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Abstract The use of nestboxes to study secondary cavity

nesting avian species has greatly improved the knowledge

related to many fields of environmental sciences. The aim

of this study has been to compare the breeding performance

of Great Tits (Parus major) and Blue Tits (Cyanistes

caeruleus) in two types of nestboxes that differ with regard

to their shape and thermal properties. Both nestbox types

were placed in the same area to avoid confounding factors.

There were significant differences between the extreme

values of temperature and relative humidity obtained for

the two nestbox types, and this was also the case in their

daily patterns. Secondary hole-nesting birds appear to

prefer breeding in woodcrete nestboxes. Nest predation

was, however, significantly greater in woodcrete nestboxes.

The nest height was significantly higher in woodcrete

nestboxes, as was the danger distance between the nest cup

and the entrance hole, which could account for the fact that

Great Tits prefer this type of nestbox. The laying date was

earlier in woodcrete boxes, but nestbox type did not

influence clutch size. However, the eggs of both species

were significantly smaller in woodcrete boxes. Breeding

success was worse in woodcrete nestboxes. Nestbox type

also affected the incubation pattern in both species, and

attentiveness was significantly diminished in woodcrete

nestboxes. This study reinforces the idea that the type of

nestbox used in avian studies is not a trivial issue and may

have strong biological effects on avian populations. It is

important to take this into account when nestboxes are used

as management measures for bird conservation.

Keywords Incubation �Microclimate � Nest architecture �
Predation � Temperature � Woodcrete

Zusammenfassung

Auswirkungen des Nistkastentyps auf die Brutleistung

der sekundären Höhlenbrüter Kohlmeise und Blau-

meise

Die Benutzung von Nistkästen für Studien über sekundäre

Höhlenbrüter hat zur Weiterentwicklung vieler Bereiche

der Biowissenschaften beigetragen. Das Ziel der vorlie-

genden Studie war der Vergleich der Brutleistung der

Kohlmeise (Parus major) und der Blaumeise (Cyanistes

caeruleus) in zwei Nistkastentypen mit unterschiedlicher

Form und thermischen Eigenschaften. Beide Nistkasten-

typen wurden in derselben Gegend positioniert, um ver-

fälschende Faktoren zu vermeiden. Es wurden signifikante

Unterschiede zwischen den maximalen und minimalen
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Temperaturen sowie zwischen der relativen Luftfeuchtig-

keit gemessen, und dies betraf auch deren Tageschwan-

kungen. Beide Arten bevorzugten die Holzbetonnistkästen.

Nestraub war aber signifikant höher in den Holzbe-

tonkästen. Die Nesthöhe war in Holzbetonkästen signifi-

kant größer, ebenso die Distanz zwischen Eingang und das

Nest. Dies könnte einer der Gründe sein, dass Kohlmeisen

diesen Typ von Nistkasten präferieren. Der Legebeginn

war in Holzbetonkästen früher; der Nistkastentyp hatte

aber keinen Einfluss auf die Gelegegröße. Allerdings waren

die Eier beider Arten in den Holzbetonkästen signifikant

kleiner und der Bruterfolg war geringer in den Holzbe-

tonkästen. Der Nistkastentyp beeinflusste auch das

Bebrütungsmuster beider Arten und die Aufmerksamkeit

der Brutvögel am Nest war geringer bei Holzbetonkästen.

Diese Studie unterstützt die Annahme, dass der Typ des

Nistkastens keine triviale Rolle in ornithologischen Studien

spielt und große biologische Einflüsse haben kann. Dies ist

zu berücksichtigen, wenn Nistkästen im Vogelschutz ein-

gesetzt werden.

Introduction

The use of man-made artificial nestboxes in avian research

carried out with secondary hole-nesting species has greatly

improved knowledge related to the disciplines of ecology

and evolution (Lambrechts et al. 2010 and references

therein). However, nestboxes differ from natural cavities in

several respects, and it has been suggested that this may

bias the results obtained through the use of nestboxes, and

thus the validity of general conclusions and extrapolations

to ‘natural’ populations (Møller 1989). Furthermore, dif-

ferent research groups use different nestbox designs in a

nonrandom manner (Lambrechts et al. 2010; Møller et al.

2014a). Nestbox type use is not trivial and can alter phe-

notypic or reproductive traits over time (Lambrechts et al.

2010; Møller et al. 2014a). Furthermore, different hole-

nesting birds inhabiting the same area may perceive each

particular nestbox type in a different way, and the prefer-

ence for one type or another may consequently vary among

species (Browne 2006). Likewise, a particular nestbox type

may affect each species in a different way (Møller et al.

2014b), and the placement of one particular type of nestbox

may therefore benefit one species over the others (Lam-

brechts et al. 2010; Møller et al. 2014a). It is thus important

to document the effects of the nestbox type used at the

species level in order to better understand the results of

avian population studies and the potential confounding

factors associated with the use of nestboxes.

Unlike most previous studies, we have placed two dif-

ferent types of nestboxes in several forests in central Spain,

in order to avoid confounding factors such as geography,

climate or food supply (Møller et al. 2014b). The two types

of nestboxes differ with regard to their design and the

material from which they are constructed, which may

affect their thermal properties: woodcrete nestboxes are

made from a mixture of cement and sawdust, and wooden

nestboxes are made from pine wood. The size of each of

these nestboxes is also different: the woodcrete nestboxes

have a smaller surface area and internal volume than the

wooden ones (Garcı́a-Navas et al. 2008). Both parameters

(thermal properties and size) probably influence the

breeding performance of bird species. The nestbox size

dictates the size of the nest, and we know that large nests

are advantageous because they allow birds to increase their

clutch size (Møller et al. 2014b). Furthermore, temperature

influences birds’ energy expenditure regarding their self-

maintenance, and could have effects on their phenology

and breeding performance (Ardia et al. 2009). Before

hatching, breeding in warmer nestboxes may be advanta-

geous, since the energy saved on thermoregulation can be

allocated to egg production (Nager and van Noordwijk

1992; Yom-Tov and Wright 1993) or better embryo

developmental conditions during incubation (Haftorn and

Reinertsen 1990; Nilsson, Stjernman and Nilsson 2008;

Nord and Nilsson 2011). However, once the chicks have

hatched, some problems related to elevated temperatures

may occur in terms of hyperthermia (Møller et al. 2014b),

and fledgling success may be reduced.

