that could directly affect habitat choice. 



In our study population, vegetation composition in each plot is relatively more 

homogeneous than vegetation composition between plots. This is likely why philopatric 

pied flycatchers inherit breeding site vegetation composition: philopatric individuals 

inherit the location, and thereby indirectly the vegetation. This is a form of non-genetic 

inheritance (of the extended phenotype), and results in non-genetic parent-offspring 

similarity (Bonduriansky et al., 2012). If so, this contradicts the common assumption in 

quantitative genetics that the estimated heritability reflects the genetic basis of the trait.  

However, the philopatric behavior causing the extended phenotype inheritance was 

estimated to be heritable itself too. We found a heritability of natal philopatry of 0.27 ± 

0.04, which is close to the mean value reported for behavioral traits (0.30 ± 0.03; Stirling 

et al., 2002) and also close to the observed range for heritability of this trait in the closely 

related collared flycatcher Ficedula albicollis (0.30 ± 0.07 and 0.47 ± 0.10; Doligez et 

al., 2009; although note that these values could be overestimated due to the parent-

offspring regression methodology used, Postma, 2014). In this case, the animal model 

could in fact be reflecting the genetic basis of philopatry (Munar-Delgado et al., 2023), 

and thereby a genetic basis to the environment. Here, we did not take into account that 

dispersal in males pied flycatchers can be dependent on arrival date in the recruitment 

year (Hušek et al., 2014), on natal brood size (Pärt, 1990), on hatching date (Smith et al., 

1989) or natal territory quality (Potti & Montalvo, 1991). These variables could be taken 

into account to expand the study on the heritability of the environment. 

Although the observed heritability of breeding site vegetation composition may be 

influenced by these various factors, the observation that pied flycatchers (partially) inherit 

the habitat remains unchanged. Therefore, we repeat that it is possible that for this pied 

flycatcher population the habitat can evolve to improve the phenotype-environment 

match.  

In conclusion, as a case study we have shown how animal models can be used to estimate 

the heritability of the environment. This confirms that applying this methodology to other 

existing datasets which contain information on relatedness and individual local 

environments can provide insight into the heritability of the environment, and its 

consequences for the evolution of extended phenotypes and regular phenotypes alike.  
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Supplementary information 

 

 VA (se) VPE (se) VY (se) VR (se) h2 (se) pe2 (se) y2 (se) r2 (se) Df 

All individuals 155.51 

(35.65) 

196.53 

(38.49) 

12.35 

(5.80) 

467.66 

(18.67) 

0.19 

(0.04) 

0.24 

(0.05) 

0.01 

(0.01) 

0.56 

(0.02) 

3964 

Males 281.62 

(74.61) 

98.85 

(72.04) 

6.99 

(5.00) 

440.72 

(23.53) 

0.34 

(0.09) 

0.12 

(0.08) 

0.01 

(0.01) 

0.53 

(0.03) 

1911 

Females 199.29 

(76.00) 

125.28 

(78.06) 

8.74 

(5.63) 

505.41 

(30.49) 

0.24 

(0.09) 

0.15 

(0.09) 

0.01 

(0.01) 

0.60 

(0.04) 

2052 

Philopatric 

individuals 

287.49 

(84.98) 

0.80 

(76.87) 

10.80 

(9.90) 

450.24 

(42.56) 

0.38 

(0.10) 

0.001 

(0.10) 

0.01 

(0.01) 

0.60 

(0.06) 

620 

Philopatric 

males 

296.94 

(67.74) 

0.0009 

(NA) 

12.24 

(14.14) 

440.98 

(53.76) 

0.40 

(0.07) 

1.2*10-6 

(9.7*10-8) 

0.02 

(0.02) 

0.59 

(0.07) 

361 

Philopatric 

females 

294.58 

(80.38) 

0.0008 

(NA) 

18.72 

(20.65) 

432.53 

(62.66) 

0.39 

(0.09) 

1.1*10-6 

(1.1*10-7) 

0.03 

(0.03) 

0.58 

(0.09) 

258 

Non-philopatric 

individuals 

2.6*10-4 

(NA) 

377.03 

(26.37) 

11.80 

(5.86) 

460.99 

(20.43) 

3.1*10-7 

(8.1*10-9) 

0.44 

(0.03) 

0.01 

(0.01) 

0.54 

(0.03) 

3343 

 

Table S1. Results of univariate animal models of female different subset of individuals. Estimates of variance components are given with their 

standard error: additive genetic variance (VA), permanent environmental variance (VPE), among-study year variance (VY), and residual within-

individual variance (VR). Estimates of heritability (h2), permanent environmental effects (pe2), year variance (y2), and residual variance (r2). And 

model degrees of freedom (Df) 



 VA mean 

(se) 

VPE mean 

(se) 

VY mean 

(se) 

VR mean 

(se) 

h2 mean  pe2 mean  y2 mean  r2 mean  Df 

Philopatric 

simulated 

163.40 

(0.60) 

173.32 

(0.63) 

13.11 

(0.05) 

481.43 

(0.29) 

0.20 0.21 0.02 0.58 3964 

Dispersers 

simulated 

157.90 

(0.47) 

195.03 

(0.55) 

11.66 

(0.03) 

471.26 

(0.23) 

0.19 0.23 0.01 0.56 3964 

Immigrants 

simulated 

176.51 

(0.57) 

102.41 

(0.74) 

16.06 

(0.12) 

554.13 

(0.61) 

0.21 0.12 0.02 0.65 3964 

All 185.35 

(0.94) 

81.30 

(1.12) 

16.16 

(0.13) 

568.52 

(0.78) 

0.22 0.10 0.02 0.68 3964 

Philopatric 

simulated (A) 

6.67 

(0.40) 

294.97 

(0.52) 

12,72 

(0.05) 

531.58 

(0.40) 

0.01 0.35 0.02 0.63 3964 

Dispersers 

simulated (A) 

154.73 

(0.71) 

161.34 

(0.77) 

11.41 

(0.05) 

506.35 

(0.32) 

0.19 0.19 0.01 0.61 3964 

Immigrants 

simulated (A) 

55.97 

(0.55) 

23.86 

(0.68) 

21.53 

(0.16) 

730.96 

(0.66) 

0.07  0.03 0.03 0.87 3964 

All (A) 3.91 

(0.24) 

4.81 

(0.30) 

18.48 

(0.17) 

821.43 

(0.62) 

0.005 0.01 0.02 0.97 3964 

 

Table S2. Mean value of estimates of variance components additive genetic variance (VA), permanent environmental variance (VPE), among-study 

year variance (VY), and residual within-individual variance (VR) and mean value of estimates of heritability (h2), permanent environmental effects 

(pe2), year variance (y2), and residual variance (r2). Standard error represents the standard error of that mean value not for each estimate of each 

model as in Table S1. For all mean estimates of h, pe2, y2 and r2 se was < 0.0001. And model degrees of freedom (Df). 

 


