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1  | INTRODUC TION

Birds, among various other taxa, build nests to extend control over the 
conditions in which their offspring develop. The avian nest's main func-
tion is to allow efficient thermoregulation during incubation of the eggs 
and while the offspring are small (Deeming & Reynolds, 2015). Bird nests 
have a long evolutionary history and their thermoregulatory advantages 
may have been paramount to avian survival at the time when non-avian 
dinosaurs went extinct (Hansell & Overhill, 2000). As vessels of repro-
duction, nests determine reproductive success. It therefore seems ap-
parent that the composition of nests and their size is continuously being 
shaped by selection to provide optimal conditions for offspring survival.

Nest size has been positively related to reproductive parameters, 
such as clutch size (Álvarez & Barba,  2008; Soler,  2001), fledging 
(Alabrudzińska et  al.,  2003), and recruitment success (Álvarez & 
Barba, 2008, 2011), as well as to morphological traits (Mainwaring & 
Hartley, 2008), experience (Polo & Veiga, 2006), quality and condi-
tion of the builder (Mainwaring & Hartley, 2009; Tomás et al., 2006). 
Nest size also appears to be an individual-specific trait; it shows sig-
nificant between-individual variation in female blue tits (Cyanistes 
caeruleus; Tomás et al., 2006; Järvinen, Kluen, Brommer, 2017), fe-
male pied flycatchers (Ficedula hypoleuca; Moreno et al., 2008), male 
southern masked weaverbirds (Ploceus velatus; Walsh et al., 2009), 
and male barn swallows (Hirundo rustica; Møller, 2005). Apart from 
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Abstract
Birds, among various other taxa, construct nests. Nests form an extended phenotype 
of the individual building it. Nests are used to extend control over the conditions in 
which offspring develop, and are therefore commonly considered to be shaped by 
selection. Nevertheless, scarcely any scientific evidence exist that nest composition 
is under selection. Here, we demonstrate with data from over 400 blue tit (Cyanistes 
caeruleus) nests collected over 8 years that a higher proportion of feathers in the nest 
lining is positively associated with the probability of offspring to recruit as a breeding 
adult later in life. Strikingly, the extended phenotype (nest) was associated stronger 
with recruitment probability than phenotypic traits that have typically been consid-
ered important in selection (laying date, and female size and condition). Our findings 
suggest that the choice of nest material could be a maternal behavior with potential 
lifelong effects on her offspring.
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its size, the components used to construct a nest have been shown 
to be related to the condition of the builder (Sergio et  al.,  2011), 
as well as the abundance of ectoparasites in the nest (Suarez-
Rodriguez et al., 2012; Tomás et al., 2012), recruitment success (Polo 
et al., 2015), nestling survival (Veiga & Polo, 2011), and physiology 
(Soler et al., 2017). To conclude, an ample amount of evidence ex-
ists that hints at the adaptive potential of nest construction, but few 
studies have demonstrated a long-term selective benefit of certain 
nest types over others.

In this paper, we study a wild population of blue tits. The blue tit 
is a widely distributed and socially monogamous hole-nesting pas-
serine. It readily builds a nest in a nest box if available. Female blue 
tits choose the nesting site and build the nest that typically con-
sists of moss, grass and other plant material, as well as hair, fur, wool 
and feathers (Figure 1; Britt & Deeming, 2011). The propensity to 
use feathers in the nest lining as well as nest height are traits of the 
female blue tit: these nest characteristics are repeatable and mod-
estly heritable in female blue tits, but not in male blue tits (Järvinen, 
Kluen, Brommer,  2017; Järvinen, Kluen, Tiiri, et  al.,  2017). In our 
study population, about a quarter of nests have one or more orna-
mental feathers, which are often bright colored feathers that are 
placed on top of the nest outside the rim of the nest cup and there-
fore presumably have no role in terms of thermoregulation (Järvinen 
& Brommer, 2020; Figure 1). Work in a Spanish population of blue 
tits found that males are involved in ornamental feathering of nests 
and, if ornamental feathers are experimentally increased, males re-
move these (Sanz & García-Navas, 2010; García-Navas et al., 2013, 
see also Mainwaring et al., 2016). However, the number of ornamen-
tal feathers in a nest is repeatable in our study population only in 