The aim of the present study has been to assess the

effects of nestbox type on occupation and predation rates,

and on breeding biology, with a particular emphasis on nest

architecture and on the incubation phase of two hole-

nesting birds, the Great Tit (Parus major L.) and the Blue

Tit (Cyanistes caeruleus L.). In order to obtain robust

conclusions, we placed both nestbox types in three nearby

forests over three consecutive years, to assess the impact of

nestbox used in avian studies. Our study design avoids

possible biases that may occur when comparing data

obtained in different localities and years.

Materials and methods

Study area

The study was conducted over three consecutive years

(2011–2013) in three nearby forests situated in San Pablo

de los Montes (39�3204400N, 4�1904100W; central Spain). A

total of 180 wooden and 60 woodcrete nestboxes were

erected in a grid of 30 to 50 m between adjacent nestboxes

at the beginning of 2011 in three Pyrenean oak (Quercus

pyrenaica) forests: Morra, Fuenlabrada and Avellanar). In

the two first forests, 20 woodcrete and 80 wooden
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nestboxes were made available for hole-nesting passerines.

In the third forest (Avellanar), 20 woodcrete and 20 woo-

den nestboxes were also made available for birds. Wood-

crete or wooden nestboxes were placed in two parallel

blocks within each forest, separated by a 30–50 m wide-

corridor. The nestboxes were hung on the branches of oak

trees at a height of 2.5–3 m and oriented towards the south.

They were protected from predators (mustelids, wood-

peckers) with wire mesh and a polyvinyl chloride (PVC)

pipe (length: 50–70 mm, diameter: 40 mm) fixed to the

hole-entrance. We have analysed the effect of nestbox type

on the predation by the ladder snake (Rhinechis scalaris),

the most common predator in our study area (Salvador and

Pleguezuelos 2002). During the study period, nestboxes

were occupied by Blue Tits (Cyanistes caeruleus,

n = 233), Great Tits (Parus major, n = 151) and Nuthat-

ches (Sitta europaea, n = 31).

Woodcrete nestboxes are cylindrical (model 1B, Sch-

wegler, Germany) with a hole entrance of 32 mm and an

internal chamber size of 17–18 9 12 cm in diameter (floor

surface = 113.1 cm2), thus signifying an internal volume

of 1869 cm3. The distance between the lower edge of the

entrance hole and the base is 13.5 cm, and the removable

frontal lid covers the whole front. Wooden nestboxes,

which are provided by the Spanish forestry commission,

are quadrangular and made of pine wood, with an entrance

hole of 32 mm and an internal chamber of

17.5–19.5 9 11.5 9 13 cm (floor surface = 149.5 cm2),

thus signifying an internal volume of 2057 cm3. The dis-

tance between the lower edge of the entrance hole and the

base is 10 cm. The removable frontal lid leaves a slit of

1–1.5 cm between the roof and the frontal lid, which

increases light conditions inside the box chamber.

General field procedures

Nestboxes were checked for occupation by birds, and the

dates of clutch initiation (1 = 1 April), clutch sizes and

number of hatched or fledged young were determined.

Once we had found the first eggs laid, we used a ruler to

measure the height of the fresh nest situated under the

entrance hole to the nearest 0.5 mm, and then multiplied

the measurement obtained by the inner surface of the

nestbox floor in order to obtain a surrogate of nest volume.

We also calculated the danger distance, i.e., the distance

from the nest́s bottom to the outer edge of the entrance

hole, which determines the separation that a predator

unable to enter the entrance hole must overcome to get to

the contents of the nest (Mazgajski and Rykowska 2008).

In the first two study years (2011–2012), when clutch size

was complete, a photograph of each egg was taken (side

view) with a ruler next to it (Sanz and Garcı́a-Navas 2009).

From each photograph, the length and breadth of each egg

was measured (JBE) to calculate the egg volume (Hoyt

1979). The duration of incubation was defined as the

number of days between completion of the clutch and the

first signs of hatching. Adult birds were captured when the

nestlings were 8 days old (day of hatching = 0), aged

(yearling vs. old) according to plumage characteristics, and

their tarsus length was measured. In 2011, adult Great Tits

were not captured, owing to technical difficulties. Nestlings

were ringed, measured (tarsus and wing length) and

weighed when they were 13 days old. All birds were

weighed (±0.01 g) with an electronic balance, and their

tarsus and wing length were measured with a digital cal-

liper (±0.01 mm) and ruler (±0.5 mm), respectively. Only

nonpredated nests and first clutches were considered.

Hatching success was calculated as the proportion of eggs

that had hatched, and breeding success as the proportion of

eggs that resulted in fledglings.

In the three study years, ambient temperature and rela-

tive humidity inside empty nestboxes were recorded every

10 min for 75 days (16 April to 31 May) in each forest by

24 data loggers (Gemini Tiny Tag Ultra 2, UK) placed

inside 12 pairs of woodcrete and wooden nestboxes located

in the same Pyrenean oak tree and with the same orienta-

tion and shady conditions. One data logger did not record

relative humidity properly. Daily temperature and relative

humidity (maximum, minimum and mean) for these

75 days were averaged to obtain a single value per nestbox

type, forest patch and study year.

