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Abstract
Predators affect prey by killing them or inducing changes in their physiology and behaviour through a fear effect associated with 
predation risk. In birds, perceived predation risk influences reproductive decisions, such as the reduction of parental invest-
ment in offspring during both egg production and nestling rearing. Visual and vocal cues of predator presence have been widely 
used to test the direct effects of predation risk. However, few studies have examined the indirect cues of predator activity such 
as dead avian prey or their remains. In this study, for the first time, we experimentally studied whether piles of feathers, 
simulating the remains of avian prey, induce changes in the reproductive decisions of adult birds. Before and during egg laying, 
great tit, Parus major, pairs were exposed to piles of bright down and cover feathers from domestic goose (treatment), 
woodchips (procedural control), or were not exposed (control). Our experiment affected maternal investment in individual 
eggs, but did not influence other reproductive parameters. Females from the treatment group laid larger and more asymme-
trical (pointed) eggs than control females. Moreover, females from the procedural control group laid larger eggs than those 
from the control group, but without differences in egg shape. However, the eggs from the treatment and procedural control 
groups did not differ. This indicates that great tit females can perceive feathers and woodchips as informative cues, such as 
potential predation risk or habitat suitability, or as novel items in the environment. Importantly, females respond to such cues 
by changing their maternal investment in eggs, which may result from an adaptive mechanism aimed at increasing offspring 
fitness in the face of specific environmental conditions experienced by a female. Our study contributes to the understanding of 
how female songbirds adjust their maternal reproductive investment in response to publicly available social and environmental 
cues.

Keywords: Egg characteristics, fear effect, maternal investment, Parus major, risk assessment

Introduction

Predation constitutes a strong selective pressure and 
significantly determines the evolution of morphologi-
cal, physiological, and behavioural traits such as flight 
initiation distance in prey (e.g. Agrawal et al. 1999; 
Caro 2005; Peluc et al. 2008; Coslovsky & Richner  
2011; Giesing et al. 2011; Møller et al. 2017). The 
killing of prey and the ultimate ecological effect of 
predation are obvious. However, in addition to such 
direct, consumptive effects, predators may impose 
indirect, non-consumptive effects on the physiology 
and behaviour of their potential prey (e.g. Scheuerlein 
et al. 2001; Creel & Christianson 2008; Sheriff et al.  
2009; Peacor et al. 2020). Variations in the beha-
vioural and physiological responses to perceived 

predation risk may affect habitat selection, nest site 
choice, sociality, foraging activity and efficiency, mat-
ing, parental nest/brood attendance, and offspring 
behavior (Caro 2005; Lima 2009; Morosinotto et al.  
2010; Santema et al. 2020). Furthermore, the non- 
consumptive effects of predation have been shown to 
affect the expression of life-history traits that are pivo-
tal for fitness, i.e., the number and size of produced 
eggs or offspring (e.g. Lima 2009; Coslovsky & 
Richner 2011; Zanette et al. 2011; Dillon & Conway  
2018; Dudeck et al. 2018; Possenti et al. 2019).

In birds, perceived predation risk influences 
female investment in eggs, both in terms of clutch 
size (Eggers et al. 2006; Morosinotto et al. 2010; 
Zanette et al. 2011) and egg quality (i.e. egg size and 
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composition, Fontaine & Martin 2006; Morosinotto 
et al. 2019). In general, predation risk is expected to 
decrease maternal investment in eggs by producing 
smaller clutches (Travers et al. 2010; Hua et al.  
2014; Dillon & Conway 2018) or eggs (Fontaine & 
Martin 2006), especially if predation concerns eggs 
or nestlings (Lima 2009; Hua et al. 2014). However, 
several field studies have found no effect of preda-
tion risk on the number of laid eggs (Coslovsky & 
Richner 2011; Possenti et al. 2019) and egg mass 
(Coslovsky & Richner 2011; Morosinotto et al.  
2019), or even reported increase in egg mass 
(Zanette et al. 2011; Possenti et al. 2019). In addi-
tion to the effects of predation on maternal invest-
ment in eggs, the influence of predation risk on 
parental investment in hatched nestlings is com-
monly observed (e.g. Massaro et al. 2008; Lima  
2009; Sofaer et al. 2013; Mutzel et al. 2019). The 
risk usually negatively affects parental care, such as 
reducing provisioning rate or brood attendance, 
which ultimately results in a decline in the number 
and/or condition of produced offspring (Coslovsky 
& Richner 2011; Zanette et al. 2011; Dudeck et al.  
2018, but see Hua et al. 2014).

