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Summary

1. Secondary hole-nesting birds that do not construct nest holes themselves and hence regularly breed in nest
boxes constitute important model systems for field studies in many biological disciplines with hundreds of scien-
tists and amateurs involved. Those research groups are spread over wide geographic areas that experience consid-
erable variation in environmental conditions, and researchers provide nest boxes of varying designs that may
inadvertently introduce spatial and temporal variation in reproductive parameters.

2. We quantified the relationship between mean clutch size and nest box size and material after controlling for a
range of environmental variables in four of the most widely used model species in the Western Palaearctic: great
tit Parus major, blue tit Cyanistes caeruleus, pied flycatcher Ficedula hypoleuca and collared flycatcher F. albicol-
lis from 365 populations and 79 610 clutches.

3. Nest floor area and nest box material varied non-randomly across latitudes and longitudes, showing that sci-
entists did not adopt a random box design. Clutch size increased with nest floor area in great tits, but not in blue
tits and flycatchers. Clutch size of blue tits was larger in wooden than in concrete nest boxes.

4. These findings demonstrate that the size of nest boxes and material used to construct nest boxes can differen-
tially affect clutch size in different species. The findings also suggest that the nest box design may affect not only
focal species, but also indirectly other species through the effects of nest box design on productivity and therefore
potentially population density and hence interspecific competition.

Key-words: geographic location, habitat, latitude, longitude, nest box floor area, nest box material

adults are easily captured. Thus, studies of life history, popula-

Introduction . . .
tion dynamics and many other subjects are to a large extent

Hole-nesting birds have played a major role in the develop-
ment of several fields of ecology, evolution and genetics. This is
largely attributable to their willingness to occupy artificial nest
boxes in numbers large enough to generate sufficient sample
sizes; they are amenable to a range of experimental manipula-
tions; their reproductive parameters are easily quantified; and

*Correspondence author. E-mail: anders.moller@u-psud.fr

based on studies of nest box populations of birds (e.g. Kluijver
1951; Perrins 1965; Royama 1969; Lohrl 1973).

Many hole-nesting birds breed across large geographic
areas, thereby allowing an examination of how spatial and
temporal environmental heterogeneity influences their biology.
As an example, clutch size of birds has been found to correlate
with latitude, longitude, altitude, intraspecific and interspecific
interactions (predation, competition, parasitism), photope-
riod, phenology, food availability, body size, energy require-
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ments, parental age, first or second clutch, and climate (e.g.
Lack 1947; Royama 1969; Klomp 1970). Furthermore, the risk
of hyperthermia may increase in smaller nest holes with over-
crowding (Mertens 1977) with negative consequences for
reproductive success (Erbeling-Denk & Trillmich 1990). The
reason for the focus on the determinants of clutch size is its
close association with fitness and its ease of study including
experimentation.

However, studies differ in the size of nest boxes they use
(Lambrechts ez al. 2010), and variation in nest box size itself
may also affect clutch size (e.g. Lohrl 1973; Karlsson & Nilsson
1977; van Balen 1984). None of the studies of macrogeographic
variation in clutch size took the size of nest boxes into account
(e.g. Sanz 1997, 1998, 2002; Fargallo 2004), perhaps because
details of nest box design were unavailable, or they were consid-
ered unimportant (Lambrechts et al. 2010). Scientists use nest
boxes as a research tool, and ultimately, it is the research goal
that determines the design, location and management of boxes.
Such information should optimally be provided in scientific
publications derived from these studies, although surprisingly
this is often not the case (Lambrechts ez al. 2010). Some studies
of nest box breeding birds have even changed box design during
the course of a study, with potential consequences for the phe-
nomena under study and the size and composition of the entire
study populations and therefore populations of competitors
(Moller 1989, 1992; Lambrechts et al. 2010).

Clutch size is known to vary significantly with the area of
the nest box floor area (e.g. Lohrl 1973; Karlsson & Nilsson
1977; Korpimiki 1984), although the strength of the correla-
tion between clutch size and nest floor area differs among spe-
cies (van Balen 1984; Purcell, Verner & Oring 1997), study
plots (Gustafsson & Nilsson 1985; Slagsvold 1987; Alatalo,
Carlson & Lundberg 1988), experiments differing in design
characteristics other than box floor area (e.g. Slagsvold 1987;
Sorace & Carere 1996), or between studies that either focused
on natural or artificial cavities (e.g. Korpiméki 1984; Alatalo,
Carlson & Lundberg 1988; Wesolowski 2003). For instance,
great tit (Parus major) females laid smaller clutches in nest
boxes with a smaller box floor area (Graczyk 1967; Lohrl
1973; Karlsson & Nilsson 1977), even when female condition
was controlled experimentally (Lohrl 1973, 1980), although
the strength of this relationship may depend on the size range
of the nest boxes monitored (e.g. Sorace & Carere 1996). In
German great tits, the average clutch size was adjusted to
experimentally manipulated nest floor area when this was
changed between the end of nest building and the first 4 days
following the onset of egg laying (Lohrl 1980). In other small
passerines, such as pied flycatchers (Ficedula hypoleuca), the
strength of the relationship between nest floor area and clutch
size depended on other nest box characteristics such as the
angle of the box on the tree as well as phenotypic characteris-
tics of the breeders (Slagsvold 1987). Thus, observed differ-
ences in findings between investigations from the same or
different model species could be due to differences in nest box
design. Consequently, while there is no doubt that significant
advances have been made in a wide range of biological disci-
plines by studying nest box breeding birds, spatial and tempo-
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ral variation in nest box characteristics may introduce
unknown bias into studies of breeding biology and life-history
variation.

