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Avian nest design varies depending on environmental factors but may also be influ-
enced by between-species interactions. In the brood parasitism context, hosts may 
evolve nest architectures that may limit parasite access to the nest cup, reduce para-
site laying success or hinder parasite chick success. Therefore, nest characteristics may 
reduce the likelihood or minimise the costs of being parasitised. The common redstart 
Phoenicurus phoenicurus is a regular host of the common cuckoo Cuculus canorus, for 
which cuckoo eggs are often laid outside the nest cup, resulting in low effective para-
sitism rates. This allowed us to evaluate variation in host nest design and test whether 
nest design characteristics correlate with brood parasitism likelihood and cuckoo lay-
ing success (i.e. cuckoo egg laid in the nest cup versus outside the nest cup). While 
recording brood parasitism events in two distant redstart populations, we documented 
nest cup characteristics, such as internal dimensions, materials used and nest cup posi-
tion, along with the nest-box dimensions. Cuckoo parasitism likelihood was lower for 
redstart nests in cavities with smaller entrances, for redstart nests with smaller nest 
cups and with nest cups that were built level to the rim material. For parasitised nests, 
cuckoo laying success was lower at redstart nests with nest cups placed further from the 
cavity entrance. Our results suggest a conditional process, where the cavity entrance 
size first prevents brood parasites access, then the cup size and the cup level in refer-
ence to the rim material affect the cuckoo choice, and finally, the nest cup position 
hinders cuckoo's laying success. The use of multiple nest design strategies may explain 
the current low effective parasitism rates in this system. Host nest design may serve as 
a frontline defence that could shape parasite’s preferences, and consequently host nest 
characteristics.
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Introduction

The use of materials found in the environment to build 
structures for protection and reproduction is a regular prac-
tice for animals (Barber 2013, Mainwaring  et  al. 2014a, 
Cornelissen et al. 2016). For birds, nest construction involves 
several decisions starting from the selection of a site and 
materials, and the manipulation of materials into a structure 
(Hansell 2000). These decisions influence the outcome of 
reproductive events (Mainwaring  et  al. 2014a, Breen  et  al. 
2021). Nest concealment, for example, can be improved by 
selecting inconspicuous sites (Kleindorfer 2007), while nest 
materials or characteristics can make nests harder to dep-
redate (Russell  et  al. 2001, Mezquida 2004, Buehler  et  al. 
2017, Liu et al. 2021). Nest design can therefore enhance the 
breeding output by diminishing the risk of selective forces 
(Caro 2005, Feeney et al. 2012).

In the coevolutionary battle between brood parasites 
and their hosts (Davies 2000), early defence strategies are 
potentially the most advantageous, as they can protect the 
host’s entire breeding attempt and minimize future costs 
(Britton et al. 2007, Patten et al. 2011, Feeney et al. 2012). 
Hosts can reduce the likelihood of brood parasitism and its 
costs by building nests that inhibit parasite access, limit its 
laying success and/or reduce the success of the parasite chick 
(Feeney et al. 2012, Moreras et al. 2021, Noh et al. 2021). 
For example, the steepness of the nest cup prevents cuckoo 
chicks from evicting the host eggs/chicks (Grim et al. 2009a), 
leading to a cohabitation of mixed broods with often lethal 
results for the young parasite (Hauber and Moskát 2008, 
Grim et al. 2009b, 2011). However, while there is occasional 
evidence that brood parasites may non-randomly select nests 
to parasitise (Soler et al. 1999a, Langmore and Kilner 2007), 
there is no clear evidence that selecting host nests with 
certain characteristics may enhance brood parasite breeding 
success. Nevertheless, host nest design may play a role in the 
parasite host-nest selection, where brood parasites should 
prefer nests easier to access and nests enhancing the success 
of the parasite chick.

Several characteristics of the nest can vary within species, 
populations and even at the individual level between 
seasons depending on different environmental aspects and 
individual experiences (Liljesthröm  et  al. 2009, Muth and 
Healy 2011, Mainwaring  et  al. 2012, 2014b, Tabib  et  al. 
2016). Such variation is referred to in the literature as nest 
design. Previous research has shown that nest design acts 
in mate attraction, micro-climate control and inhibition of 
ectoparasites (Mainwaring et al. 2014a). The understanding 
in how variation in nest design may mitigate costs from 
negative species interactions is mainly focused on nest 
predation. Studies have shown that the nest cup size, nest 
materials and covering eggs with nest material reduce 
predation risk (Biancucci and Martin 2010, Prokop and 
Trnka 2011, Mainwaring et  al. 2015, Liu et  al. 2021) and 
conceal information from competitors (Loukola et al. 2014, 
Slagsvold and Wiebe 2021). However, in the brood parasitism 
context there have been a limited number of studies testing 

nest size (Soler et al. 1999a, Hackemack et al. 2016) and only 
few recently tested brood parasitism likelihood considering 
host nest design as a whole (Murcia et al. 2020).

The common redstart Phoenicurus phoenicurus (hereafter 
‘redstart’) is a regular host of the common cuckoo Cuculus 
canorus (hereafter ‘cuckoo’;Rutila  et  al. 2002, Samaš  et  al. 
2016, Thomson et al. 2016). As a cavity nester, the redstart 
is a good model to study the impact of nest design on brood 
parasitism risks because both nest sites and nest character-
istics could potentially reduce cuckoo laying and parasitism 
success. Cavity nesting bird species commonly prefer cavity 
entrances not much larger than themselves (Politi et al. 2009), 
and with redstarts being much smaller than cuckoos (12–16 
g versus 86–143 g; British Trust for Ornithology 2020), the 
cavities chosen by redstarts may force cuckoos to lay from the 
entrance (Kysučan et al. unpubl.). As a result, cuckoo eggs in 
this system are often ‘mislaid’ and end up outside the nest cup 
on the rim of the nest, or even on the ground below the nest 
cavities (Rutila et al. 2002, Samaš et al. 2016, Thomson et al. 
2016) and will not be incubated by the host. Restricted access 
for the cuckoo to the redstart nest cup means that variation in 
the redstart nest cup size and location within the cavity may 
further impact cuckoo laying success (i.e. the ability to lay 
the egg into the nest cup). Eviction of redstart eggs/nestlings 
may also be limited/prevented by placing the nest cup close 
to the cavity walls (Grim et al. 2009b, Thomson et al. 2016, 
Grim and Rutila 2017) or by lining nest cups with feathers 
which makes the cup surface unstable, slippery and difficult 
to grip by cuckoo nestlings attempting evictions (Grim et al. 
2009a). In both cases this leads to cohabitation between red-
start and cuckoo nestlings. Importantly, redstarts do not eject 
naturally laid cuckoo eggs from the nest cup or rim (Grim 
and Rutila 2017; in contrast to Daurian redstarts P. auroreus, 
Yang et al. 2016), which makes redstarts an excellent model 
to extensively document all successful or unsuccessful brood 
parasitism attempts.