To date, the majority of studies on perceived pre-
dation risk in birds have been conducted by experi-
mentally providing direct visual and/or auditory cues 
of predator presence, such as live predators, various 
types of predator models, the emission of predator 
calls with or without a predator’s dummy, compar-
ing bird behaviour in places with and without 
a predator, and the use of olfactory stimuli (e.g. 
Coslovsky & Richner 2011; Amo et al. 2017; 
Carlson et al. 2017; Møller et al. 2017; Possenti 
et al. 2019; Santema et al. 2020). In contrast, few 
studies have examined the effects of perceived pre-
dation risk based on indirect visual cues of predatory 
activity resulting from the direct effects of predation, 
such as the presence of corpses or remains of avian 
prey (Ekner & Tryjanowski 2008; Peterson & 
Colwell 2014; Swift & Marzluff 2015 2018; 
Carlson et al. 2017). For example, Swift and 
Marzluff (2015) demonstrated that American 
crows, Corvus brachyrhynchos, use dead conspecifics 
to assess danger or new threats. This species 
responds to corpses by enhanced anti-predator 
behaviours (such as predator scolding and mobbing) 
and avoidance of risky areas. Given that the remains 
of prey may provide a key stimulus for adult birds to 
recognise potential threats associated with predator 
activity and generate specific behavioral responses to 
such danger (Peterson & Colwell 2014; Swift & 
Marzluff 2015; Carlson et al. 2017), it is possible 
that such cues also affect bird reproductive 
decisions.

Beside corpses, feather piles are visible remains of 
avian prey, killed by both avian and mammal pre-
dators. Such avian prey remains may provide useful 
heterospecific information on predator occurrence 
and activity. The Eurasian sparrowhawk, Accipiter 
nisus, the main avian predator of middle and small 
passerine birds, commonly plucks feathers from 
killed birds and leave piles of feathers, which are 
signs of predation and prey consumption (Newton  
1986). Thus, the number and distribution of piles of 
feathers in a given area may, to some extent, provide 
information to potential avian prey regarding the 
level of predation risk. To the best of our knowl-
edge, no study has examined whether piles of feath-
ers remaining from avian prey affect the 
reproductive decisions of adult birds.

The aim of our study was to determine whether 
indirect visual signs of predator activity, such as 
piles of feathers, may be perceived by adult great 
tits, Parus major, and constitute reliable cues for 
them to change their reproductive decisions. For 
this purpose, we experimentally manipulated the 
level of perceived predation risk before and during 
egg laying by placing piles of white feathers (mostly 
down) from the domestic goose on the forest 
ground (treatment group). To separate the pure 
effect of feathers on reproductive output from the 
overall effects of the experiment (e.g., some distur-
bances in habitat due to appearing feathers), we 
created a procedural control group in which bright 
woodchips was used a substitute for the feathers. 
We also established a control group that was free of 
any treatment. We then examined how this preda-
tion risk experiment affected reproductive para-
meters, such as breeding pair abundance, laying 
date, clutch size, egg characteristics (size and 
shape), hatching success, and the number and con-
dition of fledged offspring.

We hypothesised that adult birds perceive piles of 
feathers as signs of potential predation threats and 
use this information to adjust their reproductive 
decisions. Specifically, we predicted that adult 
birds would avoid areas with increased perceived 
predation risk (treatment group), which would 
result in the decline/absence of breeding pairs or 
some alterations in the date of breeding commence-
ment. Avoiding areas with high predator pressure or 
changing egg-laying initiation has been previously 
documented as a response of adult birds to potential 
predation (Lima 2009; Mönkkönen et al. 2009). 
However, such responses to predation risk may go 
much further and ultimately alter reproductive deci-
sions, most commonly by reducing parental invest-
ment in offspring (Zanette et al. 2011; Dillon & 
Conway 2018; Mutzel et al. 2019). Therefore, we 
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expected that if birds did not avoid breeding under 
high perceived predation risk, they would decrease 
parental investment in eggs (i.e., a lower clutch size, 
smaller eggs, or lower hatching success) or nestlings 
(i.e., a reduction in fledgling number and/or dete-
rioration of offspring condition). The latter is 
expected to be a carry-over effect of predation risk 
perceived during the early stage of breeding. In 
a statistical sense, we expected significant differ-
ences between the treatment and procedural control 
groups and between the treatment and control 
groups, with no difference between the procedural 
and control groups.