We explicitly analysed the effects of the floor area of nest
boxes and nest box construction material on clutch size across
the Western Palaearctic, considering 155 study populations of
great tits, 121 of blue tits (Cyanistes caeruleus), 24 of pied fly-
catchers and 65 of collared flycatchers (Ficedula albicollis) for a
total of 79 610 clutches. First, we analysed whether nest box
design varied randomly across latitudes, longitudes and alti-
tudes. Secondly, we predicted that clutch size would increase
with box floor area independent of other predictors and more
strongly in the two tit species having larger clutches than in the
two flycatcher species with smaller clutches (Lohrl 1973; Karls-
son & Nilsson 1977; van Balen 1984). Thirdly, we predicted an
interaction between nest floor area and latitude if latitudinal
variation in temperature exaggerated the effect of nest floor
area. Finally, we investigated clutch-size variation in relation
to latitude, longitude, altitude, year, habitat and urbanization
that are all known from previous studies to correlate with
clutch size (e.g. Perrins 1979; Glutz von Blotzheim & Bauer
1993; Ahola et al. 2009). We included latitude and longitude as
covariates because they are well-known predictors of clutch
size through their effects on peak food availability and the
number of daylight hours available for foraging, and quadratic
terms were added to account for nonlinear relationships.

Materials and methods

GENERALPROCEDURES

We conducted an extensive study of clutch size in hole-nesting birds in
the Western Palaearctic relying on collaboration with amateurs and
professionals. We contacted participants in a previous exhaustive study
of hole-nesting birds (Lambrechts ez al. 2010). Although the taxonomy
of tits and flycatchers is currently under revision, we used these four
taxa with similar ecologies without considering that some populations
in the Iberian Peninsula, the Canary Islands and North Africa may
constitute separate species.

We restricted the analyses to first clutches, or early clutches known
to be initiated <30 days after the first egg was laid in a given year to
standardize sampling procedures (cf. Nager & van Noordwijk 1995).
We assumed that the very small number of unidentified early repeat
clutches that usually resulted from perturbations (e.g. Haywood 1993),
or lay dates calculated from information obtained from different breed-
ing stages (e.g. Lambrechts et al. 1997), did not substantially alter the
overall average clutch size per study plot. Second or late clutches were
excluded from analyses because they are usually smaller than first or
early clutches, even for females not changing nest box within a given
breeding season, and they show strong spatial and temporal variation
(e.g. Kluijver 1951; Lambrechts et al. 2008).

LIFE-HISTORY TRAITS AND ENVIRONMENTAL FACTORS

Information on latitude, longitude and altitude was provided by the
authors or found in publications.

Tree species vary significantly in the timing and the amount of
invertebrates available for raising offspring. We broadly classified
vegetation as ‘deciduous’ habitat dominated by non-evergreen broad-
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leaved deciduous trees (Alnus, Betula, Carpinus, Citrus, Fagus, Fraxinus,
Malus, Quercus, including Q. faginea), ‘evergreen’ habitat dominated
by non-coniferous broad-leaved evergreen trees (Q. ilex, Q. suber),
‘coniferous’ habitat dominated by coniferous trees (4bies, Cedrus, Pi-
cea, Pinus) or ‘mixed’ habitats dominated by a combination of the for-
mer tree vegetation classes (e.g. deciduous mixed with coniferous).

Scientists classified their study plots as either rural or urban with
urban areas being characterized by city parks, gardens and similar hab-
itats in close proximity of humans, while forests, plantations and simi-
lar habitats were classified as rural.

Major life-history traits are known to vary among years. For
instance, in local study plots, biotic (e.g. resource availability, intraspe-
cific or interspecific interactions) or abiotic factors (e.g. meteorology,
climate) can vary substantially among years, perhaps explaining
within-plot variation in average clutch size (e.g. Kluijver 1951; Perrins
1965; Both 2000). We used study year in all analyses.

We calculated the internal floor area (in cm?) of nest boxes, using
publications (e.g. Lambrechts ez al. 2010) or additional information
provided by participants. The material constituting the nest box was
divided into two broad binary classes that are readily distinguishable:
wood scored as 1, which includes tree trunks, plywood, board-mason-
ite, or board (e.g. Gustafsson & Nilsson 1985) and concrete scored as 0
(a mixture of cement and other materials; Lambrechts ez al. 2010). Fre-
quency distributions of the different variables are reported in Support-
ing Information Tables S1-S2.

STATISTICAL ANALYSES

The basic unit of analysis is mean clutch size and associated predictor
variables for a given study site and year. We could not pool means
across years because we explicitly wanted to test for effects of year,
and because the number of size categories of nest boxes differed
among years for a given site. First, we tested whether there was con-
sistent geographic variation in nest floor area and nest box material
by relating these two response variables to site (random factor), lati-
tude, longitude and altitude (fixed factors) to test whether scientists
showed consistent choice of specific nest box designs across study
sites. Next, we investigated the relationship between mean size of first
clutches and internal floor area (cm?) of nest boxes after controlling
for confounding factors influencing mean clutch size, using mixed
models. These mixed models included plot ID as a random effect to
account for differences in the number of clutches among plots and
species and year (a factor) as fixed effects. Having shown significant
two-way interactions between species and predictor variables, we pro-
ceeded by developing four species-specific mixed models with plot ID
as a random effect (Tables 1-4). The fixed effects were latitude, longi-
tude, quadratic latitude, quadratic longitude, the interaction between
latitude and longitude, habitat, urbanization, box material and year.
We log)o-transformed nest bottom area to eliminate the skewed fre-
quency distributions. We originally included altitude in the analysis,
but this variable had a very skewed distribution and was highly corre-
lated with a number of other variables such as latitude and longitude.

We weighted the analyses by sample size to account for the fact that
the variance of mean clutch size for small sample sizes is larger than the
variance of mean clutch sizes for large sample sizes. We present the full
models to allow easy comparison of effects among species. We were
unable to include all variables in the analysis for collared flycatcher
because some of those showed no variation (urbanization and nest box
material). We only included interactions that were biologically mean-
ingful and that had been implicated as determinants of clutch size in the
four species of hole nesters.