In 2012 and 2013, female incubation activity was

recorded over 24 h by using two DS1922L Thermochron

i-Buttons (accuracy ± 0.5 �C in the range ?20 �C to

?75 �C) for temperature recordings inside the nest cup and

nestbox (see below). Recordings took place between days 5

and 13 after the onset of full incubation (the day on which

the female was found to be incubating). This date was

called the incubation date. Data loggers were placed the

day before we began to take the measurements and

retrieved the day after. One i-Button was covered with

brown medical tape (to tie a transparent line to it), and was

introduced through the bottom of the nest up into the nest

cup so as to place it among the eggs (hereafter, nest data

logger). We tied the free end of the line to the front lid of

the nestbox. The second i-Button was stuck to one of the

internal sides of the nestbox (hereafter, control data logger)

with the aid of a piece of medical tape. The data loggers

were programmed to take one measurement every 11 s.

The Rhythm 1.0 programme (Cooper and Mills 2005) was

used to determine off-bouts after a visual rechecking of the

output in the RavenPro 1.5 programme (Charif, Strickman

and Waack 2010), with a minimum off-bout duration of

2 min and a minimum off-bout change in temperature of

2 �C. The variables measured were: (1) Onset: minutes

after sunrise until female left the nest for the first time; (2)
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Offset: minutes before sunset since the last female arrived

at the nest; (3) On-bout duration: average duration of the

periods during which the females actively warmed the

eggs; (4) Off-bout duration: average duration of the periods

during which the females were off the nest; (5) Number of

off-bouts per day; (6) Attentiveness: percentage of time

during the daily activity (from onset to offset) in which the

female was actively incubating; and (7) Egg cooling: daily

average egg temperature lost during off-bouts.

Statistical procedures

The daily temperature and relative humidity of the empty

nestboxes were compared for each pair of nestboxes by

means of two-tailed paired Student’s t test. Occupation rate

was analysed with a GLZ (binomial distribution; occupied

nestbox = 1, nonoccupied = 0). Predation was also anal-

ysed with a GLZ (binomial distribution: nest predated by

snakes = 1, nonpredated nest = 0). General Linear Mod-

els (GLM) were used to test for the effect of nestbox type

on the breeding performance of Great and Blue Tits. The

models included forest, study year, tit species and nestbox

type as categorical variables, and laying date and/or clutch

size as covariates. The body condition of birds was esti-

mated by adding tarsus length as a further covariate.

Hatching and breeding success were also analysed with a

GLZ fitted with a binomial distribution (Zuur et al. 2009),

in which the numerator of the response variable was the

number of hatchling or fledglings, and in both cases the

denominator was clutch size.

In those GLM performed to test for the effect of nestbox

type on the incubation performance of females, several

continuous variables were included as covariates: (1)

Incubation day, because the thermal properties of the eggs

change with the development of the embryo (Cooper and

Voss 2013); (2) Mean temperature during the daylight

hours or the previous night, as ambient temperature is the

main factor to affect incubation (Conway and Martin

2000); (3) Daylight hours, because longer days increase the

potential time devoted to incubation and decrease the night

energy expenditure (Chalfoun and Martin 2007); and (4)

Clutch size, as female energy expenditure is positively

related to clutch size (Haftorn and Reinertsen 1985; Mor-

eno and Sanz 1994). Attentiveness was analysed with a

GLZ (binomial distribution), in which the numerator of the

response variable was the total amount of time during daily

activity (from onset to offset) in which the female was

actively incubating, and the denominator was the duration

of day.

Homoscedasticity, proper distribution employed and

dependence were graphically verified with the residuals.

Models were initially constructed with all the explanatory

terms fitted, including interactions. The final models were

then selected by means of a backward procedure, during

which nonsignificant terms were progressively eliminated,

starting with the interactions. The final models were

therefore those that explained the most variance with the

fewest number of explanatory variables. All analyses were

performed in STATISTICA 10.0 and SAS 9.4. Mean ± SD

is shown in the results.

Results

Nestbox type effect on microclimate

The mean daily temperatures did not differ between nest-

box types (paired Student’s t test: t = 0.56, p = 0.58).

However, woodcrete nestboxes had significantly higher

maximum temperatures and lower minimum temperatures

than the wooden ones (aximum temperature: t = 3.02,
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Fig. 1 Differences in the a daily pattern of mean temperature (�C)
and b mean relative humidity (%) between woodcrete and wooden

nestboxes. Positive values signify that the value in woodcrete

nestboxes is higher than that in the wooden ones. Asterisks indicate

signification. Vertical bars indicate ±SE
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p = 0.011; woodcrete = 21.22 ± 2.16 �C, n = 12; woo-

den = 20.60 ± 2.40 �C, n = 12. Minimum temperature:

t = 2.53, p = 0.030; woodcrete = 7.97 ± 1.45 �C,
n = 12; wooden = 8.16 ± 1.49 �C, n = 12). The daily

temperature pattern proved to be significantly different

between nestbox types during several periods of the day

(Fig. 1a). From dawn until approximately midday, the

temperature inside woodcrete nestboxes was significantly

lower (Fig. 1a). However, the temperature inside the

woodcrete nestboxes during the afternoon increased more

sharply than in the wooden nestboxes, and started to

become significantly higher at around 16:00 h. From that

moment until midnight, the temperatures inside the

woodcrete nestboxes were significantly higher. Overnight

temperatures were the same for both nestbox type

(Fig. 1a).