In this study our aim was to explore the correlation 
between cuckoo parasitism likelihood and redstart nest design 
to evaluate which aspects of nest design can reduce cuckoo 
parasitism risk and successful laying. To address this, we first 
quantified variation in host nest design and any correlations 
with nest site selection, in this case the cavity dimensions. 
We predicted nest-boxes with more volume to have bigger 
nest cups. Second, we assessed cuckoo parasitism likelihood 
and various cavity dimensions. The entrance hole size can 
restrict the cuckoo access to the nest cup and the cavity 
inner dimensions can reduce the cuckoo laying distance (i.e. 
distance from the entrance hole to the nest cup). Therefore, 
we expected nest-boxes with less volume and nest-boxes with 
bigger entrance holes to show higher parasitism probability. 
We then assessed if cuckoo parasitism likelihood is correlated 
with redstart nest design. Cuckoos should prefer to parasitise 
nests with cups that allow easier laying; therefore, we 
predicted cuckoo parasitism would be higher in bigger cups 
and cups closer to the entrance hole. However, it is worth 
considering that cuckoo eggs may also roll in the cavity after 
being laid. Feathers placed to protrude out of the lining of 
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nest cups can serve as a barrier that prevents the cuckoo egg 
from rolling into the nest cup. This is also the case for nest 
cups where the edge is higher than the rim material. We 
expected nest cups made mainly with feathers and/or with 
the cup edge higher than the rim material to be less likely to 
be parasitized. Finally, we tested what aspects of redstart nest 
design explained cuckoo laying success (i.e. cuckoo egg laid 
in the nest cup versus outside the nest cup). If cuckoos are 
adaptively selecting host nests, we expected that nest design 
characteristics affecting brood parasitism likelihood to be 
same ones affecting cuckoo laying success.

Material and methods

Study area and general protocol

Our study was conducted in two study sites ca. 400 km apart: 
near Oulu, northern Finland (65°0ʹ40ʺN, 25°50ʹ48ʺE), 
between 2013 and 2019, and near Ruokolahti, south-eastern 
Finland (61°24ʹ00ʺN, 28°37ʹ38ʺE), in 2015 and 2016. 
Approximately 350 nest-boxes were monitored each year per 
study site to collect data on redstarts breeding and cuckoo 
brood parasitism as part of long-term studies (Samaš  et  al. 
2016, Thomson et al. 2016). Nest-boxes in Oulu were placed 
120–200 m apart, while in Ruokolahti they were 50–350 
m apart. All nest-boxes were placed in Scots pines Pinus 
sylvestris approximately 1.5 m above the ground. Nest-boxes 
from Oulu had the same inner dimensions: 13.0 × 13.0 
× 28.0 cm (length, width and height), and entrance hole 
diameters of 3.0–7.0 cm, while nest-boxes from Ruokolahti 
were more variable: 10.0–16.0 × 9.0–13.0 × 25.0–32.0 cm 
(length, width and height), and entrance hole diameters of 
3.0–8.5 cm. In 2015, to better standardise box types between 
study sites, 40 nest-boxes were permanently exchanged 
between study sites. The internal dimensions of nest-boxes 
were measured (to the nearest 0.5 cm) to account for those 
differences in the statistical analyses (below). It is important 
to note that cavity dimensions were not considered part of 
the redstart nest design but as a factor that could affect it.

We checked nest-boxes every 2–5 days from early May 
until late July (Samaš et al. 2016, Thomson et al. 2016). A 
nest-box was considered occupied when at least one redstart 

egg was laid in it. To avoid pseudoreplication, only the first 
breeding attempt per season in each nest-box was included 
in analyses. For all nests we recorded any predation (i.e. host 
eggs disappearing or found broken) and brood parasitism 
events. At each visit we checked if a nest was parasitized 
and we recorded where the cuckoo egg was found: ‘cup’ for 
eggs within the redstart nest cup, ‘rim’ for egg outside of the 
redstart nest cup but within the nest-box or ‘ground’ for eggs 
found on ground below the nest-box (Thomson et al. 2016). 
Nests that were predated before the fifth redstart egg was laid 
(i.e. the time when parasitism is more likely) were excluded, 
as we could not be certain if those nests were or were not 
parasitized before being predated.

To evaluate different attributes of the nest design, we mea-
sured specific nest characteristics of each nest during the red-
start egg laying period. New nest characteristics were added 
in later years, therefore sample sizes varied (Table 1). In the 
field we measured: the level of the nest cup in relation to 
the rim material (hereafter ‘cup level’, in three categories: 
even, higher and lower, Fig. 1a), the vertical distance from 
the entrance lower edge to the rim material (hereafter ‘verti-
cal distance’, to the nearest 0.5 cm, Fig. 1b) and the nest cup 
depth (to the nearest 0.5 cm, Fig. 1b). We also estimated by 
eye the percentage of different materials used to build the 
nest cup (i.e. bark, dried grass, feathers, hair, lichen and moss, 
to the nearest 10%); this measure only considered the visible 
surface of the cup viewing from above.

We took a photo of each occupied nest during the redstart 
egg-laying phase. This was done from directly above, keeping 
the camera perpendicular to the nest-box bottom and 
making sure that the nest-box entrance hole was visible to 
avoid losing the orientation of the nest cup. Using ImageJ 
software (Rasband 2018) and the length of the nest-box as a 
scale, we determined: the nest cup width (to the nearest 0.5 
cm), the nest cup area (hereafter, ‘cup area’, to the nearest 
0.5 cm2), the distance from the mid-point of the front wall 
to the closest cup edge (hereafter ‘horizontal distance’, to 
the nearest 0.5 cm, Fig. 1b) and the location of the nest cup 
centroid within the nest cavity in x and y coordinates (where 
both coordinates were zero in the mid-point of the nest-box 
front wall, hereafter ‘x coordinate’ and ‘y coordinate’, to the 
nearest 0.1 cm). We extracted all photo measurements twice 
and used the average values in analyses. We scaled the nest 

Table 1. Summary of the redstart nest design characteristics measured. Sample sizes varied between different nest characteristics as in later 
years new nest characteristics were added. The feather cover includes only the visible nest cup surface viewing from above.

Variable Range Mean SD n

Cup area (cm2) 18.0, 42.5 27.6 4.0 792
Cup steepness 0.4, 1.2 0.7 0.1 490
Vertical distance (cm) 4.0, 16.5 8.2 1.2 577
Horizontal distance (cm) 4.0, 16.0 5.5 1.7 792
Cup centroid x coordinate –0.6, 0.7 0.0 0.2 784
Cup centroid y coordinate 0.2, 0.8 0.6 0.1 784
Feather cover (%) 0, 100 37.2 31.2 441
Cup level Higher, Even, Lower – – 474
Laying distance (cm) 5.5, 17.5 10.0 1.8 520
Laying angle (degrees) 8.8, 61.9 33.5 8.0 520
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cup centroid coordinates to the nest-box size by dividing the 
x and y coordinates by the inner width and length of the nest-
box, respectively. These relative coordinates describe the nest 
cup location within the nest cavity, irrespective of the cavity 
size. We calculated the nest cup steepness index by dividing 
the nest cup width by the nest cup depth (Grim  et  al. 
2009a). Using the Pythagorean theorem, and the vertical 
and horizontal distance, we calculated the cuckoo female 
laying distance (i.e. distance from the lower inner edge of the 
entrance hole to the nearest nest cup edge, hereafter ‘laying 
distance’, to the nearest 0.5 cm). We also calculated the 
angle between the laying distance and the vertical distance 
(hereafter ‘laying angle’, in degrees).