We evaluated the strength of relationships between variables using
Pearson’s partial product-moment correlation coefficient as a standard-
ized estimate of effect size, relying on Cohen (1988), who suggested that
a correlation of r = 0-10, accounting for 1% of the variance, is a small
effect, a correlation of r = 0-30, accounting for 9% of the variance, an
intermediate effect, and a correlation of r = 0-50, accounting for 25%
of the variance, a large effect. In biological questions, main effects
account on average for 5-7% of the variance (Meller & Jennions
2002), thus constituting an intermediate effect. We emphasize that
effect sizes rely on analyses based on plot by year means thus ignoring
any variation within years within plots. Hence, these effect sizes refer to
geographic or annual variation in mean clutch size. That said, compari-
son of effect sizes among factors provides an estimate of the relative
amount of variance explained by these different factors. Effects and
effect sizes do not imply causation, but simply imply the strength of
partial correlations between pairs of variables, and some of these effects
may arise as a consequence of correlations with third variables. We
report least square means and standard errors for all categories of cate-
gorical variables. All analyses were carried out in JMP, version 10.0
(SAS Institute Inc. 2012).

Results

ANALYSES OF NESTFLOORAREA

Covariation between clutch size and latitude and longitude,
respectively, may arise for completely arbitrary reasons if sci-
entists using nest boxes adopt sizes that vary non-randomly
with latitude and longitude. Nest floor area showed non-ran-
dom geographic variation. Nest floor area decreased with lati-
tude [F=3513, df. =1, 2261, /=002, P <0000,
estimate (SE) = —0-0069 (0-0012)] and altitude [F = 4-07,
df.=1, 2731, 7 =00002, P=0045  estimate
(SE) = —0-0191 (0-0094)], but was independent of longitude
(F=024, df =1, 2078, * <0001, P=0-63). When we
repeated these analyses based on means per site, there was also
a significant relationship between nest floor area and latitude
(F=1395 df =1, 392, /=003, P=00002, estimate
(SE) = —0-00245 (0-0007) and altitude [F = 72-23, d.f. =1,
391, % = 0-15, P < 0-0001, estimate (SE) = 0-0485 (0-0057)],
but was independent of longitude (F = 126, d.f. =1, 391,
= 0003, P = 0-26). In addition, nest box material was more
frequently wood at high latitudes (3% = 23041-90, d.f. = 1,
2 =038, P < 0-0001) and eastern longitudes (x> = 7113-35,
df. =1, # =012, P<00001) and at higher altitudes
(x* = 1012419, d.f. =1, r* =017, P <0-0001). When we
repeated these analyses based on means per site rather than
annual means, there was still a significant relationship between
nest floor area and latitude (x2 =23041-90, d.f. = 1,77 = 0-38,
P < 0-0001), longitude (x> =7811-69, d.f. =1, +*=0-13,
P < 0-0001) and altitude (x> = 10084-45, d.f. = 1, r* = 0-17,
P < 0-0001). This implies that scientists more frequently put
up boxes with larger nest floor area at lower latitudes and alti-
tudes, and boxes made out of wood at high latitudes and east-
ern longitudes. These factors had small to intermediate effects.
Nest floor area differed significantly between wood and con-
crete nest boxes (F= 15144, d.f. =1, 2881, = 0-003,
P < 0-0001), with nest boxes made of wood on average being
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Table 1. Mixed model of the relationship between mean clutch size and environmental variables in the great tit. Variance component for the random
study site effect was 0-75 (95% CI = 0-52, 0-99) accounting for 10-04% of the total variance. Adjusted R* for the model was 0-76. The total number
of observations was 29 685 (some clutches did not have information on all variables, thereby reducing sample size from the original 29 826 clutches)
and 1481 plot by year means. Least mean squares and their SE are reported for categories of discrete variables

d.f. d.f. (denominator) F P Estimate SE Effect size
Intercept 1 1939 14-29 0-0002 6-7262 1.7815
Latitude 1 1249 9-97 0-0020 —0-0905 0-0287 0-27
Latitude x Latitude 1 121-3 36-10 <0-0001 —0-0156 0-0026 0-48
Longitude 1 117:6 50-70 <0-0001 0-1071 0-0150 0-55
Longitude x Longitude 1 143.7 1-11 0-29 0-0011 0-0011 0-09
Latitude x Longitude 1 1472 8-56 0-0040 0-0035 0-0012 0-23
Habitat 3 507-3 4.72 0-0030 0-10
Coniferous 878 0-18
Deciduous 897 0-15
Evergreen 829 0-30
Mixed 9-08 0-18
Urbanization 1 1299 2171 <0-0001 0-13
Rural 9-07 0-15
Urban 848 0-19
Box material 1 280-1 1.27 0-26 0-07
Wood 8-89 0-16
Concrete 8:67 0-21
Year 57 1263 5-85 <0-0001 0-29
Altitude 1 140-9 0-66 0-42 0-1057 0-1302 0-07
Nest floor area 1 1046 31-51 <0-0001 2-6645 0-4747 0-17

Table 2. Mixed model of the relationship between mean clutch size and environmental variables in the blue tit. Variance component for the random
study site effect was 0-94 (95% CI = 0-63, 1-26) accounting for 12-61% of the total variance. Adjusted R* for the model was 0-89. The total number
of observations was 20 177 (some clutches did not have information on all variables, thereby reducing sample size from the original 20 229 clutches)
and 1124 plot by year means. Least mean squares and their SE are reported for categories of discrete variables

d.f. d.f. (denominator) F P Estimate SE Effect size
Intercept 1 2168 6-92 0-0092 5-8407 2.2220
Latitude 1 120-7 13-29 0-0004 0-0925 0-0254 0-31
Latitude x Latitude 1 108-6 14-86 0-0002 —0-0116 0-0031 0-35
Longitude 1 105-2 7-16 0-0086 0-0416 0-0155 0-25
Longitude x Longitude 1 124.7 3-96 0-0487 —0-0046 0-0023 0-18
Latitude x Longitude 1 106-3 10-84 0-0013 0-0093 0-0028 0-30
Habitat 3 229-5 17-87 <0-0001 0-27
Coniferous 9-29 0-30
Deciduous 10-22 0-22
Evergreen 8-89 0-31
Mixed 10-15 0-27
Urbanization 1 904-5 0-10 0-75 0-01
Rural 9-67 0-20
Urban 9-61 0-27
Box material 1 308 8-69 0-0035 0-17
Wood 9-94 0-24
Concrete 9-33 0-24
Year 49 961-3 2.03 <0-0001
Altitude 1 114-8 0-41 0-52 —0-1145 0-1794 0-06
Nest floor area 1 4423 0-18 0-67 —0-3381 0-7916 0-02