With regard to relative humidity conditions, only the

minimum values obtained for the two nestbox types were

significantly different, since they were higher for the

woodcrete nestboxes (paired Student’s t test: t = 3.50,

p = 0.006; woodcrete = 52.76 ± 9.27 %, n = 11; woo-

den = 48.85 ± 10.90 %, n = 11). The mean and maxi-

mum daily values of relative humidity obtained for the two

nestbox types did not differ significantly (mean relative

humidity: t = 2.17, p = 0.06; maximum relative humidity:

t = 0.01, p = 0.99). Despite the fact that mean daily rel-

ative humidity was the same for both nestbox types, the

daily pattern was different (Fig. 1b), and it was signifi-

cantly more humid inside woodcrete boxes during more

than half the day than it was in the wooden ones (Fig. 1b).

This significant difference in humidity started at around

10:00 h and continued until late evening.

Nestbox type effect on the occupation and predation

rate

The numbers of each nestbox type occupied by the two tit

species of study during the 3 years of fieldwork are shown

in Table S1 (see supplemental material). The occupancy

rates of the two nestbox types were significantly different

in the case of all three-hole nesting species (GLZ.

v1
2 = 14.03, p\ 0.001) and years (GLZ. v2

2 = 31.86,

p\ 0.001), with higher occupation occurring in woodcrete

nestboxes (75 %) than in wooden ones (51 %). Upon tak-

ing into account the availability of both nestbox types, we

found that Great Tits proved to have a significant prefer-

ence for woodcrete nestboxes (GLZ. v1
2 = 15.95,

p\ 0.001; wooden nestboxes: 17.59 %, n = 540; wood-

crete nestboxes: 31.11 %, n = 180). The occupancy rate of

Great Tits was significantly different with regard to the

years studied (v2
2 = 12.88, p = 0.002), but was not with

regard to forests (GLZ. v2
2 = 5.35, p = 0.07). The occu-

pancy rate of Blue Tits was, however, the same for both

nestbox types (GLZ. v1
2 = 0.40, p = 0.53). Neither study

year nor forest were correlated with the occupancy rate of

Blue Tits (GLZ. Year: v2
2 = 3.15, p = 0.21. Forest:

v2
2 = 5.20, p = 0.07).

The probability that a tit nest would be depredated by

snakes was significantly higher in the case of woodcrete

nestboxes (GLZ. v1
2 = 6.42, p = 0.011; Fig. 2), and sig-

nificantly differed with regard to the year studied (GLZ.

v2
2 = 42.47, p\ 0.001). However, the snake predation rate

was not significantly different for Blue and Great Tit nests

(GLZ. v1
2 = 2.79, p = 0.10).

Nestbox type effect on the breeding performance

Nest height was not statistically correlated with the forest or

study year (Table 1), but it was significantly different for

both nestbox type and species (R2 = 0.08; Table 1). Great

Tits built shallower nests (53.34 ± 13.57 mm, n = 142)

than Blue Tits (59.96 ± 13.47 mm, n = 220). The nest

height in wooden nestboxes (56.07 ± 12.81, n = 256) was

shallower than that in woodcrete nestboxes (60.47 ± 15.80,

n = 106). However, Great Tits built significantly shallower

nests than Blue Tits only in wooden nestboxes (wooden

nestboxes: t254 = 5.57, p\ 0.001; woodcrete nestboxes:

t104 = 1.25, p = 0.21, Fig. 3a). On the other hand, nest

volume did not significantly differ among forests or study

years (R2 = 0.19; Table 1), although it was significantly

larger in wooden nestboxes (838.31 ± 191.49 cm3,

n = 256) than in woodcrete ones (683.94 ± 178.70 cm3,

n = 106). The volume of Blue Tit nests was larger than that

of Great Tit nests (Blue Tit: 840.68 ± 199.51 cm3,

n = 220; Great Tit: 719.40 ± 178.71 cm3, n = 142). The

magnitude of the effect of nestbox type on nest volume was

significantly different for the two species (interaction term),
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Fig. 2 Predation rates by ladder snake (Rhinechis scalaris) on Blue

and Great Tit nests in relation to the nestbox types in the Montes de

Toledo. Vertical bars indicate ±SE
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and was greater in the case of Blue Tits (Fig. 3b). With

regard to the danger distance between the nest cup and the

entrance hole, it was not statistically correlated with the

forest and the study year (Table 1). However, it was sig-

nificantly affected by nestbox type and species (R2 = 0.53;

Table 1). Great Tits kept a longer danger distance

(59.48 ± 18.45 mm, n = 142) than did Blue Tits

(48.63 ± 19.03 mm, n = 220), and this distance was sig-

nificantly longer in woodcrete nestboxes

(74.53 ± 16.29 mm, n = 106) than in wooden ones

(43.92 ± 12.72 mm, n = 256; Fig. 3c). The differences

between nestbox types were maintained within tit species

(Table 1). The laying date was significantly different in the

case of both forest and study years, but was the same in that

of the two species (Table 1). The laying date of both species

was significantly earlier in woodcrete nestboxes (Table 1;

Fig. 3d). The differences between nestbox types was

maintained within tit species (R2 = 0.22; Table 1). The

clutch size was statistically correlated with the study year,

forest and tit species (R2 = 0.37; Table 1). Clutch size was

larger for Great Tits (9.23 ± 1.99, n = 151) than for Blue

Tits (8.18 ± 1.97, n = 233), and declined with the laying

date (Table 1). Finally, the clutch size was not different

with regard to nestbox types (Table 1).