Statistical analyses

All statistical analyses were conducted using R (ver. 3.6.2, 
www.r-project.org). We ran a Pearson correlation test for all 
nest characteristics, and we did not fit variables with rho > 
|0.7| correlation (i.e. strong linear relationship; Ratner 2009, 
Supporting information) within the same model. The hori-
zontal distance was strongly positively correlated with the y 
coordinate, laying distance and laying angle (r(310): 0.82, 0.73 
and 0.73, respectively, p < 0.01). The vertical distance was 
also strongly positively correlated with the laying distance 
(r(310): 0.90, p < 0.01), as was the y coordinate with the laying 
angle (r(310): 0.72, p < 0.01). For all the other nest character-
istics correlations were rho < |0.7| (Supporting information). 
We discarded the horizontal and vertical distance to avoid 
collinearity. However, we kept the y coordinate and the lay-
ing angle and tested them in separate models in further analy-
ses. We also tested the nest cup depth in separate analyses 
from the steepness index (to avoid collinearity). The results 
were similar for both, but here we present results only for the 
steepness index.

We analysed if the cavity dimensions affected nest design 
by using linear mixed models (LMMs, using the ‘lme4’ 
package, Bates et al. 2015). We built a full model separately 

for each nest characteristic (cup area, nest cup steepness, 
laying distance, laying angle, x and y coordinates). Each nest 
characteristic was set as the response variable and nest-box 
dimensions (length, width and entrance diameter) were set 
as continuous fixed effects. We added the year data were 
collected (2013–2019) as a random intercept to account for 
possible temporal variation. The nest-box ID was also added 
as a random intercept to control for using the same nest-
boxes over the years.

We checked how the nest cup area was affected by its 
placement within the nest-box, using a generalized addi-
tive model (GAM, using the ‘mgcv’ package; Wood 2022) 
to capture the non-linear relationships of covariates along 
using a basis function. Instead of a single polynomial over 
the whole domain, GAM uses piecewise polynomial curves 
(i.e. a spline curve) in regions defined as knots (Wood 2017). 
The cubic regression function was fitted (a model of the 
form: Yi = α + β1 × Xi + β2 × Xi2 + β3 × Xi3) between each 
knot, then the fitted values per segment were glued together 
to form the smoothing curve using first-order and second-
order derivatives (Zuur et al. 2009, Perperoglou et al. 2019). 
A penalized estimation of the spline was used to find the 
best-fitting line, which penalizes more complex smoothers, 
ensuring that the model fit was not too complex. If the data 
do not support a non-linear trend, the spline curve will be 
reduced to a linear trend. In this case the cup area was set as 
the response variable and a single smoother for both x and 
y coordinates (i.e. s(x,y)) was added as the only fixed effect.

Then we analysed if the cavity dimensions affected the 
probability of being parasitized (binary: yes/no) by building 
a generalized linear mixed model (GLMM, using the ‘lme4’ 
package) with logit link function. Nest-box dimensions 
(length, width and entrance diameter) were added as fixed 
effects. The study site (Oulu/Ruokolahti) was also added as 
a fixed effect because it could not be modelled as a random 
effect due to only having two levels (Harrison et al. 2018). 
The year that data were collected (2013–2019) and the nest-
box ID were added as random intercept effects.

Figure 1. Redstart nest and cavity dimensions measured in the field. (a) Nest cup level. (b) Cup depth (CD), vertical distance (VD) and 
horizontal distance (HD), nest-box height (H), width (W) and length (L).
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We further built a model evaluating how the probability 
of being parasitized (yes/no) was explained by the nest design 
using a generalized additive mixed model (GAMM, using the 
‘gamm4’ package; Wood and Scheipl 2022) with logit link 
function. We used a GAMM model to allow a non-linear 
relationship of nest cup position using a single smoother for 
the x and y coordinates. The cup level (categorical; even/
higher/lower), laying distance (continuous; cm), laying angle 
(continuous; in degrees), feather cover (ordinal; in percent-
age), x and y coordinates (continuous; in ratios), steepness 
(continuous; index) and cup area (continuous; cm2), as well 
as the study site (Oulu/Ruokolahti) were added as fixed 
effects. Additionally, the full model included the year data 
were collected (2013–2019) and the nest-box ID as random 
intercept effects. Given that brood parasitism events were 
highly unlikely in cavities with entrances smaller than 6 cm 
in diameter (only 1 out of the 291 parasitism attempts, over 
the seven years of the study), we excluded 77 nests from this 
and further analyses (i.e. all nest design related analyses).

Finally, we evaluated the probability of cuckoo laying suc-
cess relative to nest design by including only redstart nests 
parasitized by cuckoos. We built a binomial GAMM model 
with the same fixed and random effect structure as used above 
but testing how nest design explained the likelihood of suc-
cessful laying (cuckoo egg in cup) versus unsuccessful lay-
ing (cuckoo egg on rim). Nests where the cuckoo egg was 
found on the ground were excluded given its low occurrence 
(n = 11).

For all models, the explanatory continuous variables were 
centred to the mean (to have a meaningful interpretation 
of the intercept regarding the response variable, Zuur et al. 
2009). For the model selection process, we first tested the 
random effects using full fixed effects structure with all 
combinations of the random terms (always including at 
least one random term), then selected the random effect 
structure with the lowest AICc. Using that random structure, 
we fit sub-models that included all combinations of the 
fixed effects and ranked the models using the AICc criteria. 
Further we used a threshold of ΔAICc ≤ 6 to select models 
within the final model set, excluding models that were more 
complex versions of the model with lower AICc (Burnham 
and Anderson 2002, Richards et al. 2011). When more than 
one model was included in the final model set, inferences 
from the best-ranking model, and any inference coming 
from the other model(s) that differed from the best-ranking 
model, were noted in the results. For the models testing 
cuckoo brood parasitism and successful laying, if none of 
the variables collected in the field were supported, we built 
a new model including only variables extracted from the 
photos (i.e. cup area, laying distance, laying angle, x and y 
coordinates) and ran the model selection process again. This 
was done to improve the sample size, as field measurements 
were missing from some nests. We based our statistical 
inferences on the mean parameter estimates and their 95% 
confidence intervals. Finally, we graphically checked that the 
models did not violate other model assumptions using the 
DHARMa package (Hartig 2018).

Results

Redstart nest design

Measurements of 733 nests in Oulu (2013–2019), and 133 
nests in Ruokolahti (2015–2016) were collected. However, 
actual sample sizes varied depending on the data collected for 
each variable measured (Table 1). Redstart nest characteristics 
show substantial variation in multiple parameters (Table 1).

Redstarts start building their nest by filling the cavity 
with bark and moss. Next, they build the nest cup, using a 
combination of bark, dried grass, feathers, lichen and moss 
(Fig. 2). The most common material visible in nest cups was 
feathers: 80.3% of the cups contained feathers (n = 441); on 
average 46.3 ± 28.1% (SD) of the visible cup was feathers. 
Dried grass and moss were also common materials visible, as 
67.8 and 51.7% of the cups, respectively, had those materials. 
Lichen (38.8%), hair (35.6%) and bark (29.7%) were less 
common. We further found that 56.5% of the nests had an 
even cup level, 31.6% had a higher cup level and 11.8% had 
a lower cup level (n = 474).

The relationship between the cup area and its location 
shows that nest cups placed close to the entrance hole and to 
the left side of the nest-box were slightly bigger than nest cups 
placed elsewhere (Fig. 3). The GAM model (n = 784) estimated 
degrees of freedom (edf) was 7.48, reflecting a highly non-lin-
ear relationship between the cup area and its location; however, 
the smoother was not statistically significant (p = 0.27).