100 cm? (SE = 3), while those made of concrete were on aver-
age 130 cm? (SE = 2). However, nest box material only
accounted for 0-3% of the variance in nest floor area. When we
repeated these analyses based on means per site, there was
again a significant difference in nest floor area between wood
and concrete boxes (x> = 36-88, d.f. = 1, P < 0-0001).

We made two mixed model of the relationship between
clutch size and environmental variables based on annual

means (Table S3) and means per study site (Table S4). The
magnitude of effect sizes was similar in the two models,
although some of the significant effects in the model based on
annual means were no longer significant in the model based on
means per study site (e.g. urbanization and nest box material).
This is not surprising given the reduction in sample size from
79 610 nests to 3485 mean annual estimates and then to 392
site means. In models with clutch size as the response variable,
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Table 3. Mixed model of the relationship between mean clutch size and environmental variables in the pied flycatcher. Variance component for the
random study site effect was 0-04 (95% CI = —0-009, 0-09) accounting for 1-54% of the total variance. Adjusted R for the model was 0-84. The total
number of observations was 14 031 (some clutches did not have information on all variables, thereby reducing sample size from the original 14 051

clutches) and 288 plot by year means. Least mean squares and their SE are reported for categories of discrete variables

d.f. d.f. (denominator) F P Estimate SE Effect size
Intercept 1 49-50 24-11 <0-0001 8-4849 1-7283
Latitude 1 12-84 7-53 0-0169 —0-0530 0-0193 0-61
Latitude x Latitude 1 10-52 2-12 0-17 —0-0060 0-0042 0-41
Longitude 1 11-10 0-72 0-42 0-0107 0-0126 0-25
Longitude x Longitude 1 12-61 0-56 0-47 0-0013 0-0018 0-21
Latitude x Longitude 1 10-10 0-03 0-86 0-0008 0-0044 0-05
Habitat 2 54-62 0-10 0-91 0-04
Coniferous 5.55 0-64
Deciduous 5-54 0-65
Mixed 5.53 0-65
Urbanization 1 206-9 71-80 <0-0001 0-51
Rural 575 0-65
Urban 533 0-65
Box material 1 207-6 1-17 0-28 0-44
Wood 6-18 0-19
Concrete 4.90 1.22
Year 58 1857 338 <0-0001
Altitude 1 11-53 1-12 0-31 —0-1869 0-1768 0-30
Nest floor area 1 86-36 0-07 0-79 0-1648 0-6045 0-03

Table 4. Mixed model of the relationship between mean clutch size and environmental variables in the collared flycatcher. Variance component for
the random study site effect was 0-00 (95% CI = —0-0011, 0-0044) accounting for 0-16% of the total variance. Adjusted R> for the model was 0-37.
The total number of observations was 15 504 and 592 plot by year means. Least mean squares and their SE are reported for categories of discrete

variables
d.f. d.f. (denominator) F P Estimate SE Effect size
Intercept 1 1772 4.58 0-034 18-0368 84426
Latitude 1 198 274 0-10 —0-548 0-1538 0-12
Latitude x Latitude 1 274-1 3.24 0-07 —0-0429 0-0238 0-11
Habitat 2 13-85 0-07 0-94 0-08
Coniferous 6-15 0-06
Deciduous 6-13 0-04
Mixed 6-12 0-10
Year 31 5322 9-68 <0-0001
Altitude 1 5452 3.13 0-08 0-2778 0-3007 0-08
Nest floor area 1 525-6 313 0-08 11584 0-0238 0-08

we found significant interactions between species and all pre-
dictor variables (results not shown for brevity). In particular,
clutch size was predicted by the interaction between species
and nest floor area (F = 115-12, d.f. = 3, P < 0-0001), imply-
ing that clutch size was related to nest floor area in a species-
specific manner. Therefore, we proceeded by investigating the
relationships between clutch size and the predictor variables
for the four species separately (Tables 1-4).

ANALYSESFORTITS

The model of clutch size for great tits explained 73% of the var-
iance and that for blue tits 88% (Tables 1-2). Great tits
showed a positive relationship between clutch size and nest
floor area with an intermediate effect size (Table 1; Fig. 1a). In
contrast, blue tit showed no significant correlation between

nest floor area and clutch size (Table 2; Fig. 1b). There was a
weak, but significant interaction between nest floor area and
latitude in the great tit when added to the model in Table 1
[F =840, d.f. =1, 3884, r* =002, P=0-0039, estimate
(SE) = 0-2613 (0-0901)]. Inspection of the data showed a posi-
tive association between clutch size and nest floor area at high
latitudes, but a negative association at low latitudes.

Clutch size of blue tits was significantly larger in wooden
than in concrete boxes with an intermediate effect size, while
that was not the case in the great tit (Tables 1-2; Fig. 1¢). Both
great and blue tits showed positive linear relationships between
clutch size and latitude of an intermediate effect size, while there
were large quadratic effects of latitude implying a reduction in
clutch size at high latitudes (Tables 1-2; Fig. 2a). In great and
blue tits, there was a significant positive association between
clutch size and longitude (Tables 1-2; Fig. 2b). The quadratic
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effects of longitude were not significant in either species
(Tables 1-2). There was a positive interaction between latitude
and longitude in both species (Tables 1-2). Altitude was not a
significant predictor of clutch size in any of the species
(Tables 1-2). There were significant effects of habitat in both
species with clutch sizes being larger in deciduous and mixed
habitats than in coniferous and evergreen habitats (Tables 1-2).
Great tits showed a strong effect of urbanization (with smaller
clutches in urban areas) (Fig. 2c), while blue tits did not
(Tables 1-2). Clutch size in the great tit declined with year with
an intermediate effect size (Table 1; Fig. 2d), while that was
not the case in the blue tit (Table 2). The effect of year aver-
aged more than 1-5 eggs since 1950 [F = 134-96, d.f. = 1,1431,
P < 0-0001, estimate (SE) = —0-0229 (0-0020)].