Materials and methods

Study area and species

The study was conducted in spring 2017 in 
a natural population of great tits occurring in the 
northern part of the Niepołomice Forest, in south-
ern Poland (50°04` N, 20°21` E). The study area 
was located in a 60-year-old deciduous forest with 
poorly developed underwood, dominated by oaks, 
hornbeams, and limes. The great tit is a small pas-
serine bird commonly used as a model species in 
behavioral studies, including research concerning 
social or public information use (Parejo et al.  
2008) and the effects of predation risk on repro-
duction (e.g. Coslovsky & Richner 2011). In the 
deciduous part of the Niepołomice Forest, great tit 
females start egg-laying in April and lay 11 eggs in 
a clutch, on average. The incubation period for this 
species is approximately 13 days. Both parents feed 
nestlings that fledge within 15–18 days after 
hatching.

Experimental design and field procedures

The study area was divided into 12 plots, in which 
a similar number of wooden nest boxes (interior 
dimensions: 11 × 11 × 28 cm) were hung (mean ± 
SD: 21 ± 3 nest boxes per plot, range 18–26). The 
nest boxes were distributed in a 40 × 35 m grid 
(ca. 6.6 nest boxes per ha). They were deployed in 
autumn 2016 in an area where no nest boxes had 
been previously and no experiments had been con-
ducted. Each plot was randomly assigned to one of 
three experimental groups: treatment, procedural 
control, and control. The number of nest boxes on 
plots assigned to the treatment, procedural con-
trol, and control groups were also similar (mean ± 
SD: 22 ± 3, 21 ± 3, and 21 ± 2 nest boxes per 
plot, respectively). In total, there were 85 nest 

boxes in the treatment plots, 85 in the procedural 
control plots, and 83 in the control plots.

On plots assigned to the treatment group, we laid 
down piles of feathers on the forest litter to simulate 
increased predator activity (Supplementary Figure 
S1). The feathers were placed on the ground in 
a shape resembling a circle with a diameter of 
approximately 50 cm. We used white feathers and 
down obtained from natural goose down feather 
pillows; thus, the cover feathers and down were 
absent of avian odors (which would attract mammal 
predators). In plots assigned to the procedural con-
trol group we used bright woodchips that were 
placed on the ground in the same manner as the 
feathers (Supplementary Figure S2). The woodchips 
were a substitute for white geese feathers to control 
the potential effect of changes in habitat made by 
laying out the feathers. More specifically, the effects 
of feather piles on bird behavior may not result from 
their presence themselves, but may also be caused 
by human presence and activity when putting the 
feathers on the ground. Thus, we expected to be 
able to separate these effects. The plots assigned to 
the control group were free of any experimental 
procedures. The piles of feathers and woodchips 
were placed at four randomly selected points 
every second day in each plot belonging to the treat-
ment and procedural control groups, respectively. 
This experiment was performed in the morning, 
between 8 and 10 a.m. We ran the experiment 
from1 April until 20 April, i.e. during a period in 
which most great tits started building nests and lay-
ing eggs in the study area.

From 31 March, we started checking all nest 
boxes to detect nest building and determine laying 
dates and clutch sizes. In total, 25 pairs of great 
tits were bred in all plots (7, 8, and 10 in plots 
belonging to the treatment, procedural control, 
and control groups, respectively). Breeding pairs 
recorded in plots assigned to the treatment and 
procedural control groups did not differ in expo-
sure time to experimental activities, that is, pla-
cing feathers and woodchips on the ground 
(Kruskal-Wallis rank-sum test: χ2 = 0.87, df = 1, 
P = 0.35). Exposure time was measured as the 
number of days from the date when nest building 
was observed for the first time up to the end of the 
experimental procedures. Thus, the time included 
only the period during which we actively con-
ducted our experiment. However, piles of feathers 
and woodchips were still visible for approximately 
two weeks after the end of the experimental pro-
cedures, indicating that the potential effects of 
feathers (and woodchips) on breeding birds could 
have persisted much longer.
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Egg measurements