Figure  2. Variation of redstart nest cup composition. Clockwise 
from top left: mostly feathers (from black grouse male, Lyrurus tet-
rix), mostly bark (from pine Pinus sp.), a complex mixture of bark 
(from birch, Betula sp.), pine needles, grass, feathers and a piece of 
plastic or paper (very rare, therefore it was not quantified), and 
finally mostly dried grass and roots (note that moss is not part of the 
nest cup lining but is used in the nest rim) Photos: TG.
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Redstart nest design was affected by the dimensions of the 
cavity (i.e. nest-box; Table 2). Bigger internal cavity dimen-
sions contained bigger nest cups (βlength [95% CI] = 1.00 
[0.71, 1.30], βwidth [95% CI] = 0.40 [0.09, 0.68], σYear = 0.25). 
The laying distance increased with cavity length (β [95% 
CI] = 1.02 [0.89, 1.15], σBox ID = 0.78, σYear = 0.47). The laying 
angle increased along with the cavity width (β [95% CI] = 0.82 
[0.15, 1.46], σYear = 1.72), but decreased as the entrance hole 
size increased (β [95% CI] = −0.90 [−1.78, −0.01]). When 
cavities had a bigger entrance hole, nest cups were smaller (β 
[95% CI] = −0.37 [−0.70, −0.03]). Moreover, for cavities 
with bigger entrance holes there was more variation in the 
nest cup y coordinate (x coordinate: F1,777=0.00, p = 0.97; y 
coordinate: F1,777 = 13.53, p < 0.01; Supporting information).

Nest design and cuckoo attempted parasitism

Out of the 816 nests measured, 291 had parasitism attempts 
(i.e. cuckoo egg found in redstart nest irrespectively of 

its location: nest cup, rim or ground, Oulu = 236/685, 
Ruokolahti = 55/131). The study site was excluded from the 
final model because it was not informative (Table 3); there-
fore, it can be assumed that brood parasitism did not dif-
fer between sites. Nest-box width and length did not explain 
brood parasitism likelihood either; but parasitism likelihood 
increased along with the entrance hole size (β[95% CI] = 0.94 
[0.74, 1.62], σYear = 0.29; Table 3, Fig. 4a).

After excluding nests in cavities with entrance holes 
smaller than 6 cm in diameter, the likelihood of cuckoo para-
sitism based on redstart nest design was explained by a final 
model set consisting of five models (Table 3). The best model 
had three explanatory variables: cup level, cup area and study 
site (Table 3). Nests with bigger nest cups were 36.6% more 
likely to be parasitised (β [95% CI] = 0.09 [0.02, 0.16]; 
σBox ID = 0.30, Fig. 4b). Nests with a higher cup level were 
58.1% more likely to be parasitised than nests with an  
even cup level (βhigher vs even cups [95% CI] = 0.72 [0.19, 1.37]), 
but brood parasitism likelihood did not differ between  

Figure 3. Predicted values of the redstart nest cup area in relation to the nest cup location. Relationship of the nest cup area with (a) both 
centroid coordinates combined, (b) the x coordinate and (c) the y coordinate. The nest-box entrance hole is placed at zero in both axes.

Table 2. Model statistics for the final model set explaining the variation of nest design given the internal dimensions of the nest-box (width, 
length and entrance hole diameter). The selected random effects are shown.

Response variable Model parameters Random df AICc dAICc

Cup area (n = 779) Length + width + entrance diameter Year 6 4352.9 0.0
Length + width Year 5 4353.9 1.0
Length + entrance diameter Year 5 4356.0 3.0
Length Year 4 4358.2 5.2

Laying distance (n = 506) Length Year, box ID 6 1878.3 0.0
Laying angle (n = 506) Width + entrance diameter Year 5 3541.4 0.0

Width Year 4 3543.6 2.1
Entrance diameter Year 4 3545.1 3.7

Steepness (n = 521) Width Year 4 −736.4 0.0
Null Year 3 −735.5 0.9

Centroid x coordinate (n = 775) Null Box ID 3 −10.42 0.0
Centroid y coordinate (n = 775) Entrance diameter Year, Box ID 5 −1348.8 0.0

Null Year, Box ID 4 −1348.2 0.6
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nests with a lower cup level and those with an even cup level 
(βlower vs even cups [95% CI] = 0.11 [−0.82, 0.99], Fig. 4c). Given 
that there was no statistically significant difference in the par-
asitism rates between study sites when considering only the 
nest-box dimensions (an analysis with a larger sample size; 
see above), differences between study sites in this and further 
models may be due to a reduction in sample size (Table 3).

Nest design and cuckoo laying success

Cuckoo laying was successful for only 30.2% of all cuckoo 
parasitism attempts (88 of 291 parasitised nests), while in 

66.0% (192 of 291) of parasitism attempts the cuckoo egg 
was on the rim material, and in 3.8% of cases the cuckoo egg 
was found on the ground outside the nest-box (11 of 291). 
The final model set evaluating nest design and cuckoo laying 
success included only one model, which had the nest cup 
position and the study site as explanatory variables (Table 3). 
The smoother for the cup position (x and y coordinates com-
bined) was highly statistically significant (p < 0.01), with an 
edf of 2, reflecting a weakly non-linear relationship between 
the cup position and cuckoo laying (Fig. 5). The x coordinate 
was not related to cuckoo laying success (Fig. 5b); while the 
y coordinate had a non-linear pattern, where the likelihood 

Table 3. Model statistics for the final model set of the likelihood of brood parasitism and the likelihood of cuckoo successful laying (binomial 
generalized additive mixed models, GAMMs) considering different nest characteristics (including the nest-box dimensions).

Model parameters df AICc dAICc R2 (%) edf

Parasitism versus nest-box dimensions (n = 799)
  Entrance size of the nest-box 3 996.37 0.00 16.80 −
Parasitism versus nest design (n = 275)
  Cup area + cup level + site 6 358.68 0.00 8.63 −
  Cup area + site 4 361.06 2.38 5.49 −
  Cup area + cup level 5 361.90 3.21 6.07 −
  Cup level + site 5 363.57 4.89 5.17 −
  Cup area 3 364.56 5.88 2.90 −
Successful laying versus nest design (n = 176)
  s(x coordinate, y coordinate) + Site 6 196.22 0.00 17.30 2

Note: The s() refers to the smoother of the generalized additive mixed model (GAMM) model. The estimated degrees of freedom (edf) reflect 
the degree of non-linearity of the smoother: an edf of 1 is equivalent to a linear relationship, an edf > 1 and ≤ 2 is a weakly non-linear 
relationship, and an edf > 2 indicates a highly non-linear relationship (Zuur et al. 2009).

Figure 4. Predicted values of the probability of cuckoo parasitism in relation to the relevant redstart cavity characteristics and nest design: 
(a) cavity entrance hole size, (b) nest cup area and (c) nest cup level. The black line and points represent the mean estimate, while the ribbon 
and coloured lines are the 95% CIs. Note: When testing the probability of cuckoo parasitism in relation to nest design (b) and (c), nests in 
cavities with entrance holes < 6 cm were excluded (n = 77).
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of cuckoo laying success dropped rapidly from approximately 
80% for nest cups located close to the front wall (entrance 
hole; y coordinate 0.3) to almost 10% for nest cups with a 
y coordinate of 0.7, thereafter levelling off to some extent 
(Fig. 5c). We also found a higher likelihood of successful 
cuckoo laying in Ruokolahti compared with Oulu ([95% 
CI] = 1.52 [0.68, 2.44]; σBox ID = 0.00), possibly given by the 
fact that Ruokolahti nest-boxes had bigger entrance holes (see 
section ‘study area and general protocol’).