ANALYSES FORFLYCATCHERS

The model of clutch size for pied flycatcher explained 75% of
the variance, while that for collared flycatcher explained only
13%. Nest floor area did not explain a significant fraction of
variance in clutch size in either species (Tables 3—4). There was
a negative association between latitude and clutch size in pied
flycatchers, while only the collared flycatcher showed a qua-
dratic effect of latitude (Tables 3-4). There were no significant
differences in clutch size among habitats (Tables 3—4). Pied
flycatchers had significantly smaller clutches in urban areas
with a large effect size (Tables 3; Fig. 2e). Clutch size increased
with year in the collared flycatcher with an intermediate effect
size (Fig. 2f), while there was no significant association in the
pied flycatcher (Tables 3-4). There was no significant change
in clutch size with altitude in either species (Tables 3—4).

Discussion

We have presented the most comprehensive study to date of
factors correlated with clutch size in four species of secondary
hole-nesting birds in the Western Palaearctic. Although these
species constitute some of the most well-known model systems
for a number of different fields of biological research, we docu-
mented previously unknown heterogeneity. Box material and
size varied non-randomly across geographic scales. Nest box
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material and nest floor area were significantly correlated with
clutch size, with these differences being prominent in some spe-
cies, but not in others. These patterns held even when control-
ling for other variables known to affect clutch size in these
species such as latitude, longitude, altitude, habitat, urbaniza-
tion and year. These conclusions are interesting because they
suggest that nest box size may represent a hidden source of var-
iation in broad comparative studies not only in clutch size, but
also in other life-history traits in these species.

We did not analyse spatial autocorrelation in response or
predictor variables nor have previous analyses of geographic
variation in clutch size done so (e.g. Sanz 1997, 1998, 2002;
Fargallo 2004). Likewise, studies of geographic variation in
life-history traits in a climate change context have not consid-
ered spatial autocorrelation (Visser e al. 2003; Both et al.
2004). Although we consider this a shortcoming, we leave this
question open for a future study.

We found evidence of non-random variation between box
size and material and geographic distribution, hence violating
a previously untested assumption of random variation. There-
fore, studies of geographic variation in life history should con-
sider nest box design as confounding variables. Clutch size was
significantly related to nest floor area, but only in the great tit
that laid larger clutches in larger boxes, while the blue tit and
the two flycatcher species showed no significant relationships.
This difference among species appeared after statistical control
for a large number of known predictors of clutch size, although
similar conclusions were reached in analyses only including
clutch size and nest floor area (results not shown for brevity).
Slagsvold (1987) provided an exhaustive list of hypotheses
explaining variation in clutch size caused by differences in nest
size. In retrospect, we can state that his tests of these hypothe-
ses for pied flycatchers are unlikely to have been particularly
powerful, although they were experimental, simply because the
pied flycatcher does not show a clear clutch size response to
variation in nest floor area, as we have documented here. The
two flycatcher species have much smaller clutches than the two
tit species, making it unlikely that flycatchers commonly
encounter problems of space limitation or adverse nest micro-
climate at southern latitudes. The difference in relationship
between clutch size and nest floor area between great tits and

(@ (b)

Clutch size
Clutch size

© —

Clutch size
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Fig. 1. Clutch size in relation to nest floor area (cm?) in (a) the great tit and (b) the blue tit, and (c) clutch size in the blue tit in wooded and concrete
nest boxes. The box plot in (c) shows median, quartiles, 5- and 95-percentiles and outliers. The figures show the raw data. The lines are the linear

regression lines.
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Fig. 2. Clutch size in relation to (a) latitude,
(b) longitude, (c) urbanization, (d) year in the
great tit, (e) urbanization in the pied flycatcher
and (f) year in the collared flycatcher. The box
plots in (c) and (e) show median, quartiles, 5-
and 95-percentiles and outliers. The figures

show the raw data. The lines are the linear
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blue tits is novel. If hyperthermia is a determinant of the rela-
tionship between nest floor area and clutch size, we should
expect nest floor area to interact with latitude in determining
clutch size because of higher ambient temperatures at low lati-
tude during breeding. Indeed, the interaction between nest
floor area and latitude was statistically significant in great tits,
but not in the other species. While clutch size in great tits
increased with nest floor area at high latitudes, clutch size
decreased with nest floor area at low latitudes. These findings
are inconsistent with the hyperthermia hypothesis.

Analyses of the four species showed heterogeneous effects
of predictor variables (latitude, longitude, altitude, habitat,
urbanization, year) as demonstrated by interactions (results
not shown for brevity). Many findings reported here replicate
previous findings for latitude, longitude and habitat (e.g.
Jarvinen 1989; Sanz 1997; Fargallo 2004). This lends credibil-
ity to our overall findings. However, we note that our analyses
did not reproduce a previously reported effect of altitude
(Jarvinen 1989; Sanz 1997; Fargallo 2004). This is probably
due to a combination of uneven distribution of altitudes in
our data set combined with strong correlations between alti-
tude and several other variables. Finally, given the much

regression lines.

greater sample size and the larger number of predictors used
in our study compared to previously published studies, we
consider our study to provide a more reliable conclusion.
Many of the effects that we have documented here are unlikely
to be due to direct effects of the included variables, but rather
may be attributed to density effects, effects of food or effects
of photoperiod. For example, while density could be a cause
of the quadratic relationships between clutch size and latitude
(and longitude), this seems unlikely given that clutch size is
density dependent in great tits, but not in pied flycatchers (von
Haartman 1971; Alatalo & Lundberg 1984; Ahola et al.
2009). Alternatively, the levelling off in clutch size at higher
latitudes may be linked to the number of daylight hours. Par-
ent birds at southern latitudes are time constrained by the lim-
ited number of daylight hours available for foraging, while
conspecifics at northern latitudes may be energy constrained
since they do not exploit the long daylight period available for
foraging (Lack 1947; Sanz et al. 2000). Furthermore, low
night temperatures reduce insect activity and hence foraging
efficiency at night at high latitudes (Veistola, Eeva & Lehikoi-
nen 2000). The effects of habitat on clutch size cannot be
attributed to density effects because there are higher densities
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in deciduous habitats where clutch size is also the largest (e.g.
Perrins 1979). We suggest that multiple causal factors most
likely lead to the patterns detected here.