The egg volume was statistically correlated with the

study year, forest and tit species, and was statistically

affected by the nestbox type (R2 = 0.65; Table 1). Egg

volume was larger in 2011 than in 2012 and was greater for

the Great Tit (2.19 ± 0.46 mm3, n = 151) than for the

Blue Tit (1.47 ± 0.27 mm3, n = 233). The egg volume

proved to have smaller mean values in the woodcrete

nestboxes (Table 1, woodcrete: Blue Tit,

1.45 ± 0.28 mm3, n = 31; Great Tit, 2.12 ± 0.45 mm3,

n = 39; Wooden: Blue Tit, 1.47 ± 0.27 mm3, n = 107;

Table 1 Models (GLM, GLZ)

showing the effects of forest,

year, species and nestbox type

on the breeding parameters of

Blue and Great Tits in the

Montes de Toledo

(nonsignificant terms are shown

in Table S2)

Parameter Effect Estimate ± SE Test p

Nest height (mm) Species F1, 359 = 25.36 \0.001

Nestbox type F1, 359 = 12.18 \0.001

Rejected effects: forest, year and nestbox type x species

Nest volume (mm3) Species F1, 358 = 17.26 \0.001

Nestbox type F1, 358 = 40.97 \0.001

Nestbox type x species F1, 358 = 4.42 0.036

Rejected terms: forest and year

Danger distance (mm) Species F1, 359 = 25.36 \0.001

Nestbox type F1, 359 = 364.52 \0.001

Rejected effects: forest, year and nestbox type x species

Laying date Forest F2, 378 = 13.33 \0.001

Year F2, 378 = 36.12 \0.001

Nestbox type F1, 378 = 9.64 0.002

Rejected terms: species and nestbox type x species

Clutch size Forest F2, 377 = 7.04 \0.001

Year F2, 377 = 10.36 \0.001

Species F1, 377 = 30.49 \0.001

Laying date -0.087 ± 0.007 F1, 377 = 191.7 \0.001

Rejected terms: nestbox type and nestbox type x species

Egg volume (mm3) Forest F2, 228 = 12.63 \0.001

Year F1, 228 = 67.79 \0.001

Species F1, 228 = 354.4 \0.001

Nestbox type F1, 228 = 5.80 0.017

Rejected terms: nestbox type x species, laying date and clutch size

Hatching success (%) Year v2
2 = 25.39 \0.001

Rejected terms: forest, species, nestbox type, nestbox type x species and laying date

Breeding success (%) Forest v2
2 = 10.26 0.006

Year v2
2 = 128.07 \0.001

Nestbox type v1
2 = 13.08 \0.001

Rejected effects: species, nestbox type x species and laying date
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Great Tit, 2.24 ± 0.48 mm3, n = 57). Neither the laying

date nor the clutch size were correlated with the average

egg volume of either tit species (Table 1).

Hatching success was not correlated with forest, tit

species or nestbox type, and was not related to the laying

date (Table 1). Hatching success was statistically different

in the 3 years studied (Table 1), while breeding success

was significantly different depending on the forests, study

years and nestbox types (Table 1). Breeding success was

significantly worse in the woodcrete nestboxes (Table 1;

Fig. 3e). Finally, breeding success was the same for both tit

species and was not related to the laying date (Table 1).
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Nestbox type effect on the incubation performance

Neither forest nor nestbox types had an effect on the duration

of incubation (GLM. Forest: F2, 330 = 1.03, p = 0.36;

nestbox type: F1, 333 = 1.73, p = 0.19). However, the

duration of incubation was significantly different in the years

studied and for the two tit species (GLM. R2 = 0.49; year:

F2, 334 = 100.33, p\ 0.001; species: F1, 334 = 8.39,

p = 0.004). The duration of incubation was negatively

related to the laying date and clutch size (GLM. Laying date:

estimate ± SE = -0.126 ± 0.009, F1, 334 = 198.37,

p\ 0.001; clutch size: -0.282 ± 0.063, F1, 334 = 19.70,

p\ 0.001). The incubation period was shorter for the Great

Tit (13.81 ± 3.05 days, n = 135) than for the Blue Tit

(14.28 ± 2.17 days, n = 205). Nonetheless, the incubation

performance of females was affected by nestbox type.

Incubating females left the nest half an hour after sun-

rise. The onset of daily activity was not correlated with

forest and tit species, and was not related to incubation day

or clutch size (Table 2). The onset of daily activity was

significantly different in the years studied, and was nega-

tively and positively related to the mean night temperature

and the duration of daylight, respectively (Table 2).

Females left the nest earlier when there were higher

overnight temperatures and shorter daylight hours. The

onset of daily activity was not different for the two nestbox

types (Table 2), but the effect was not maintained within tit

species (R2 = 0.15; interaction term in Table 2; Fig. 4a).

The onset of daily activity in woodcrete nestboxes was the

same for the Blue and Great Tits (Tukey HSD test,

p[ 0.05, Fig. 4a), but it was significantly later in the case

of Great Tits than that of Blue Tits in wooden nestboxes

(Tukey HSD test, p\ 0.05. Fig. 4a). In the morning, the

incubating female Great Tits left the nest 10 min later than

the female Blue Tits in wooden nestboxes (Fig. 4a). With

regard to the end of daily incubation activity, the females

of both species entered the nestboxes 50 min before sunset.

The end of daily activity was the same for all forests, tit

species, study years and nestbox types, and was not related

to daily temperature or clutch size (Table 2). The end of

the activity was only positively and negatively related to

the incubation day and daylight hours, respectively

(R2 = 0.07, Table 2). With regard to sunset, the females

entered earlier at the beginning of the incubation period

and on days with more daylight hours.