Discussion

The present study reveals previously unknown details of the 
brood parasite–host coevolutionary arms-race based on host 
nest design. Redstarts showed large variation in their nest 
design, and some nest characteristics covaried with brood 
parasitism risk. Cuckoo parasitism showed no clear corre-
lation with the width and length of the cavities, but cuck-
oos were more likely to select nests in cavities with bigger 
entrances. In terms of nest design, bigger nest cups and nest 
cups with edges higher than the rim material were more likely 
to be parasitized. Nevertheless, cuckoo females were able to 
successfully parasitise (i.e. cuckoo egg laid into nest cup) only 
30.2% of all parasitism attempts. Only the nest cup position 
clearly affected cuckoo laying success; when the nest cup was 
closer to the entrance cuckoo laying was more successful.

Nest design variation

The size and position of the redstart nest cup was partly deter-
mined by the cavity dimensions. In longer cavities, nest cups 
were placed further from the entrance hole, which made the 

laying distance longer for cuckoos, and may also prevent other 
enemies from reaching the nest cup (Wesołowski 2002). This 
perhaps allowed redstarts to build bigger nest cups in longer 
cavities. Redstarts built smaller nest cups in cavities with larger 
entrance holes (≥ 6 cm in diameter). Building smaller nest cups 
may be an alternative way to decrease the risk of parasitism for 
redstarts when breeding in cavities with larger entrances. Great 
tits Parus major have been observed to adjust the size and dan-
ger distance (which is the same as laying distance) of the nest 
cup to the height of the cavity (Mazgajski and Rykowska 2008). 
Cavity nesters may first select a cavity to breed in, and based 
on the cavity dimensions, then shape the attributes of their 
nest to prevent future costs (i.e. loss of offspring). However, for 
secondary cavity nesters, suitable or safe sites to breed are often 
a limited resource (Newton 1994, Wesołowski 2007, Aitken 
and Martin 2012). Thus, more experienced, or early arriving 
redstarts may choose larger cavities and build larger nest cups 
in places harder for enemies to reach.

Nest design and cuckoo parasitism

Cuckoo females appeared to prefer to parasitize redstart 
nests with bigger nest cups. Larger redstart nest cups should 
increase cuckoo laying success by increasing the probability 
of the cuckoo egg ending in the nest cup if cuckoos lay from 
the cavity entrance. However, the impact on laying success 
would not necessarily be meaningful for cuckoo gaining 
access to the nest cup. This result resembles the cuckoo 
preference for larger nests of great reed warbler Acrocephalus 
arundinaceus (Moskát and Honza 2000) and the oriental reed 
warbler Acrocephalus orientalis (Wang  et  al. 2022). Other 
brood parasites, such as the little bronze-cuckoo Chalcites 
minutillus and the great spotted cuckoo Clamator glandarius 

Figure 5. Predicted values of the probability of cuckoo successful laying in relation to redstart nest cup position. The nest cup position is 
examined in three ways: (a) both nest cup centroid coordinates combined, (b) the x coordinate and (c) the y coordinate. The nest-box 
entrance hole is positioned at zero in both axes. In (b) and (c), the black lines represent the mean estimate, while the ribbons are the 95% CIs.
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have also shown a preference for larger nests (Soler  et  al. 
1995, Noh et al. 2021). Previous studies noted that nest size 
is a sexually selected trait reflecting the willingness to invest 
in reproduction (De Neve et  al. 2004, Tomás et  al. 2013), 
but can also be positively correlated to breeding success 
(Alabrudzińska  et  al. 2003, Álvarez and Barba 2008), and 
the quality of the builders (Mainwaring et al. 2014a). Brood 
parasites may then cue on aspect of nest size to select high-
quality hosts, to potentially impact the quality of the parasitic 
nestling. Higher brood parasitism rates for nests with bigger 
nest cups could also be a by-product of cuckoos’ preference 
for some other host characteristic reflecting high-quality 
hosts that build bigger nest cups (Polačiková et al. 2009).

We found no difference in brood parasitism rates based on 
the cup steepness or feather cover, but nests with a higher cup 
level were more likely to be parasitized over those with a nest 
cup even with or lower than the rim. From the laying point 
of view, a lower nest cup level should instead be preferred by 
cuckoos because cuckoo eggs mislaid on to the rim could roll 
into the nest cup. This may be why this type of nest was the 
least common in redstarts. Cuckoos may instead focus on 
enhancing the ability of their nestling to evict the host eggs/
nestlings to increase their survival (Grim  et  al. 2009b). It 
might be easier for cuckoo nestlings to evict host eggs/nestlings 
downhill from cups built higher than the rim. Cuckoos may 
then prefer redstart nests that enhance nestling eviction over 
those that increase laying success. This preference could be 
expected for open-cup nesting hosts and for redstarts breeding 
in ground cavities, where cuckoo parasitism has higher 
effective parasitism rates (i.e. low laying error; Rutila  et  al. 
2002, Avilés  et  al. 2005). The idea that redstarts shifted 
from ground-cavity to tree-cavity breeding may suggest that 
cuckoos’ preference for nest cups built higher than the rim 
could be a residual selected trait from the recent past when 
most redstarts bred in ground cavities (Avilés et al. 2005).

Cuckoo parasitism probability was significantly reduced 
for cavities with smaller entrances. This pattern was mainly 
due to cavities with less than 6 cm entrance diameter having 
almost no parasitism attempts. In this study, cuckoos were 
more likely to parasitize both larger cavity entrances and 
larger nest cups, although these characteristics were negatively 
correlated: larger entrance cavities had smaller nest cups. This 
suggests that cuckoos may be confronted with a trade-off 
between entrance size and cup area. Alternatively, this reflects 
successive limitations on host choice, with entrance size first 
defining which nests are available for parasitism, and cup 
area affecting the final cuckoo choice among the available 
nests (see also Grim et al. 2011). This is supported by previ-
ous results showing redstart preference for cavity entrances 
of 5 cm, which completely excluded cuckoo parasitism 
(Moreras et al. 2021). Small cavity entrances then appear to 
represent a physical constraint for cuckoo laying or fledg-
ing (Löhrl 1979), making them the safest breeding option 
for redstarts. However, due to the inter- and intraspecific 
competition for such safe breeding places, not all redstarts 
can choose cavities with small entrance holes (Moreras et al. 
2021). Redstarts may then use nest design as a next stage to 
decrease cuckoo laying success.