Halfway through the incubation period, we deter-
mined the size and shape of all eggs laid in a clutch 
using digitized photos. Eggs were taken from a nest 
and placed on a flat surface with a black back-
ground. We then took photographs of the eggs at 
an angle of 90° to the egg’s long axis at a distance of 
approximately 30 cm using a Canon 450D camera 
and Canon EF-S 18–55 lens. Each photo contained 
a ruler (to the nearest 1 mm) that served as a scale 
bar for calculating the egg volume. Based on these 
images, we estimated egg volume and shape using 
an Egg Measurement Tool plug-in developed by 
Troscianko (2014) for ImageJ software (Schneider 
et al. 2012). According to this method, egg shape is 
calculated as the deviation from a perfect ellipse, 
which provides a measure of egg asymmetry – point-
edness (Troscianko 2014). The values of the egg 
shape index were multiplied by 1000 for increased 
readability. The higher the value of the shape index, 
the more pointed (less elliptical) the egg is. The 
modelling system for egg measurement proposed 
by Troscianko (2014) provides egg volume estima-
tion as a measure independent of egg shape. We 
found no correlation between egg volume and egg 
shape in our dataset (r = −0.06, P = 0.37; N = 256). 
In the studied population of great tits, the average 
egg volume (raw mean ± SE) was 1.80 ± 0.01 cm3, 
whereas the average egg shape index (raw mean ± 
SE) was 0.50 ± 0.02 (index = 0 means an ideal 
ellipse).

Nestling measurements

We regularly monitored incubating females around 
the expected day of hatching to detect the exact date 
at which nestlings hatched (hatching date = day 0). 
We then measured and ringed the nestlings when 
they reached the age of 14 days. Body mass was 
assessed using an electronic balance to the nearest 
0.01 g, and the right tarsus length was measured 
using a caliper to the nearest 0.1 mm.

Statistical analyses

We used a chi-square test to examine the frequency 
of nest box occupancy by breeding great tits across 
experimental groups and to determine the frequency 
of nest abandonment among all three groups. We 
fitted general additive models (GAMs) with 
a Gaussian error distribution and an identity-link 
function to analyse the effects of predation risk on 
laying date and clutch size. To examine the effects of 
predation risk on the number of fledglings, we used 

the GAM with negative binomial error variance and 
a log-link function. In all GAMs, predation risk was 
treated as a categorical fixed factor (with three 
levels: treatment, procedural control, and control), 
laying date or hatching date (to control for the 
effects of seasonal changes), and clutch size (to con-
trol for the brood size effect) as covariates. Hatching 
success was examined using a generalised additive 
mixed model (GAMM) with a binomial error dis-
tribution and logit-link function. To analyze the 
effects of predation risk on egg volume and shape, 
as well as the body mass and tarsus length of 14-day- 
old nestlings, we fitted GAMMs with a Gaussian 
error distribution and identity-link function. All 
GAMMs included the manipulation of predation 
risk as a categorical fixed factor, and laying date or 
hatching date, clutch size, mean egg volume, egg 
shape per clutch (to test their effects on offspring 
condition), and tarsus length (to correct for body 
size in the analysis of nestling body mass) as covari-
ates. The period in which females were exposed to 
experimental procedures was highly correlated with 
the laying date and hatching date (r = −0.84, 
P < 0.001 and r = −0.75, P = 0.002, respectively; 
N = 15). Since the laying date and hatching date 
appeared to have more biological sense in the ana-
lyses, the fact that the detected strong correlations 
allowed us to prevent testing the exposure time as an 
additional independent variable. In the GAMs and 
GAMMs, the predation risk factor was fitted as 
a linear predictor. We used a priori contrasts to 
determine the differences between the levels of this 
factor. The contrast estimates and P values based on 
the t-tests gathered from the models are presented in 
the text and tables. All covariates in the GAMs and 
GAMMs were fitted as thin plate regression splines 
to determine their potential non-linear effects on the 
dependent variables. To control spatial autocorrela-
tion among great tit nests, we entered the longitude 
and latitude of each nest location as two covariates, 
which were then fitted as an interaction of thin-plate 
regression splines. As a result, part of the variation 
in the dependent variable was explained by geogra-
phical location, thus considering potential spatial 
gradients (differences) in habitat quality. 
Furthermore, for the GAMMs, we introduced nest 
identity as a random factor, which was fitted as 
a ridge penalty spline to account for the non- 
independence of eggs and nestlings from the same 
nest. We checked the assumptions for all models 
through visual inspection of the residual plots. To 
normalize the distribution of residuals in the model 
analysing egg shape, we used a square-root transfor-
mation of the raw data. The parameter estimates 
and statistics are presented from reduced (final) 
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models after removing covariates that weakly con-
tributed to explaining the variation in dependent 
variables (if P > 0.10). Both GAMs and GAMMs 
were performed using the mcgv and mgcViz packages 
(Wood 2017; Fasiolo et al. 2019) implemented in 
the R environment (R Core Team 2020). All statis-
tical tests were two-tailed, and the significance level 
was set at P < 0.05.