Interspecific competition for food is intense between great
and blue tits (Dhondt 1977, 2011), as is competition between
great tits and pied flycatchers (Gustafsson 1987). The interspe-
cific difference in the relationship between clutch size and nest
box floor areas that we have documented here may also have
implications for competition. In two imaginary scenarios with
nest box floor areas of 40 and 400 cm?, we would expect 2-89
more great tit eggs and with 100% hatching success, a similar
number of fledglings per nest in the scenario with large boxes
compared to that with small boxes. In other words, there
would be relatively higher density of great than blue tits in the
scenario with large boxes compared to that with small boxes
given that blue tits do not show increasing clutch size with
increasing box floor size. Hence, great tits would be at a com-
petitive advantage in the scenario with large boxes, where their
average clutch size is larger than that of blue tits, while blue tits
would enjoy an advantage when boxes were small — even when
everything else was the same. Thus, nest box design may have
significant implications for the relative abundance of species
and hence for the intensity of interspecific competition (Lamb-
rechts et al. 2010).

Wooden nest boxes had larger clutches than concrete boxes
in the blue tit, but not in the other three species, and nest mate-
rial showed non-random geographic variation. Nest box mate-
rial may affect ambient temperature inside boxes. We
hypothesize that blue tits in particular may be relatively more
susceptible to hyperthermia than the other three species for a
given nest box size simply because their large clutch sizes will
cause high internal air temperature, high humidity and high
ammonia concentration that increase nestling mortality in
small boxes (Erbeling-Denk & Trillmich 1990).

We documented a strong negative correlation between
clutch size and year in the great tit, no relationship in blue tit
and pied flycatcher, and a weak increase in collared flycatcher.
This effect in the great tit amounted to a decline in clutch size
by 0-023 eggs per year, or for the 65-year study period a decline
of 1-50 eggs. With a mean clutch size of 8-68 eggs (SD = 1-31)
for the 1477 great tit samples, 1-5 eggs equal 17% or 1-15 SD
units. Four explanations may account for this change. First, if
there has been a decline in the abundance of large natural nest
holes over time because of intensified forestry (e.g. Sandstrom
1992; Newton 1994; Carlson, Sandstrom & Olsson 1998), this
should have selected for small clutch size, especially in the spe-
cies that responds most strongly to the size of nest boxes. Sec-
ondly, great tit populations in Scandinavia and elsewhere have
increased in abundance during several decades, and this
increase in population density is expected to result in reduced
clutch sizes due to density dependence (Ahola et al. 2009).
Thirdly, a greater increase in populations of blue tits compared
to great tits in Sweden and elsewhere in Scandinavia would
have resulted in more intense competition between blue tits on
great tits. Fourthly, climate change may have affected clutch
size as females may lay smaller clutches so that they can begin
incubation sooner and breed at the optimal time with respect

Clutch size and nest box design 361

to maximum food demand and maximum food supply (Cres-
swell & McCleery 2003). However, the long period with con-
tinuous decline in clutch size contrasts with climate warming
having been particularly strong since 1990 in Europe (IPCC
2007). Obviously, these factors may all have contributed inde-
pendently to a temporal reduction in clutch size in the great tit
(Ahola et al. 2009).

Urbanization is known to be associated with higher densi-
ties, smaller clutches and longer life span (e.g. Glutz von Blotz-
heim & Bauer 1993; Horak 1993; Chamberlain et al. 2009).
Here, we documented smaller clutches in urban environments,
although only in great tits and pied flycatchers. Reduced clutch
size in urban areas may be caused by food limitation exacer-
bated by intraspecific competition due to high population den-
sities in urban environments caused by elevated adult survival
rates (Glutz von Blotzheim & Bauer 1993; Horak 1993). Blue
tits are common inhabitants of cities just as great tits and pied
flycatchers are, but urban blue tits still do not differ in clutch
size from their ancestral rural populations. However, great tits
have much higher densities in urban than in rural areas, while
that is less so in blue tits (Moller et al. 2012). Therefore, clutch
size in urban great tits is expected to differ from that in rural
conspecifics, while that should not be the case in blue tits, as we
observed.

In conclusion, we have shown non-random geographic
distribution of nest box design. Several aspects of nest
boxes explained variation in clutch size of tits, although dif-
ferently in great and blue tits. The implications of these
findings are that the choice of nest boxes by scientists in
empirical studies may impact research findings not only by
affecting focal species, but potentially also by affecting inter-
specific interactions.

Acknowledgements

We warmly thank collaborators and contributors who helped with this study. T.
Eeva was supported by Academy of Finland (Project Number 265859), J. Mor-
ales by the Spanish Research Council-CSIC and the European Social Fund (pro-
gramme ‘Junta para la Ampliacion de Estudios’), J. Torok by OTKA (Project
Number 75618) and HR was financed by Fundacion Alfonso Martin Escudero
and Xunta de Galicia (Angeles Alvarino program and Plan I2C postdoctoral
grant).

References

Ahola, M., Laaksonen, T., Eeva, T. & Lehikoinen, E. (2009) Great tits lay
increasingly smaller clutches than selected for: a study of climate- and den-
sity-related changes in reproductive traits. Journal of Animal Ecology, 78,
1298-1306.