females, but not in males (Järvinen & Brommer, 2020). Because re-
peatability is the upper limit of heritability, non-repeatable traits are 
not inherited by descendants and are therefore unable to respond 
to selection (Falconer & MacKay, 1996). Thus, we here quantify se-
lection on blue tit nest characteristics from the perspective that the 
nest is an extended phenotype of the female that has constructed 
it. In particular, we study whether the height of her nest, proportion 
of feathers she used in the nest lining and whether or not there are 
ornamental feathers on the nest are associated with reproductive 
success in terms of the probability of an offspring to survive to fledg-
ing and the probability of a fledgling to recruit back into the local 
breeding population. In doing so, we recognize that other female 
traits such as when she has produced her first egg in the season 
(laying date) and her size and mass may be confounded with both her 
extended phenotype and her reproductive success. To this end, we 
perform multiple regression analyses where we also include these 
covariates to statistically correct for their potentially confounding 
effect.

2  | MATERIAL AND METHODS

2.1 | Study site

The study site was located in Tammisaari, southwest Finland. The 
site has been the location of a long-term study of blue tits since 2005 
and consisted of 319–363 nest boxes during the study period of 
2012–2019. The site spans over 10 km2 and consists of mixed boreal 
forest that is interspersed with arable land.

F I G U R E  1   Pictures of blue tit nests taken from directly above when the nestlings are 2 days old (nestlings were temporarily removed). 
A blue tit nest has a base layer mainly consisting of moss into which a cup is formed on the side opposite of the nest opening (this opening 
is situated on the left-hand side in each picture). The nest cup is lined with various materials and eggs are laid and incubated in this nest 
cup. Blue tit nests can have so-called ornamental feathers, which are feathers that are on top of the nest, not integrated into the other 
material of the nest lining, and are outside the nest cup and therefore not in contact with nestlings. Ornamental feathers are indicated with 
yellow frames in the pictures. Blue tit nests show variability in their composition, which can be characterized along a gradient of increasing 
proportion of feathers in the nest lining. Pictures show: (a) A common nest type which consists mainly of ungulate hairs without feathers in 
the nest lining. (b) A nest with the lining composed of ungulate hair as well as strips of bark. (c) A nest with a low proportion of feathers in 
nest lining, as well as an ornamental feather. (d) Nest with a high proportion of feathers in the nest lining and ornamental feathers. (e) Nest 
with a high proportion of feathers

(a)

(d) (e)

(b)
(c)
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2.2 | Data collection

We used data on first broods collected in each breeding season be-
tween 2012 and 2019. During these 8 years, no experimental ma-
nipulations were performed. We determined laying dates by weekly 
nest box checks that we ran from late April until the first eggs 
hatched. We calculated the laying date of an incomplete clutch with 
the assumption that one egg was laid per day. We determined the 
hatching date (day 0) by daily nest checks starting on the expected 
date of hatching as described by Kluen et al. (2011).

2.3 | Nest characteristics

On day 2, we measured the nests for height (see Järvinen, Kluen, 
Brommer,  2017; Järvinen, Kluen, Tiiri, et  al.,  2017), temporar-
ily removed the nestlings and photographed the nest (as shown in 
Figure 1). We then temporally removed the nest from the nest box. 
By careful partial de-construction of the nest, the proportion of the 
different materials used to construct the nest was quantified by eye. 
A blue tit nest has a thick layer typically consisting mainly of moss 
as its base. On top of this base layer, a nest cup is constructed from 
different materials (mainly using hair of ungulates, mammalian fur, 
feathers, grass, and strips of bark; Figure 1). The proportion of feath-
ers in the nest lining was computed as the proportion of feathers 
in the nest after excluding moss because moss is practically only 

used in the base layer whose thickness may vary substantially (see 
Järvinen, Kluen, Brommer, 2017; Järvinen, Kluen, Tiiri, et al., 2017). 
Using the photographs, a single observer (author PJ) identified nest 
feather ornaments. Feathers were considered ornamental when 
they were placed on top of the nest, not in contact with nestlings, 
and stood out from the bulk of the material based on a large size 
or contrasting color (Järvinen & Brommer,  2020.; illustrated in 
Figure 1). As most (76%) of the nests in our population do not contain 
nest feather ornaments (Järvinen & Brommer, 2020), ornamentation 
of the nest was included as a binary variable denoting whether there 
were feather ornaments (yes), or not (no).