Results

Effects of experiment on breeding phenology and 
reproductive parameters

The occupancy of nest boxes by the great tits did not 
differ among the experimental groups (χ2

2 = 0.72, 
P = 0.70; N = 253). In addition, birds that had 
started breeding abandoned their nests at similar 
frequencies in the treatment, procedural control, 
and control groups (χ2

2 = 0.07, P = 0.97; N = 25). 
We did not find any effect of the experiment on 
laying date, clutch size, hatching success, or number 
of fledged offspring (Supplementary Table S1). We 
found that the fledgling number was positively cor-
related with the clutch size (Supplementary Table 
S1, Supplementary Figures S3).

Effects of experiment on egg size and shape

Our experimental manipulation affected both the size 
and shape of eggs (Table I). Females from the 

treatment group laid larger eggs than females from 
the control group; however, there were no differences 
in egg volume between females from the treatment 
and procedural control groups (Table I, Figure 1). 
Females from the procedural control group also had 
larger eggs than those from the control group (con-
trast estimate ± SE: 0.115 ± 0.053, P = 0.030; 
Figure 1). We also found a non-linear effect of clutch 
size on egg volume regardless of the experiment; egg 
volume increased abruptly until the clutch size 
reached eight and then slowly declined 
(Supplementary Figure S5). Furthermore, females 
from the treatment group laid more asymmetrical 
(pointed) eggs compared to females from the control 
group, in which eggs were more elliptical (Table I, 
Figure 2). We did not detect these differences in the 
egg shape index between females from the treatment 
and procedural control groups (Table I, Figure 2) or 
between females from the procedural control and 
control groups (contrast estimate ± SE: 
0.099 ± 0.075, P = 0.19; Figure 2). Moreover, we 
found that the egg shape negatively correlated with 
the laying date, regardless of the experiment (Table I, 
Supplementary Figure S5). 

Effects of experiment on fledgling condition

The experiment did not affect the body mass or 
tarsus length of the 14-day old nestlings (Table II). 

Table I. Results of generalised additive mixed models fitted with Gaussian error variance 
and identity-link function that examined a set of explanatory variables on the volume and 
square-root transformed shape of eggs. Predation risk (categorical variable with levels: 
treatment, control, and procedural control) was set as a linear predictor, with covariates 
as regression splines. Longitude and latitude were set as an interaction of regression splines 
to control for spatial autocorrelation of the data. Nest identity was introduced to models as 
a random factor (fitted as a ridge penalty spline). Reduced models are presented after 
removing covariates that weakly contributed to the explained variation in dependent vari-
ables (if P ≥ 0.10). Parameter estimates accompanied by SE in brackets for the intercept 
and linear predictor, and effective degrees of freedom (edf) for splines are given. 
Significance level for each explanatory variable is coded as *** (P < 0.001), 
** (P < 0.01), * (P < 0.05), ’ (P < 0.10).

Explanatory variables Response variables

Egg volume 
(N = 256)

Egg shape 
(N = 256)

Intercept 1.862 (0.040)*** 0.785 (0.051)***
Predation risk: treatment 0 0
Predation risk: control −0.151 (0.056)** −0.189 (0.074)*
Predation risk: procedural control −0.036 (0.056) −0.090 (0.071)
Laying date Removed edf = 1.00**
Clutch size edf = 2.65** edf = 1.00’
Longitude, Latitude edf = 2.72 edf = 2.06
Nest identity edf = 14.42*** edf = 16.04***
R2

adj 0.67 0.68
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Interestingly, we found that the mean egg shape in 
a clutch was a significant predictor of offspring body 
mass; the body mass of fledged nestlings decreased 
non-linearly as the value of mean egg asymmetry 
increased (Table II, Figure 3). There was also 
a nonlinear but overall positive effect of tarsus length 
on fledgling body mass (Table II, Supplementary 
Figure S6). Moreover, we found that the hatching 
date had a non-linear effect on fledgling tarsus 
length; tarsus length increased, flattened, and grew 
as the hatching date progressed (Table II, 
Supplementary Figure S7). 