The duration of on-bouts was not correlated with forest

and study year, and was not related to incubation day, mean

daily temperature or clutch size (Table 2). The duration of

on-bouts was significantly different for both tit species

(Table 2), with higher values for the Great Tit (Blue Tit:

22.69 ± 5.52 min, n = 79; Great Tit: 31.83 ± 10.12 min,

n = 63). On the other hand, the duration of on-bouts was

positively related to the duration of daylight (Table 2).

Finally, the duration of on-bouts was the same for both

nestbox types (Table 2), but the effect was not maintained

within tit species (R2 = 0.31. Interaction term in Table 2;

Fig. 4b). The duration of the on-bouts of the females

incubating in woodcrete nestboxes was the same for both

tit species (Tukey HSD test, p[ 0.05, Fig. 4b), but it was

significantly longer in the case of Great Tits than that of

Blue Tits in wooden nestboxes (Tukey HSD test,

p\ 0.001; Fig. 4b). However, the durations of the two tit

species’ off-bouts were significantly different (Table 2).

Great Tits performed longer off-bouts than Blue Tits (Blue

Tit: 8.75 ± 2.04 min, n = 79; Great Tit:

12.40 ± 3.27 min, n = 63), and its duration was positively

related to the mean ambient temperature during daylight

(Table 2). The duration of off-bouts was the same for both

nestbox types (R2 = 0.43, Table 2). The number of off-

bouts was not correlated with forest and study year, and

was not related to incubation day, mean daily temperature

or clutch size (Table 2). The number of the two tit species’

off-bouts was significantly different (Table 2), with higher

values for Blue Tits (Blue Tit: 27.18 ± 6.03, n = 79;

Great Tit: 19.84 ± 5.10, n = 63). Moreover, the number of

off-bouts had a negative relationship with the duration of

daylight (Table 2). The number of off-bouts was the same

for both nestbox types (Table 2), but the effect was not

maintained within tit species (R2 = 0.33. Interaction term

in Table 2; Fig. 4c). The number of off-bouts of females

incubating in woodcrete nestboxes was the same for both

tit species (Tukey HSD test, p[ 0.05, Fig. 4c), but it was

significantly greater in Blue Tits than in Great Tits in

wooden nestboxes (Tukey HSD test, p\ 0.001, Fig. 4c).

The attentiveness of Blue and Great Tits was signifi-

cantly correlated with the forest, study year and tit species,

and was negatively and positively related to mean ambient

temperature and clutch size, respectively (Table 2).

Attentiveness did not change with incubation day

(Table 2). Although the two tit species’ attentiveness was

significantly different (Table 2), this was owing to the

different values obtained for both nestbox types. The

attentiveness in the two nestbox types was also signifi-

cantly different (Table 2), with lower values being

obtained for the woodcrete nestboxes than for the wooden

ones (Fig. 4d). However, the effect of nestbox type was not

maintained within tit species (Interaction term, Fig. 4d).

Attentiveness was the same for both tit species in the

wooden nestboxes (Tukey HSD test, p[ 0.05; Fig. 4c),

but it was significantly lower in the case of the Great Tits

than in that of the Blue Tits in woodcrete nestboxes (Tukey

HSD test, p\ 0.001; Fig. 4d). Moreover, female Great Tit

attentiveness proved to have significantly lower values in

woodcrete nestboxes (Tukey HSD test, p\ 0.001;

Fig. 4d). Finally, attentiveness had a significant quadratic

relationship with the duration of daylight (Table 2). This
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relationship was the same for both tit species (analysis not

shown).

Egg cooling when females were not incubating was not

correlated with the forest, tit species and study year, and

was not related to incubation day or the mean daily tem-

perature (Table 2). Egg cooling had a positive relationship

with the duration of the on-bouts and clutch size (Table 2).

The eggs lost less temperature when the females had longer

on-bouts and larger clutch sizes (Table 2). However, the

relationship with on-bout duration was not maintained

within the tit species (interaction term), and was significant

only for Blue Tits (analysis not shown). The egg cooling in

the two nestbox types was significantly different

(R2 = 0.24. Table 2), with lower values being obtained for

the wooden nestboxes than for the woodcrete ones

(Fig. 4e). This effect was maintained within tit species

(interaction term, Fig. 4e).

Nestbox type effect on parental and nestling

characteristics

There was no difference as regards either female age or

male age in the two nestbox types (GLZ.. Female: species,

v1
2 = 0.33, p = 0.56. Nestbox type, v1

2 = 0.10, p = 0.76.

Table 2 Models (GLM, GLZ) showing the effect of certain independent variables on the incubation performance of Blue and Great Tits in the

Montes de Toledo (nonsignificant terms are shown in Table S3)

Parameter Effect Estimate ± SE Test p

Onset of activity (min) Year F1,137 = 4.61 0.033

Nestbox type x species F1,137 = 10.33 0.002

Mean temperature (night) -1.014 ± 0.366 F1,137 = 7.69 0.006

Daylight 18.85 ± 5.68 F1,137 = 11.03 0.001

Rejected terms: forest, species, nestbox type, incubation day and clutch size

End of activity (min) Incubation day 3.359 ± 1.696 F1,139 = 3.92 0.049

Daylight -26.92 ± 8.67 F1,139 = 9.63 0.002

Rejected terms: forest, year, species, nestbox type, nestbox type x species, mean temperature (day) and clutch size

On-bout duration (min) Species F1,138 = 29.52 \0.001

Nestbox type x species F1,138 = 4.71 0.032

Daylight 6.686 ± 2.321 F1,138 = 8.30 0.005

Rejected terms: forest, year, nestbox type, incubation day, mean temperature (day) and clutch size