Alatalo, R., Carlson, A. & Lundberg, A. (1988) Nest cavity size and clutch size of
pied flycatchers Ficedula hypoleuca breeding in natural holes. Ornis Scandinav-
ica, 19,317-319.

Alatalo, R.V. & Lundberg, A. (1984) Density-dependence in breeding success of
the pied flycatcher (Ficedula hypoleuca). Journal of Animal Ecology, 53, 969—
9717.

van Balen, J.H. (1984) The relationship between nest-box size, occupation and
breeding parameters of the great tit Parus major and some other hole-nesting
species. Ardea, 72, 163-175.

Both, C. (2000) Density dependence of avian clutch size in resident and migrant
species: is there a constraint on the predictability of competitor density? Jour-
nal of Avian Biology, 31,412-417.

Both, C., Artemyev, A.A., Blaauw, B., Cowie, R.J., Dekhuijzen, A.J., Eeva, T.
et al. (2004) Large-scale geographical variation confirms that climate change

© 2014 The Authors. Methods in Ecology and Evolution © 2014 British Ecological Society, Methods in Ecology and Evolution, 5, 353-362

85UB01 T SUOWIWIOD BA1E81D 8|qeot [dde aup Ag peusencb a1e sejolie YO ‘SN Jo S9Nl Joj AkeiqT8uljUO AS[IA UO (SUONIPUOD-PUR-SLLIBI WD A8 |1 Afe.d1jBuJUo//SdnL) SUONIPUOD pue SWB L 81 8eS " [520Z/0T/¥0] uo Akidiauljuo AB[IM e1fe1euRIyo0D Aq 09TZT  X0TZ-T0Z/TTTT 0T/I0p/woo A im ArIgijeuljuo s eunokaq/sdny woij pepeojumod ‘v “¥T0Z ‘XOTZTY0Z



362 A. P. Moller et al.

causes birds to lay earlier. Proceedings of the Royal Society of London Series B -
Biological Sciences, 271, 1657-1662.

Carlson, A., Sandstrom, U. & Olsson, K. (1998) Availability and use of natural
tree holes by cavity nesting birds in a Swedish deciduous forest. Ardea, 86,
109-119.

Chamberlain, D.E., Cannon, A.R., Toms, M.P., Leech, D.I., Hatchwell, B.J. &
Gaston, K.J. (2009) Avian productivity in urban landscapes: a review and
meta-analysis. /bis, 151, 1-18.

Cohen, J. (1988) Statistical Power Analysis for the Behavioral Sciences, 2nd edn.
Lawrence Erlbaum, Hillsdale, NJ.

Cresswell, W. & McCleery, R. (2003) How great tits maintain synchronisation of
their hatch date with food supply in response to long term variability in tem-
perature. Journal of Animal Ecology, 72, 356-366.

Dhondt, A.A. (1977) Interspecific competition between great and blue tit. Nature,
268, 521-523.

Dhondt, A.A. (2011) Interspecific Competition in Birds. Oxford University Press,
Oxford, UK.

Erbeling-Denk, C. & Trillmich, F. (1990) Das Mikroklima im Nistkasten und
seine Auswirkungen auf die Nestlinge beim Star (Sturnus vulgaris). Journal fiir
Ornithologie, 131, 73-84.

Fargallo, J.A. (2004) Latitudinal trends of reproductive traits in the blue tit Parus
caeruleus. Ardeola, 51, 177-190.

Glutz von Blotzheim, U.N. & Bauer, K.M. (1993) Handbuch der Vogel Mitteleu-
ropas, Vol. 13. AULA-Verlag, Wiesbaden, Germany.

Graczyk, R. (1967) The fecundity of tits (Paridae) in dependence upon size of
nesting box. Ornithologia Stosowana, 2, 41-47.

Gustafsson, L. (1987) Interspecific competition lowers fitness in collared flycatch-
ers Ficedula albicollis: an experimental demonstration. Ecology, 68,291-296.
Gustafsson, L. & Nilsson, S.G. (1985) Clutch size and breeding success of pied
and collared flycatchers Ficedula spp. in nest-boxes of different sizes. bis, 127,

380-385.

von Haartman, L. (1971) Population dynamics. Avian Biology, Vol. 1 (eds D.S.
Farner & J.R. King), pp. 391-459. Academic Press, New York, NY.

Haywood, S. (1993) Sensory and hormonal control of clutch size in birds. Quar-
terly Review of Biology, 68, 33-60.

Horak, P. (1993) Low fledging success of urban great tits. Ornis Fennica, 70, 168—
172.

IPCC (2007) Climate Change 2007: Synthesis Report. IPCC, Geneva,
Switzerland.

Jdrvinen, A. (1989) Clutch-size variation in the pied flycatcher Ficedula hypoleuca.
Ibis, 131, 572-577.

Karlsson, J. & Nilsson, S.G. (1977) The influence of nest-box area on clutch size
in some hole-nesting passerines. /bis, 119, 207-211.

Klomp, H. (1970) The determination of clutch-size in birds. A review. Ardea, 58,
1-124.

Kluijver, H.N. (1951) The population ecology of the great tit, Parus m. major L.
Ardea, 39, 1-135.

Korpimiki, E. (1984) Clutch size and breeding success of Tengmal’s owl Aegolius
funereus in natural cavities and nest boxes. Ornis Fennica, 61, 80-83.

Lack, D. (1947) The significance of clutch-size. Ibis, 89, 302-352.

Lambrechts, M.M., Blondel, J., Hurtrez-Boussés, S., Maistre, M. & Perret, P.
(1997) Adaptive inter-population differences in blue tit life-history traits on
Corsica. Evolutionary Ecology, 11, 599-612.

Lambrechts, M.M., Rieux, A., Galan, M.-J., Cartan-Son, M., Perret, P. & Blon-
del, J. (2008) Double-brood great tits (Parus major) in Mediterranean oak hab-
itats: do first broods always perform better than second broods? Russian
Journal of Ecology, 39, 516-522.