Discussion

We experimentally demonstrated that piles of feath-
ers and woodchips may be perceived as cues for 
potential threats or environmental stressors by 
adult great tits. The placement of feather piles and 
woodchips on forest litter affected the prenatal 
reproductive decisions of this species. Although our 
experiment influenced maternal investment in indi-
vidual eggs, it had no effect on breeding occupancy, 

laying date, clutch size, and the number and condi-
tion of fledged nestlings. Females exposed to cues 
both before and during egg laying produced larger 
eggs than females not exposed to these treatments. 
Moreover, females from the treatment group laid 
more asymmetrical (pointed) eggs than the control 
females. Simultaneously, the volume and shape of 
eggs laid by females exposed to feathers did not 
differ from the eggs laid by females exposed to 
woodchips.

The observed lack of difference in maternal 
investment between the treatment and procedural 
control groups was unclear and unexpected, as we 
predicted that such a response would only be 
observed in the case of birds breeding on plots 
with piles of feathers, but not in plots with wood-
chips. Thus, it is likely that females from these two 
groups had to perceive both types of cues in a similar 
context, which translated into the parallel physiolo-
gical responses of mothers, that is, similar invest-
ment in eggs. There are several possible 
explanations for why females that bred on plots 
with feathers and woodchips showed similar pat-
terns in their reproductive investment. First, wood-
chips may not provide a neutral cue for birds, as 

Figure 1. The effect of predation risk manipulation on egg volume estimated by the GAMM presented in Table I. Means with SE are 
shown. Sample sizes are given above bars. P-values for only significant differences between groups are presented.
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Figure 2. The effect of predation risk manipulation on square-root transformed egg shape estimated by the GAMM presented in Table I. 
Means with SE are shown. Sample sizes are given above bars. P-values for only significant differences between groups are presented.

Table II. Results of generalised additive mixed models fitted with Gaussian error variance and identity- 
link function that examined a set of explanatory variables on the body mass and tarsus length of fledged 
offspring. Predation risk (categorical variable with levels: treatment, control, and procedural control) 
was set as a linear predictor, with covariates as regression splines. Longitude and latitude were set as an 
interaction of regression splines to control for spatial autocorrelation of the data. Nest identity was 
introduced in the models as a random factor (fitted as a ridge penalty spline). Reduced models are 
presented after removing covariates that weakly contributed to explained variation in the dependent 
variables (if P ≥ 0.10). Parameter estimates accompanied by SE in brackets for the intercept and the 
linear predictor and effective degrees of freedom (edf) for splines are given. Significance level for each 
explanatory variable is coded as *** (P < 0.001), ** (P < 0.01), * (P < 0.05), ’ (P < 0.10).

Explanatory variables Response variables

Body mass (N = 182) Tarsus length (N = 182)

Intercept 16.651 (0.367)*** 19.694 (0.230)***
Predation risk: treatment 0 0
Predation risk: control −0.188 (0.655) −0.306 (0.291)
Predation risk: procedural control 0.181 (0.664) −0.254 (0.345)
Hatching date Removed edf = 2.69**
Clutch size edf = 1.00’ Removed
Mean egg volume Removed Removed
Mean egg shape edf = 1.88** Removed
Tarsus length edf = 3.69*** Not included
Longitude, Latitude edf = 2.00 edf = 2.00
Nest identity edf = 11.05*** edf = 10.40***
R2 

adj 0.82 0.50
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originally assumed. In fact, birds that breed in man-
aged forests with intensively logged trees (this con-
cerns our study area) may experience significant 
stress associated with forest disruptions due to tree 
cutting, especially during the breeding season 
(Blumstein 2010; Leshyk et al. 2012; Messina 
et al. 2020). The presence of woodchips, as an effect 
of wood cutting, may be linked to birds as potential 
threats of nest loss, habitat disturbance, or human 
presence associated with logging. Second, the 
observed effect of feather and woodchip piles on 
maternal investment in eggs may result from the 
general response of birds to novel items in the envir-
onment (Crane & Ferrari 2017). If so, we cannot 
clearly determine whether piles of feathers indeed 
provide reliable cues about predation risk to adult 
birds, as the observed patterns may result from 
stress responses to a novel object (Tryjanowski 
et al. 2016; Goławski & Sytykiewicz 2021) rather 
than stress associated with potential predation. For 
these reasons, several authors argue that procedural 
controls should not be used in public social informa-
tion experiments (Brumm & Slabbekoorn 2005; 
Seppänen et al. 2007; Szymkowiak et al. 2017); 
however, we do not agree with this statement. 