2.4 | Parental identity and traits

When the nestlings were around 5–9 days old, we trapped parents 
in the nest box when they came in to feed their offspring. We ringed 
each parent with a metal ring to allow individual identification. We 
measured the body mass with a spring balance to the nearest 0.1 g 
and the tarsus with a sliding calliper to the nearest 0.1 mm.

2.5 | Fledging status

We included all nests with nestlings alive on day 2 (when the nest 
construction was scored) in the data. Nestlings were ringed when 

TA B L E  1   A list and description as well as sample sizes of the data for each GLMM

Variable Type/transformation Description/scale n Model

Response Fledging 
probability

Binomial (success/failure) Nr of success/failure out of hatchlings 
per nest

656 F

Recruitment 
probability

Binomial (success/failure) Nr of success/failure out of fledglings 
per nest

403 R

Fixed effect Nest height Standardized Height (36.3–155 mm) F,R

Proportion of 
feathers

Standardized 
arcsine-square-root-transformed

Proportion of nest lining that are 
feathers (0–1)

F,R

Nest 
ornamentation

Factorial No, yes F,R

Lay date Standardized April days (20–57) F,R

Female body mass Standardized Mean mass per female/season 
(9.7–13.8 g)

F,R

Female tarsus 
length

Standardized Mean length per female/season 
(15.0–18.3 mm)

F, R

Random effect Year Factorial effect 2012–2019 8 F

2012–2017 6 R

Individual Factorial effect Female ID 431 F

Female ID 285 R

Note: The column “Variable” denotes the response, fixed and random effect variables. Under “Type/transformation,” we specify for the response 
variables which type of errors the GLMM used and for the fixed and random effects whether the variable was factorial or continuous, where 
“standardized” refers to when the Z-score of a continuous variable was used in the analysis. Under “Description/scale,” a verbal explanation is 
provided as well as the range of values in the data for fixed effects. The “n” provided for the response and random effects refers to the number of 
nests and the number of levels, respectively. The “Model” referred to as “F” and “R” are the analysis of the probability of a hatchling to fledge and of a 
fledgling to recruit, respectively.
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they were 9 days old with a metal ring to allow individual identifica-
tion. The presence or absence of nestlings in each nest was estab-
lished when they were 16 days old at which age they have attained 
the skeletal size of adults. Blue tits fledge when 18 days old or older. 
We visited all nests again after the nestlings had fledged, and any 
nestlings that were not found dead in the nest box at that time were 
assumed to have fledged successfully because parents do not re-
move fully grown nestlings (i.e., nestling older than 16 days).

2.6 | Statistical analysis

All explanatory variables were standardized to zero mean and unit 
standard deviation to facilitate comparison of their effect sizes. All 
analyses were conducted in R (R Core Team, 2019). We summarize 
the statistical analyses and sample sizes in Table 1.

We constructed Generalized Linear Mixed Models (GLMM) with 
binomial response variables and R package “lme4” (Bates et al., 2015) 
to measure the effect of nest characteristics on blue tit reproductive 
success. Our data were non-independent with repeated measures 
of females and years and we included these as random effects. We 
ran separate models with two different measures of reproductive 
success as response variables: fledging and local recruitment proba-
bility. Fledging probability describes the proportion of offspring that 
successfully fledged out of a completed clutch between 2012 and 
2019. Local recruitment success describes the proportion of fledg-
lings that returned to one of our nest boxes to breed later in life. 
We measured local recruitment of individuals that hatched between 
2012 and 2017 to allow a minimum of 2 years for recruitment. Blue 
tits are short-lived birds and most individuals have recruited before 
their second year of life (Stenning, 2018). Local recruitment prob-
ability represents a minimum probability to produce a reproducing 

offspring, because fledglings may also recruit to breed outside our 
box network.