Nest design and brood parasitism laying success

Nest cup placement seemed to be the most important 
characteristic preventing successful brood parasitism. 
Redstarts that placed their nest cups further from the entrance 
hole were less likely to have cuckoo eggs in the nest cup; this 
parallels the well-known pattern of decreasing parasitism risk 
with increasing distance between host nests and cuckoo female 
perches (Øien  et  al. 1996). A higher likelihood to escape 
parasitism for nest cups located further from the entrance 
also suggests that cuckoo females often lay from the entrance 
hole (which is confirmed via video recordings; Kysučan et al. 
unpubl.). If cuckoos could enter the nest-box to lay, it 
should be equally easy to lay into the nest cup irrespective of 
its location in the cavity. However, the position of the nest 
cup was not a relevant factor for cuckoo brood parasitism. 
Instead, cuckoos were more likely to parasitize cavities with 
larger entrance size, but these were related to smaller nest cups 
which do not seem to be located further from the entrance. 
Redstarts, therefore, do not seem to compensate for choosing 
unsafe cavities with cup placement, but rather build smaller 
nest cups that in turn seemed to be less preferred by cuckoos. 
This is similar to what was previously found in magpie Pica 
pica populations in sympatry with the great spotted cuckoo 
(Soler et al. 1999b). Overall, our observational results suggest 
a hierarchical process in redstart nest design based on brood 
parasitism risk. However, note that it is also possible that the 
nest cup placement for redstarts is meant to prevent predators 
that cannot access the cavity from reaching the nest contents 
from the cavity entrance (Wesołowski 2002, Czeszczewik 
and Walankiewicz 2003). Further studies on closely related 
species, as the Daurian redstart, may be necessary to confirm 
the use of hierarchical strategies on the genus.

In conclusion, intraspecific variation in nest design is usu-
ally attributed to differences in weather, reproductive invest-
ment or avoidance of nest predation; however, we suggest 
that it can also be due to costs imposed by brood parasitism. 
Cuckoo females seem to prefer redstart nests with larger nest 
cups, and nest cups with edges higher than the rim material. 
Redstarts can prevent brood parasites accessing the nest cup 
by first placing their nests in cavities with smaller entrance 
holes or by making their nest cup less appealing in size 
(smaller) to cuckoos. Then, by placing their nest cup far from 
the entrance hole redstarts may decrease the cuckoo's laying 
success. The use of multiple nest design strategies may explain 
the current low effective parasitism rates in this system. 
Frontline strategies of both the host and the brood parasite 
may shape host nest characteristics and the parasite’s pref-
erences, impacting the co-evolutionary arms-race between 
them. However, future experimental studies should test (via 
manipulating nest design) whether these correlations are just 
a by-product of natural variation of host nests (moulded by 
different selection pressures) or specific frontline defences.

Acknowledgements – We are grateful to C. Buchan, C. Dura, J. 
Haikola, M. Karjalainen, R. Miller, J. Rutila, M. Sassi and Z. Tyller 
for help in the field, and the Mustonen and Lindfors families for 
their hospitality.

 1600048x, 0, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1111/jav.03300 by D

uodecim
 M

edical Publications L
td, W

iley O
nline L

ibrary on [22/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Page 10 of 12

Funding – The study was supported by the DSI-NRF Centre of 
Excellence to the FitzPatrick Institute of African Ornithology, 
Academy of Finland (grant no. 138049 to RLT), the Czech Science 
Foundation grant no. P506/12/2404 (to TG and PS) and the 
Human Frontier Science Program award RGY83/2012 (to TG). It 
was also partly supported by the Czech Science Foundation (grant 
no. 22-26812S provided to PS).
Permits – Permits from the Finnish Center for Economics 
Development, Transport and Environment (Elinkeino-liikenne-ja 
ympäristökeskus, ELY, permit no. POPELY/136/07.01/2014 and 
no. VARELY/921/2017), and the Science Animal Ethics Committee 
(SFAEC) of the University of Cape Town (permit no. 2019/V10/
RT) were given to us at the time of data collection.

Author contributions

Angela Moreras: Data curation (equal); Formal analysis 
(lead); Methodology (equal); Visualization (lead); Writing 
– original draft (lead). Jere Tolvanen: Conceptualization 
(equal); Data curation (supporting); Formal analysis 
(supporting); Funding acquisition (equal); Investigation 
(equal); Methodology (equal); Supervision (equal); 
Validation (equal); Writing – review and editing (equal). 
Michal Kysučan: Conceptualization (equal); Investigation 
(equal); Methodology (equal); Supervision (equal); 
Validation (equal); Writing – review and editing (equal). 
Peter Samaš: Conceptualization (equal); Funding acquisi-
tion (equal); Investigation (equal); Methodology (equal); 
Supervision (equal); Validation (equal). Tomáš Grim: 
Conceptualization (equal); Funding acquisition (equal); 
Investigation (equal); Methodology (equal); Supervision 
(equal); Validation (equal); Writing – review and editing 
(equal). Robert L. Thomson: Conceptualization (equal); 
Formal analysis (supporting); Funding acquisition (equal); 
Investigation (equal); Methodology (equal); Supervision 
(equal); Validation (equal); Writing – review and editing 
(equal).

Transparent peer review

The peer review history for this article is available at https://
www.webofscience.com/api/gateway/wos/peer-review/
jav.03300.

Data availability statement

Data are available from the ZibaHub Digital Repository: https://
doi.org/10.25375/uct.23057924.v1 (Moreras et al. 2024).

Supporting information

The Supporting information associated with this article is 
available with the online version.

References

Aitken, K. E. H. and Martin, K. 2012. Experimental test of nest-
site limitation in mature mixed forests of central British Colum-
bia, Canada. – J. Wildl. Manage. 76: 557–565.

Alabrudzińska, J., Kaliński, A., Słomczyński, R., Wawrzyniak, J., 
Zieliński, P. and Bańbura, J. 2003. Effects of nest characteristics 
on breeding success of great tits, Parus major. – Acta Ornithol. 
38: 151–154.

Álvarez, E. and Barba, E. 2008. Nest quality in relation to adult 
bird condition and its impact on reproduction in great tits Parus 
major. – Acta Ornithol. 43: 3–9.

Avilés, J. M., Rutila, J. and Møller, A. P. 2005. Should the redstart 
Phoenicurus phoenicurus accept or reject cuckoo Cuculus canorus 
eggs? – Behav. Ecol. Sociobiol. 58: 608–617.

Barber, I. 2013. The evolutionary ecology of nest construction: 
insight from recent fish studies. – Avian Biol. Res. 6: 83–98.

Bates, D., Mächler, M., Bolker, B. and Walker, S. 2015. Fitting lin-
ear mixed-effects models using lme4. – J. Stat. Softw. 67: 1–48.

Biancucci, L. and Martin, T. E. 2010. Can selection on nest size 
from nest predation explain the latitudinal gradient in clutch 
size? – J. Anim. Ecol. 79: 1086–1092.

Breen, A. J., Healy, S. D. and Guillette, L. M. 2021. Reproductive 
consequences of material use in avian nest construction. – 
Behav. Processes 193: 104507.

British Trust for Ornithology 2020. Birds facts. https://www.bto.org.
Britton, N. F., Planqué, R. and Franks, N. R. 2007. Evolution of 

defence portfolios in exploiter-victim systems. – Bull. Math. 
Biol. 69: 957–988.

Buehler, R., Bosco, L., Arlettaz, R. and Jacot, A. 2017. Nest site 
preferences of the woodlark (Lullula arborea) and its association 
with artificial nest predation. – Acta Oecol. 78: 41–46.

Burnham, K. P. and Anderson, D. R. 2002. Model selection and 
multimodel inference. – Springer.

Caro, T. 2005. Antipredator defenses in birds and mammals. – 
Univ. of Chicago Press.