Third, the human itself, as a potential predator, 
may be an important factor affecting the behavior 
and reproduction of birds (Frid & Dill 2002). 
Previous studies have documented that forest birds 
avoid humans and/or alter their reproductive deci-
sions because of regular human activity or presence 
(Lowe et al. 2014; Remacha et al. 2016; Hutfluss & 
Dingemanse 2019). Therefore, the occurrence of 
feathers or woodchips associated with the presence 
of humans may significantly enhance the physiolo-
gical or behavioral responses of birds to these sti-
muli. Swift and Marzluff (2015) showed that crows 
generated much stronger behavioral responses to 
dead conspecifics or their remains in the presence 
of predators (i.e., hawk or human) than dead crows 
presented alone. In our study, we personally put up 
piles of feathers and woodchips on the ground in the 
morning hours, when great tits had the opportunity 
to connect human presence with the distributed 
feathers and woodchips. Thus, we cannot exclude 
the possibility that our findings are a combined 
effect of human and feather or woodchip presence 
rather than a single effect of each cue. However, it 
seems unlikely that the observed effects on maternal 
reproductive decisions were related to human 

Figure 3. The partial effect of mean egg shape on fledgling body mass estimated by the GAMM presented in Table II. The non-linear 
trend is marked by a black solid line and 95% confidence intervals are marked by blue polygons. P-value for the effect and sample size are 
given.
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presence only, because all plots (including the con-
trol group) were visited at similar levels during nest 
box checking, with additional short visits associated 
only with the laying down of pile feathers and 
woodchips.

The fact that great tit females invested more in 
eggs when bred under stressful conditions is not an 
exceptional result, as previous research has observed 
similar patterns (Zanette et al. 2011; Possenti et al.  
2019). Laying larger eggs (and also larger clutches) 
in response to potential threats may be an adaptive 
strategy, which allow females to mitigate the detri-
mental effects of adverse environmental conditions 
during breeding (Possenti et al. 2019). Larger eggs 
may allow the development of embryos to be less 
sensitive to cooling when incubation is interrupted 
by female escape due to potential threats appearing 
around the nest (e.g. predators or human distur-
bance; Gillooly et al. 2002). Basso and Richner 
(2015) experimentally showed that great tit females 
exposed to predators increased the number of incu-
bation sessions and recesses, and their eggs lost 
more mass over the incubation period than females 
not exposed to that threat. Importantly, larger eggs 
give larger avian offspring that grow fast and stay for 
a shorter period in a nest (Krist 2011). Thus, 
females and/or nestlings may benefit from enhanced 
investment in eggs in risky environments by short-
ening the period of nestling development, thereby 
decreasing the probability of brood detection 
(Briskie et al. 1999; Caro 2005). Moreover, larger 
offspring may also be less vulnerable to starvation 
when parental attendance at the nest is reduced due 
to the presence of possible predators (Rhymer 1988; 
Magrath 1991). Alternatively, the production of lar-
ger eggs by mothers experiencing an elevated death 
risk may be a manifestation of terminal investment. 
Females who perceive a high risk of being killed may 
invest more resources in current breeding attempts 
because of decreased chances of survival in the next 
reproductive event (Haapakoski et al. 2018; Sievert 
et al. 2019).

In addition to size, shape is an important property 
of avian eggs that may affect offspring development 
and remain under female control to some extent 
(Barta & Székely 1997). Our experiment supports 
this idea because of the differences in egg shape 
between the treatment and control groups. 
Interestingly, this effect was independent of egg 
size, as we found no relationship between egg size 
and shape (asymmetry). This result indicates that 
stressful conditions may affect egg production of 
a specific shape. To the best of our knowledge, this 
is the first study to show that a potential danger or 
uncertainty perceived by females may lead to 