The focus of our analysis is on inferring the association of nest 
characteristics to reproductive success. Because these nest char-
acteristics may covary with other aspects that affect reproductive 
success, we statistically controlled for a number of potential other 
aspects by including these as fixed effects in the models. We in-
cluded laying date given its association with avian reproductive 
success (Nilsson, 1994). To control for a potential effect of female 
condition on reproductive success, we included female tarsus length 
and body mass as explanatory variables in both models, which is 
statistically equivalent to using tarsus-corrected (or residual) body 
mass. Lastly, we included female age (1 vs. ≥2 years old) as a fixed 
effect because experience has been shown to affect reproductive 
performance and nest composition (Muth & Healy,  2011, 2014). 
Because earlier analyses showed that nest height, the proportion of 
feathers and feather nest ornaments were not repeatable in males 
(Järvinen, Kluen, Brommer, 2017; Järvinen & Brommer,  2020), we 
did not consider male traits in these analyses.

3  | RESULTS

The overall probability of a hatchling surviving to fledge was 68.5% 
(4,748/6,930). Local recruitment probability into the breeding popu-
lation of a fledgling was on average 5.7% (178/3,096). Of the 656 
nests, 26% (173/656) contained one or more ornamental feathers.

Nest characteristics (the nest height, proportion of feathers in 
the nest lining, and presence/absence of feather nest ornaments) 
had no effect on fledging probability (Table  2). The proportion of 
feathers in the nest lining had a significant positive effect on re-
cruitment probability (Table 2; Figure 2). The female morphological 

TA B L E  2   Results of a binomial GLMM of nest and female characteristics on the proportion of young fledged (fledging probability) and 
the proportion of fledglings that recruited into the breeding population later in life (recruitment probability)

Fledging probability Recruitment probability

Variance Variance

Random effects

Female ID 3.02 0.25

Year 1.24 0.18

Est. SE Z p > z Est. SE Z p > z

Fixed effects

 (Intercept) 1.29 0.41 3.15 0.002 −2.94 0.23 −12.8 <0.001

Nest height −0.018 0.069 0.26 0.79 0.067 0.090 0.74 0.46

Feather % 0.059 0.060 0.98 0.33 0.18 0.081 2.16 0.031

Ornament 0.18 0.12 1.46 0.14 −0.12 0.19 0.61 0.54

Lay date −0.025 0.077 0.33 0.74 −0.080 0.097 0.83 0.41

Mass ♀ −0.31 0.071 −4.33 <0.001 0.11 0.10 1.09 0.28

Tarsus ♀ 0.30 0.088 3.48 <0.001 −0.10 0.093 1.09 0.28

Age♀ (year) −0.17 0.11 1.44 0.15 −0.23 0.17 1.35 0.18

Note: The statistically significant (p < 0.05) variables are shown in bold. Sample sizes presented in Table 1.
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measures (body mass and tarsus length) did not affect recruitment 
probability of fledglings but female tarsus length had a significant 
positive and female body mass a significant negative effect on sur-
vival probability from hatching to fledging (Table 2).

4  | DISCUSSION

A higher proportion of feathers used in the lining of blue tit nests is 
associated with an increase in the probability that a fledgling recruits 
back into the local breeding population. Strikingly, only the propor-
tion of feathers in the nest lining is associated with offspring local 
recruitment probability, whereas laying date and variables capturing 
the female's somatic condition (tarsus and mass) and her age were 
not. In contrast, we find no association between nest characteris-
tics and survival during the nestling period (hatchling to fledgling). 
Taken together, these findings imply that selection on nest composi-
tion primarily acts via long-term (i.e., post-fledging) fitness benefits 
to offspring.

There are a number of possible non-mutually exclusive pathways 
by which feathers in the nest lining can provide direct long-term 
benefits for offspring performance. Because the main benefit of 
feathers is their improved thermal insulation of the nest (Dawson 
et  al.,  2011; Hilton et  al.,  2004; Lombardo,  1995; Møller,  1984; 
Pinowski et al., 2006; Windsor et al., 2013), one possibility is that this 
thermoregulatory advantage has long-term fitness consequences for 
offspring. Feathers in the nest can also provide protection against 
microbial infections (Peralta-Sanchez et  al.,  2010; Peralta-Sánchez 
et al., 2013; Ruiz-Castellano et al., 2016), and thereby provide long-
term fitness consequences. Indeed, Soler et  al.  (2017) showed by 
experimental manipulation that the amount of feathers in nests af-
fected the probability of nestling survival by affecting their telomere 

attrition. One further possibility is that feathers in the nest protect 
nestlings against ectoparasites (López-Rull & Macías, 2015). For ex-
ample, Winkler (1993) showed that experimental removal of feathers 
from tree swallow (Tachycineta bicolor) nests caused offspring to be 
significantly higher infected with mites and lice and caused slower 
growth rate compared to the nestlings in control nests. Clearly, 
therefore, a number of potential pathways exist whereby a higher 
proportion of feathers in the nest lining could have a direct causal 
effect on offspring performance.