Lambrechts, M.M., Adriaensen, F., Ardia, D.R., Artemyev, A.V., Atiénzar, F.,
Barbura, J. et al. (2010) The design of artificial nestboxes for the study of sec-
ondary hole-nesting birds: a review of methodological inconsistencies and
potential biases. Acta Ornithologica, 45, 1-26.

Lohrl, H. (1973) Einflup des Brutraumfliche auf die Gelegegrofe der Kohlmeise
(Parus major). Journal fiir Ornithologie, 114, 339-347.

Lohrl, H. (1980) Weitere Versuche zur Frage “Brutraum und Gelegegrofe bei
der Kohlmeise (Parus major). Journal fiir Ornithologie, 121, 403-405.

Mertens, J.A.L. (1977) Thermal conditions for successful breeding in Great Tits
(Parus major L.). Oecologia, 28, 1-29.

Moller, A.P. (1989) Parasites, predators and nest boxes: facts and artefacts in nest
box studies of birds? Oikos, 56, 421-423.

Moller, A.P. (1992) Nest boxes and the scientific rigour of experimental studies.
Oikos, 63,309-311.

Moller, A.P. & Jennions, M.D. (2002) How much variance can be explained by
ecologists and evolutionary biologists? Oecologia, 132, 492-500.

Moiller, A.P., Diaz, M., Flensted-Jensen, E., Grim, T., Ibéﬁez-Alamo, J.D., Joki-
miki, J., Mind, R., Marko, G. & Tryjanowski, P. (2012) High urban popula-
tion density of birds reflects their timing of urbanization. Oecologia, 170,
867-875.

Nager, R.G. & van Noordwijk, A.J. (1995) Proximate and ultimate aspects of
phenotypic plasticity in timing of great tit breeding in a heterogeneous environ-
ment. American Naturalist, 146, 454-474.

Newton, I. (1994) The role of nest sites in limiting the numbers of hole-nesting
birds: a review. Biological Conservation, 70, 265-276.

Perrins, C.M. (1965) Population fluctuations and clutch-size in the great tit, Parus
major L. Journal of Animal Ecology, 34, 601-647.

Perrins, C.M. (1979) British Tits. Collins, London, UK.

Purcell, K.L., Verner, J. & Oring, L.W. (1997) A comparison of the breeding ecol-
ogy of birds nesting in boxes and tree cavities. Auk, 114, 646-656.

Royama, T. (1969) A model for the global variation of clutch size in birds. Oikos,
20, 562-567.

Sandstrom, U. (1992) Cavities in trees: Their occurrence, formation and impor-
tance for hole-nesting birds in relation to silvicultural practise. Licentiate disser-
tation, Uppsala University, Sweden.

Sanz, J.J. (1997) Geographic variation in breeding parameters of the Pied Fly-
catcher Ficedula hypoleuca. Ibis, 139, 107-114.

Sanz, J.J. (1998) Effects of geographic location and habitat on breeding parame-
ters of great tits. Auk, 115, 1034-1051.

Sanz, J.J. (2002) Climate change and breeding parameters of great and blue tits
throughout the western Palacarctic. Global Change Biology, 8, 409-422.

Sanz, J.J., Tinbergen, J.M., Moreno, J., Orell, M. & Verhulst, S. (2000) Latitudi-
nal variation in parental energy expenditure during brood rearing in the great
tit. Oecologia, 122, 149-154.

SAS Institute Inc. (2012) JMP. Version 10.0. SAS Institute Inc., Cary, NC.

Slagsvold, T. (1987) Nest site preference and clutch size in the pied flycatcher Fice-
dula hypoleuca. Ornis Scandinavica, 18, 189-197.

Sorace, A. & Carere, C. (1996) Occupation and breeding parameters in the great
tit Parus major and the Italian sparrow Passer italiae in nest-boxes of different
size. Ornis Svecica, 6, 173-177.

Veistola, S., Eeva, T. & Lehikoinen, E. (2000) Timing of breeding in subarctic
passerines in relation to food availability. Canadian Journal of Zoology, T8,
67-78.

Visser, M.E., Adriaensen, F., van Balen, J.H., Blondel, J., Dhondt, A.A., van
Dongen, S. et al. (2003) Variable responses to large-scale climate change in
European Parus populations. Proceedings of the Royal Society of London B,
270, 367-372.

Wesolowski, T. (2003) Clutch size and breeding performance of marsh tits Parus
palustris in relation to hole size in a primeval forest. Acta Ornithologica, 38,
65-72.

Received 4 October 2013; accepted 24 December 2013

Supporting Information

Additional Supporting Information may be found in the online version
of this article.

Table S1. Frequency distributions of continuous variables from nest
box studies of four secondary hole-nesting bird species.

Table S2. Sample sizes and frequency distribution of discrete variables
from nest box studies of four secondary hole-nesting bird species.

Table S3. Mixed model of the relationship between mean clutch size
and environmental variables in hole nesters based on analysis of annual
means per site.

Table S4. Mixed model of the relationship between mean clutch size
and environmental variables in hole nesters.

© 2014 The Authors. Methods in Ecology and Evolution © 2014 British Ecological Society, Methods in Ecology and Evolution, 5, 353-362

85UB01 T SUOWIWIOD BA1E81D 8|qeot [dde aup Ag peusencb a1e sejolie YO ‘SN Jo S9Nl Joj AkeiqT8uljUO AS[IA UO (SUONIPUOD-PUR-SLLIBI WD A8 |1 Afe.d1jBuJUo//SdnL) SUONIPUOD pue SWB L 81 8eS " [520Z/0T/¥0] uo Akidiauljuo AB[IM e1fe1euRIyo0D Aq 09TZT  X0TZ-T0Z/TTTT 0T/I0p/woo A im ArIgijeuljuo s eunokaq/sdny woij pepeojumod ‘v “¥T0Z ‘XOTZTY0Z