Cornelissen, T., Cintra, F. and Santos, J. C. 2016. Shelter-building 
insects and their role as ecosystem engineers. – Neotrop. Ento-
mol. 45: 1–12.

Czeszczewik, D. and Walankiewicz, W. 2003. Natural nest sites of 
the pied flycatcher Ficedula hypoleuca in a primeval forest. – 
Ardea 91: 221–229.

Davies, N. B. 2000. Cuckoos, cowbirds and other cheats. – T and 
AD Poyser.

De Neve, L., Soler, J. J., Soler, M. and Pérez-Contreras, T. 2004. Nest 
size predicts the effect of food supplementation to magpie 
nestlings on their immunocompetence: an experimental test of 
nest size indicating parental ability. – Behav. Ecol. 15: 1031–1036.

Feeney, W. E., Welbergen, J. A. and Langmore, N. E. 2012. The 
frontline of avian brood parasite-host coevolution. – Anim. 
Behav. 84: 3–12.

Grim, T. and Rutila, J. 2017. Cuckoo–host coevolutionary interac-
tions across all breeding stages: unusual ecological setting of a 
cavity-nesting host. – In: Soler, M. (ed.), Avian brood parasit-
ism. Springer,, pp. 287–303.

Grim, T., Rutila, J., Cassey, P. and Hauber, M. E. 2009a. The cost 
of virulence: an experimental study of egg eviction by brood 
parasitic chicks. – Behav. Ecol. 20: 1138–1146.

Grim, T., Rutila, J., Cassey, P. and Hauber, M. E. 2009b. Experi-
mentally constrained virulence is costly for common cuckoo 
chicks. – Ethology 115: 14–22.

Grim, T., Samaš, P., Moskát, C., Kleven, O., Honza, M., Moksnes, 
A., Røskaft, E. and Stokke, B. G. 2011. Constraints on host 
choice: why do parasitic birds rarely exploit some common 
potential hosts? – J. Anim. Ecol. 80: 508–518.

Hackemack, T. F., Loman, Z. G., Riffell, S. K. and Rush, S. A. 
2016. Do nest size and shape characteristics affect nest parasit-
ism rates? – Wildl. Soc. Bull. 40: 722–726.

 1600048x, 0, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1111/jav.03300 by D

uodecim
 M

edical Publications L
td, W

iley O
nline L

ibrary on [22/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.webofscience.com/api/gateway/wos/peer-review/jav.03300
https://www.webofscience.com/api/gateway/wos/peer-review/jav.03300
https://www.webofscience.com/api/gateway/wos/peer-review/jav.03300
https://doi.org/10.25375/uct.23057924.v1
https://doi.org/10.25375/uct.23057924.v1
https://www.bto.org


Page 11 of 12

Hansell, M. 2000. Bird nests and construction behaviour. – Cam-
bridge Univ. Press.

Harrison, X. A., Donaldson, L., Correa-Cano, M. E., Evans, J., 
Fisher, D. N., Goodwin, C. E. D., Robinson, B. S., Hodgson, 
D. J. and Inger, R. 2018. A brief introduction to mixed effects 
modelling and multi-model inference in ecology. – PeerJ 6: 
e4794.

Hartig, F. 2018. DHARMa: residual diagnostics for hierarchical 
(Multi-Level / Mixed) regression models. – R package ver. 
0.2.0, https://CRAN.R-project.org/package=DHARMa.

Hauber, M. E. and Moskát, C. 2008. Shared parental care is costly 
for nestlings of common cuckoos and their great reed warbler 
hosts. – Behav. Ecol. 19: 79–86.

Kleindorfer, S. 2007. Nesting success in Darwin’s small tree finch, 
Camarhynchus parvulus: evidence of female preference for older 
males and more concealed nests. – Anim. Behav. 74: 795–804.

Langmore, N. E. and Kilner, R. M. 2007. Breeding site and host 
selection by Horsfield’s bronze-cuckoos, Chalcites basalis. – 
Anim. Behav. 74: 995–1004.

Liljesthröm, M., Schiavini, A. and Reboreda, J. C. 2009. Chilean 
swallows (Tachycineta meyeni) adjust the number of feathers 
added to the nest with time of breeding. – Wilson J. Ornithol. 
121: 783–788.

Liu, J., Yan, H., Li, G. and Li, S. 2021. Nest concealment is asso-
ciated with reproductive traits across sympatric bird species. – 
Ecol. Evol. 11: 14079–14087.

Löhrl, H. 1979. Investigations on the European cuckoo. – J. Orni-
thol. 120: 139–173.

Loukola, O. J., Laaksonen, T., Seppänen, J.-T. and Forsman, J. T. 
2014. Active hiding of social information from information-
parasites. – BMC Evol. Biol. 14: 32.

Mainwaring, M. C., Hartley, I. R., Bearhop, S., Brulez, K., du Feu, 
C. R., Murphy, G., Plummer, K. E., Webber, S. L., James Reyn-
olds, S. and Deeming, D. C. 2012. Latitudinal variation in blue 
tit and great tit nest characteristics indicates environmental 
adjustment. – J. Biogeogr. 39: 1669–1677.

Mainwaring, M. C., Hartley, I. R., Lambrechts, M. M. and Deem-
ing, D. C. 2014a. The design and function of birds’ nests. – 
Ecol. Evol. 4: 3909–3928.

Mainwaring, M. C., Deeming, D. C., Jones, C. I. and Hartley, I. 
R. 2014b. Adaptive latitudinal variation in common blackbird 
Turdus merula nest characteristics. – Ecol. Evol. 4: 841–851.

Mainwaring, M. C., Reynolds, S. J. and Weidinger, K. 2015. The 
influence of predation on the location and design of nests. – 
Nests, eggs, and incubation. – Deeming,D. C. and Reynolds,S. 
J. (eds), Oxford Univ. Press, pp. 50–64.

Mazgajski, T. D. and Rykowska, Z. 2008. Dependence of nest mass 
on nest hole depth in the great tit Parus major. – Acta Ornithol. 
43: 49–55.

Mezquida, E. T. 2004. Nest site selection and nesting success of five 
species of passerines in a South American open Prosopis wood-
land. – J. Ornithol. 145: 16–22.

Moreras, A., Tolvanen, J., Morosinotto, C., Bussiere, E., Forsman, 
J. and Thomson, R. L. 2021. Choice of nest attributes as a 
frontline defense against brood parasitism. – Behav. Ecol. 32: 
1285–1295.

Moreras, A., Tolvanen, J., Kysučan, M., Samas, P., Grim, T. and 
Thomson, R. L. 2024. Data from: Can nest design hinder 
brood parasitism success? – ZibaHub Digital Repository, 
https://doi.org/10.25375/uct.23057924.v1.

Moskát, C. and Honza, M. 2000. Effect of nest and nest site char-
acteristics on the risk of cuckoo Cuculus canorus parasitism in 

the great reed warbler Acrocephalus arundinaceus. – Ecography 
23: 335–341.

Murcia, A., Costa, M. C., Medolago, C. A. B. and Francisco, M. 
R. 2020. Nest tubular entrance characteristics are not predictive 
of brood parasitism by striped cuckoos on yellow-chinned 
spinetails. – Ornithol. Res. 28: 221–228.

Muth, F. and Healy, S. D. 2011. The role of adult experience in 
nest building in the zebra finch, Taeniopygia guttata. – Anim. 
Behav. 82: 185–189.