In addition to the direct benefits of having more feathers in the 
nest lining for offspring post-fledging performance, as described 
above, a greater proportion of feathers in the nest lining may also 
benefit nestling fitness indirectly. That is, the proportion of feath-
ers in the nest lining—as an extended phenotype of the female that 
built it—could be associated with the female's capacity to produce 
offspring with a high probability to recruit. For example, a nest with 
a high proportion of feathers may, because of its superior thermo-
regulatory capacity during incubation, reduce the energetic costs of 
incubation to the female and allow her to produce offspring with a 
higher recruitment probability. Another possibility is that only fe-
males of superior quality build nests with more feathers in the nest 
lining and produce offspring with a higher recruitment probability. 
One example of an association between a nest characteristic and fe-
male blue tits’ individual quality is that females infected with a higher 
amount of blood parasites built lighter nests (Tomás et al., 2006). To 
statistically control for such confounding, we included in our anal-
yses the female's age, and two somatic aspects (tarsus length and 
body mass), but clearly other unmeasured aspects of female health 
could covary with the proportion of feathers in the nest and affect 
offspring recruitment probability. Apart from nest characteristics 
potentially being associated with fitness aspects of the female that 
built it, the nest itself may signal its potential for direct benefits to 
the offspring's sire, assuming having more feathers in the nest lining 
indeed causally affects offspring performance. As a response to the 
potential direct benefits for his offspring provided by a nest with 
more feathers in the nest lining, a male may upregulate his paternal 
effort. Hence, the direct and indirect effects of having more feath-
ers in the nest lining are not mutually exclusive, and both may act 
to improve offspring recruitment probability. Because our findings 
are based on association, careful experimental studies are needed 
to establish whether there are causal links between the proportion 
of feathers in the nest lining and offspring recruitment probability 
or not.

An intriguing aspect of our study is that any fitness advantages 
of nest composition are not apparent during the period offspring 
stay in the nest. We found that nestlings produced by females with 
a longer tarsus (measure of skeletal size) have a higher probabil-
ity to fledge, indicating that larger females are more successful 
during the nestling period in this population. In general, directional 
selection for larger size is common (Kingsolver & Pfennig, 2004; 
Morrissey & Hadfield,  2011). More surprisingly, the offspring of 
females in better somatic condition (as measured by body mass) 
had a lowered probability to survive to fledging. This could be 

F I G U R E  2   (a) Probability of a fledgling to recruit locally into the 
breeding population (Rec. prob.) as a function of the proportion of 
feathers in the nest lining (standardized Z-scores). (b) Distribution 
of the standardized proportion of feathers in the nest lining for the 
data used to analyze the recruitment probability (Table 1)
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an example of differential investment, where a female balances 
investment in herself versus current progeny and greater invest-
ment in own somatic condition, at the expense of nestling sur-
vival, may benefit reproduction in the next breeding season (Karell 
et al., 2009).

As for any trait showing an association with fitness based on 
descriptive data, experimental manipulation (of, in our case, the 
proportion of feathers in the nest lining) is required to determine 
whether the proportion of feathers in the nest lining is itself indeed 
the target of selection or simply a correlate of another trait deter-
mining recruitment probability of offspring. Nevertheless, because 
a part of the variation in nest composition is inherited from mother 
to daughter (Järvinen, Kluen, Brommer, 2017; Järvinen, Kluen, Tiiri, 
et al., 2017), our finding that variation in nest composition is asso-
ciated with reproductive fitness suggests that nest construction in 
blue tits has ecological relevance and is an adaptive behavior with 
potential to evolve in response to environmental change.
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