Off-bout duration (min) Species F1,139 = 79.23 \0.001

Mean temperature (day) 0.196 ± 0.037 F1,139 = 28.38 \0.001

Rejected terms: forest, year, nestbox type, nestbox type x species, incubation day, daylight and clutch size

Number of off-bouts Species F1,138 = 38.18 \0.001

Nestbox type x Species F1,138 = 3.92 0.049

Daylight -3.714 ± 1.685 F1,138 = 4.86 0.029

Rejected terms: forest, year, nestbox type, incubation day, mean temperature (day) and clutch size

Attentiveness (%) Forest v2
2 = 6.61 0.037

Year v1
2 = 5.32 0.021

Species v1
2 = 8.23 0.004

Nestbox type v1
2 = 28.88 \0.001

Nestbox type x Species v2
2 = 16.13 \0.001

Mean temperature (day) -0.006 ± 0.0004 v1
2 = 247.78 \0.001

Daylight 1.584 ± 0.528 v1
2 = 9.03 0.003

Squared daylight -0.052 ± 0.018 v1
2 = 8.31 0.004

Clutch size 0.003 ± 0.001 v1
2 = 6.99 0.008

Rejected term: incubation day

Egg cooling (�C) Nestbox type F1, 137 = 4.10 0.045

On-bout duration 0.057 ± 0.016 F1, 137 = 12.98 \0.001

Species x On-bout duration F1, 137 = 23.71 \0.001

Clutch size 0.289 ± 0.062 F1, 137 = 21.35 \0.001

Rejected terms: forest, year, species, nestbox type x species, incubation day and mean temperature (day)
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Species x nestbox type, v1
2 = 0.69, p = 0.40. Male: spe-

cies, v1
2 = 0.03, p = 0.86. Nestbox type, v1

2 = 0.34,

p = 0.56. Species x nestbox type, v1
2 = 0.85, p = 0.36).

The mean tarsus length of females or males feeding 8-day-

old nestlings was the same for both nestbox types

(Table S4), and parental body condition was also the same

in both nestbox types (Table S4). There was no difference

in either tarsus length or the body condition of 13-day-old
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nestlings in the two nestbox types (Table 3). However,

nestling wing length at day 13 after hatching was signifi-

cantly different, depending on the nestbox type (Table 3;

Fig. 5). This effect was maintained within tit species (in-

teraction term in Table 3).

Discussion

Nestbox type effect on microclimate

The daily temperature pattern is different in the two nest-

box types. Thermal conductivity might be higher in

woodcrete nestboxes, thus causing faster temperature los-

ses and gains. Consequently, birds breeding in woodcrete

nestboxes probably experienced a more variable microcli-

mate with rapid temperature fluctuations. The nest

humidity of both nestbox types was also different, and

significantly higher values were obtained for woodcrete

nestboxes during the majority of the day. The higher por-

ous nature of wood than woodcrete may account for this

difference, both because the conductance of water vapour

through wooden nestbox walls is greater, and also because

wooden nestboxes have more open cavities, owing to the

presence of the frontal slit. In wooden nestboxes without

frontal slit common outside Spain (Lambrechts et al. 2010),

the water vapour losses may be smaller.

Nestbox type effect on the occupation and predation

rate

The deeper and darker inner conditions of woodcrete

nestboxes may seem safer for tits because of the greater

distance between the nest cup and the entrance hole, and

are thus preferred (Browne 2006). This last safety per-

ception may to some extent account for the nestbox type

preference shown by tits. Since Great Tits are almost

double the size of Blue Tits, the former is probably more

aware of this distance than the latter, as they occupy more

volume; but also because heavier species need bigger nests

to maintain nest comfort during the breeding stage (Lam-

brechts et al. 2014). In fact, the occupancy analyses

revealed that Great Tits seemed to prefer woodcrete nest-

boxes for breeding rather than wooden ones, while Blue

Tits did not (Browne 2006). Great Tits probably cover

these two necessities (safety and comfort) better in wood-

crete boxes, owing to their depth. This is suggested by the

Table 3 Models (GLM)

containing nestling

morphological measurements

(tarsus length, body condition

and wing length) at day 13 after

hatching as response variables

in relation to several

explanatory variables of Blue

and Great Tits breeding in the

Montes de Toledo

(nonsignificant terms are shown

in Table S5)

Parameter Effect Estimate ± SE Test p

Nestling tarsus length (mm) Species F1,227 = 3132.0 \0.001

Laying date -0.006 ± 0.002 F1,227 = 5.80 0.017

Brood size 0.034 ± 0.013 F1,227 = 6.80 0.010

Rejected terms: forest, year, nestbox type and nestbox type x species

Nestling body condition (g) Year F2,225 = 5.35 0.005

Species F1,225 = 149.95 \0.001

Laying date -0.011 ± 0.003 F1,225 = 11.90 \0.001

Nestling tarsus length 0.817 ± 0.090 F1,225 = 83.18 \0.001

Rejected terms: forest, nestbox type, nestbox type x species and brood size

Nestling wing length (mm) Forest F2,225 = 11.72 \0.001

Species F1,225 = 467.01 \0.001

Nestbox type F1,225 = 4.11 0.044

Laying date -0.032 ± 0.014 F1,225 = 4.87 0.028

Brood size 0.184 ± 0.078 F1,225 = 5.46 0.020

Rejected terms: year and nestbox type x species
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fact that in woodcrete nestboxes, the nest height of both

species did not differ, but in wooden boxes, Great Tits

constructed significantly shallower nests than did Blue

Tits; probably in order to maintain a sufficient danger

distance from the entrance hole. The possibility that Blue

Tits could successfully resolve the trade-off between dis-

tance-safety and comfort in both types of nestboxes could

have led to the lack of occupancy pattern in this species.