Newton, I. 1994. The role of nest sites in limiting the numbers of 
hole-nesting birds: a review. – Biol. Conserv. 70: 265–276.

Noh, H. J., Jacomb, F., Gloag, R. and Langmore, N. E. 2021. 
Frontline defences against cuckoo parasitism in the large-billed 
gerygones. – Anim. Behav. 174: 51–61.

Øien, I. J., Honza, M., Moksnes, A. and Røskaft, E. 1996. The risk 
of parasitism in relation to the distance from reed warbler nests 
to cuckoo perches. – J. Anim. Ecol. 65: 147.

Patten, M. A., Reinking, D. L. and Wolfe, D. H. 2011. Hierarchi-
cal cues in brood parasite nest selection. – J. Ornithol. 152: 
521–532.

Perperoglou, A., Sauerbrei, W., Abrahamowicz, M. and Schmid, M. 
2019. A review of spline function procedures in R. – BMC 
Med. Res. Methodol. 19: 46.

Polačiková, L., Procházka, P., Cherry, M. I. and Honza M. 2009. 
Choosing suitable hosts: common cuckoos Cuculus canorus 
parasitize great reed warblers Acrocephalus arundinaceus of high 
quality. – Evol. Ecol. 23: 879–891.

Politi, N., Hunter, M. and Rivera, L. 2009. Nest selection by cav-
ity-nesting birds in subtropical montane forests of the Andes: 
implications for sustainable forest management. – Biotropica 
41: 354–360.

Prokop, P. and Trnka, A. 2011. Why do grebes cover their nests? 
Laboratory and field tests of two alternative hypotheses. – J. 
Ethol. 29: 17–22.

Rasband, W. S. 2018. ImageJ, ver 1.52a. https://imagej.net/ij/.
Ratner, B. 2009. The correlation coefficient: its values range 

between +1/−1, or do they? – J. Target Meas. Anal. Mark. 17: 
139–142.

Richards, S. A., Whittingham, M. J. and Stephens, P. A. 2011. 
Model selection and model averaging in behavioural ecology: 
the utility of the IT-AIC framework. – Behav. Ecol. Sociobiol. 
65: 77–89.

Russell, B. M., Kay, B. H. and Shipton, W. 2001. Survival of Aedes 
aegypti (Diptera: Culicidae) eggs in surface and subterranean 
breeding sites during the Northern Queensland dry season. – J. 
Med. Entomol. 38: 441–445.

Rutila, J., Latja, R. and Koskela, K. 2002. The common cuckoo 
Cuculus canorus and its cavity nesting host, the redstart Phoeni-
curus phoenicurus: a peculiar cuckoo-host system? – J. Avian 
Biol. 33: 414–419.

Samaš, P., Rutila, J. and Grim, T. 2016. The common redstart as a 
suitable model to study cuckoo-host coevolution in a unique 
ecological context. – BMC Evol. Biol. 16: 255.

Slagsvold, T. and Wiebe, K. L. 2021. Egg covering in cavity nesting 
birds may prevent nest usurpation by other species. – Behav. 
Ecol. Sociobiol. 75: 116.

Soler, J. J., Soler, M., Møller, A. P. and Martínez, J. G. 1995. Does 
the great spotted cuckoo choose magpie hosts according to their 
parenting ability? – Behav. Ecol. Sociobiol. 36: 201–206.

Soler, J. J., Møller, A. P. and Soler, M. 1999a. A comparative study 
of host selection in the European cuckoo Cuculus canorus. – 
Oecologia 118: 265–276.

 1600048x, 0, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1111/jav.03300 by D

uodecim
 M

edical Publications L
td, W

iley O
nline L

ibrary on [22/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://CRAN.R-project.org/package=DHARMa
https://doi.org/10.25375/uct.23057924.v1


Page 12 of 12

Soler, J. J., Martinez, J. G., Soler, M. and Moller, A. P. 1999b. Host 
sexual selection and cuckoo parasitism: an analysis of nest size 
in sympatric and allopatric magpie Pica pica populations para-
sitized by the great spotted cuckoo Clamator glandarius. – Proc. 
R. Soc. B 266: 1765–1771.

Tabib, R., Adamou, A. E., Ouakid, M. L., Glądalski, M. and Bańbura, 
J. 2016. Nesting height and nest-cup volume variation in rufous 
bush chats (Cercotrichas galactotes) inhabiting Algerian oases: con-
sequences for breeding success. – Avian Biol. Res. 9: 114–119.

Thomson, R. L., Tolvanen, J. and Forsman, J. T. 2016. Cuckoo 
parasitism in a cavity nesting host: near absent egg-rejection in 
a northern redstart population under heavy apparent (but low 
effective) brood parasitism. – J. Avian Biol. 47: 363–370.

Tomás, G., Merino, S., Martínez-de la Puente, J., Moreno, J., 
Morales, J. and Rivero-de Aguilar, J. 2013. Nest size and aro-
matic plants in the nest as sexually selected female traits in blue 
tits. – Behav. Ecol. 24: 926–934.

Wang, L., He, G., Yang, C., Møller, A. P. and Liang, W. 2022. Nest 
size matters: common cuckoos prefer to parasitize larger nests 
of oriental reed warblers. – Anim. Cogn. 25: 589–595.

Wesołowski, T. 2002. Anti-predator adaptations in nesting marsh 
tits Parus palustris: the role of nest-site security. – Ibis 144: 
593–601.

Wesołowski, T. 2007. Lessons from long-term hole-nester studies 
in a primeval temperate forest. – J. Ornithol. 148: 395–405.

Wood, S. 2022. mgcv: mixed GAM computation vehicle with auto-
matic smoothness estimation. – R package ver. 1.8-40. https://
cran.r-project.org/web/packages/mgcv/mgcv.pdf.

Wood, S. and Scheipl, F. 2022. gamm4: generalized additive mixed 
models using ‘mgcv’ and ‘lme4’. – R package version 0.2-6. 
https://cran.r-project.org/web/packages/gamm4/gamm4.pdf.

Wood, S. N. 2017. Generalized additive models. – Chapman and 
Hall/CRC.

Yang, C., Li, Z., Zhang, Y., Wang, H., Liang, W. and Møller, A. P. 
2016. Egg polymorphism and egg discrimination in the Dau-
rian redstart Phoenicurus auroreus , a host of the common 
cuckoo Cuculus canorus. – Ornithol. Sci. 15: 127–132.

Zuur, A. F., Ieno, E. N., Walker, N., Saveliev, A. A. and Smith, G. 
M. 2009. Mixed effects models and extensions in ecology with 
R. – Springer.

 1600048x, 0, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1111/jav.03300 by D

uodecim
 M

edical Publications L
td, W

iley O
nline L

ibrary on [22/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://cran.r-project.org/web/packages/mgcv/mgcv.pdf
https://cran.r-project.org/web/packages/mgcv/mgcv.pdf
https://cran.r-project.org/web/packages/gamm4/gamm4.pdf

	Introduction
	Material and methods
	Study area and general protocol
	Statistical analyses

	Results
	Redstart nest design
	Nest design and cuckoo attempted parasitism
	Nest design and cuckoo laying success

	Discussion
	Nest design variation
	Nest design and cuckoo parasitism
	Nest design and brood parasitism laying success

	References