a change in the shape of laid eggs. Egg shape is 
primarily associated with oviduct anatomy, espe-
cially the isthmus, a place where egg membranes 
are created (Barta & Székely 1997; Koyama et al.  
2019). The tension of oviduct mussels and/or pres-
sure of entrails on the oviduct may be responsible 
for determining specific egg shapes (Barta & Székely  
1997; Koyama et al. 2019), which results from the 
physiological state of a female. The stress experi-
enced by females during egg formation may affect 
the shape of the laid eggs. Previous research has 
shown that distinct physiological conditions in 
females may cause laying of eggs of various shapes 
(Cucco et al. 2012). Moreover, external environ-
mental conditions, such as habitat quality and cli-
mate variability, may also influence egg shape in 
birds (Bańbura 2018; Duursma et al. 2018), likely 
through their impact on female conditions and phy-
siology. The shape of eggs may also be changed by 
their composition, that is, the proportion of yolk, 
albumen, and shell in relation to the overall egg 
mass (Deeming 2018). Hence, we cannot exclude 
the possibility that the observed differences in egg 
asymmetry were driven by differences in egg com-
position, especially because we also found differ-
ences in egg size. The production of eggs with 
larger masses (sizes) in birds may be as a result of 
the increased deposition of only one egg component, 
in other words, a higher amount of yolk or albumen 
(Williams 1994).

We found no effect of our experiment on the 
number and condition of fledged nestlings, suggest-
ing that the observed differences in egg characteris-
tics between groups do not translate into offspring 
size at fledging. As we mentioned before, larger eggs 
should produce larger nestlings (although we did not 
measure nestling body mass shortly after hatching, 
still such correlation is expected, see Krist 2011) but 
potential inequalities in size between nestlings 
resulting from egg size differences may disappear 
with the advance of nestling development (Murphy  
1985; Smith and Bruun 1998). This result also 
indicates that there was no carry-over effect of cues 
perceived by parents during egg production on sub-
sequent parental care after hatching. This suggests 
that the feeding rate was not influenced by the 
environmental stressors experienced in the early 
stages of breeding. However, regardless of the 
experimental group, egg shape, but not size, affected 
the body mass of fledged offspring. Nestlings from 
broods containing elliptical eggs were heavier than 
those from broods containing asymmetrical 
(pointed) eggs. Previous studies have documented 
that the shape of bird eggs primarily affects the 
embryo death rate and hatching success but has no 
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consequences for nestling development after hatch-
ing (Cucco et al. 2012; Alasahan and Copur 2016). 
In great tits, body mass at fledgling is a key fitness- 
related trait that predicts post-fledging offspring sur-
vival and recruitment to breeding populations (Both 
et al. 1999; Naef-Daenzer et al. 2001). However, we 
did not follow the fate of the birds that left the nest 
boxes.

Our study should be interpreted with caution, 
as some aspects may potentially influence the 
results and inferences. First, the sample size of 
breeding pairs was relatively low. This may affect 
the power of statistical tests, especially the analy-
sis of reproductive parameters at the nest level 
(such as laying date, clutch size, and fledgling 
number), but also limit the range of potential 
between-nest variation in dependent variables. 
Second, our study was conducted on birds inha-
biting nest boxes, but not on those in natural tree 
holes. In fact, hole-nesting birds breeding in nat-
ural cavities and nest boxes may differ in their 
reproductive output and/or offspring conditions 
(Janas et al. 2022; Sudyka et al. 2022). This 
fact did not depreciate our results but is impor-
tant for their proper interpretation (e.g., this 
study should be compared with caution with stu-
dies conducted in birds inhabiting natural breed-
ing sites). These limitations should be considered 
when other researchers use these results. 
Importantly, future studies should consider these 
problems when examining the effects of perceived 
predation risk on reproductive decisions in other 
populations and bird species.

In conclusion, our study indicates that female 
great tits are able to perceive the presence of feath-
ers and woodchips in the environment. On the one 
hand, feathers and woodchips may play an infor-
mative role about potential predation risk or the 
habitat suitability, respectively. However, they can 
be treated as novel objects in the environment, 
resulting in stressful and/or uncertain conditions 
for breeding birds. Because of these cues, the phy-
siology of females is probably affected in a way that 
alters prenatal maternal investment in eggs. 
However, differences in egg characteristics result-
ing from responses to environmental cues may 
influence nestling body mass at fledging only indir-
ectly through changes in egg shape. The observed 
alteration of maternal investment in eggs may result 
from an adaptive mechanism aimed at increasing 
offspring fitness in the face of specific environmen-
tal conditions experienced by a female. Thus, our 
study demonstrates that birds exposed to publicly 
provided social and/or environmental cues may 
respond by plastically adjusting their reproductive 

decisions. Moreover, other than a control group, 
this study recommends the use of a proper proce-
dural control to reliably differentiate between 
a pure effect of treatment and effects confounded 
by other factors.
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