Another possible explanation is, however, that Blue Tits

could be displaced by Great Tits in woodcrete nestboxes

because they are smaller (Dhondt and Adriaensen 1999;

Barrientos et al. 2015). Contrary to nest height, nest vol-

ume proved to have an opposite trend in the two nestbox

types, probably because of the greater floor area in wooden

nestboxes.

In our study area, predation by the ladder snake was

significantly more common in woodcrete nestboxes. More

open conditions in wooden nestboxes may favour the

ventilation of these nests, and the smell of the nest and

chicks therefore dissipates to a higher degree than in

woodcrete nestboxes. If this is the case, woodcrete nest-

boxes could be acting as an ecological trap, because they

seem to be actively chosen by birds, but are also more

attractive to the ladder snake.

Nestbox type effect on the breeding performance

Unlike most previous studies, we have compared the

breeding performance of tits in two nestbox types in the

same locality, signifying that our results are not hampered

by certain biases caused by confounding factors such lati-

tude, climatology or food availability (Møller et al. 2014b).

In this respect, tits started breeding earlier, laid the same

number of eggs but with a smaller volume, and had worse

breeding success in woodcrete nestboxes. There were no

differences in either the parental age or their morphology in

the two nestbox types. The laying date was about a week

earlier in woodcrete nestboxes. This could be related to the

warmer and hermetic conditions in those nestboxes, in

which the energy saved in thermo-regulation could allow

females to get into breeding condition more quickly, as

temperature is known to influence the onset of laying (van

Balen 1973). Ambient temperature similarly influences the

investment in eggs, as females can allocate more energy to

egg production, which would otherwise be used for their

self-maintenance (Yom-Tov and Wright 1993). It was

therefore expected that the tit eggs laid in woodcrete

nestboxes would be bigger, but this did not in fact occur.

This could be related to the warmer and wet microclimate

inside woodcrete nestboxes, conditions that are beneficial

for embryo development and may allow tits to invest less in

their eggs (Conway and Martin 2000). Indeed, despite their

small size, the cooling rate of both tit species’ eggs was

lower in woodcrete nestboxes. Clutch size was not different

for either nestbox type, not even in the case of Great Tits,

which have been proven to be a nest size sensitive species

(Møller et al. 2014a). However, the strength of this rela-

tionship may depend on the size range of the different

nestbox types used (Sorace and Carere 1996). Despite the

differences in incubation pattern in the two nestbox types

(see below), the hatching success was not statistically

different. However, we show that breeding success was

different depending on the nestbox type, and was signifi-

cantly worse in woodcrete nestboxes. This effect was

probably caused by the warmer, hermetic and crowded

conditions within woodcrete nestboxes, which could have

caused hyperthermia in the nestlings (Mertens 1977;

Greñoet al. 2008). Before fledging, nestlings of both tit

species had a shorter wing length in woodcrete nestboxes,

suggesting detrimental conditions in these nestboxes,

probably owing to hyperthermia.

Nestbox type effect on the incubation performance

Nestbox type also affected the incubation pattern in both

species, which may have tremendous consequences as

incubation influences the hatchability and phenotype of

nestlings, and thus the fitness of both parents and nestlings

(Chalfoun and Martin 2007; Nord and Nilsson 2011). The

onset of the daily activity of both species was the same in

woodcrete nestboxes, but differed significantly in wooden

ones. Maintaining adequate conditions in terms of tem-

perature and humidity throughout the continuous nightly

incubating period is probably costlier in wooden nestboxes

than in woodcrete ones, owing to their lesser degree of

airtightness. This energy expenditure is probably more

challenging for Blue Tits, as they are about half the size of

Great Tits. The relatively high energy demands of the

continuous nightly incubation period for Blue Tits could

have forced them to leave the nest for the first time earlier

than Great Tits, to forage and replace calories. Nonetheless,

the main nestbox type effect was on attentiveness, which

was significantly reduced in woodcrete nestboxes. Provid-

ing the optimal conditions for the development of the

embryo is very costly (Tinbergen and Williams 2002), and

females do so behaviourally through attentiveness (DuRant

et al. 2013). One possible cause of the reduced attentive-

ness in woodcrete nestboxes is the warmer and wet

microclimate inside them, because as the ambient tem-

peratures increase, the costs of maintaining the eggs at the

optimal temperature decrease and the embryonic growth

during recesses from incubation improves (Haftorn and

Reinertsen 1990; Ardia et al. 2009). Indeed, in both spe-

cies, attentiveness was negatively affected by ambient

temperature. The females in woodcrete nestboxes might

therefore have benefitted from lower attentiveness by
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improving their own self-maintenance without harming

their embryos (Chalfoun and Martin 2007).

In conclusion, this study reinforces the fact that the

nestbox type used in avian studies or in conservation pro-

grammes is not a trivial issue, as other studies have

recently highlighted (Lambrechts et al. 2010; Møller et al.

2014a, b), and could have huge biological effects on the

focus species. It is convenient to remark that the two

nestbox types used in this study differed in three main

characteristics: material, size and shape; it being difficult to

separate the size effect of each nestbox characteristic on

the breeding performance of tits. Nonetheless, this does not

detract for the fact that nestbox type significantly affected

important biological features, such as occupation and pre-

dation rate, breeding performance, incubation behaviour

and phenotype of both Blue and Great Tit nestlings.
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et al (2014a) Clutch size in European secondary hole-nesting

passerines in relation to nest-box floor area, habitat, geographic

location and study year. Methods Ecol Evol 5:353–362

Møller AP, Adriansen F, Artemyev A, Bańbura J, Barba E, Biard C
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