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Abstract The exploration of the effects of urbanization
on bird demography has attracted much attention, and
several studies found lower reproductive success in towns,
which suggested strong environmental constraints. Here,
we conducted a 3-year study to explore the consequences
of urbanization on the breeding success of two species that
originated in forests, the Blue Tit Cyanistes caeruleus and
the Great Tit Parus major. In two replicates of urban and
forest habitats, we studied the components of reproductive
success. In one replicate of each habitat, we quantified
nestling growth over the three breeding seasons, and we
collected data on egg quality during one breeding season.
The general picture that emerges from our finding is that in
urban sites breeding success was lower with smaller clutch
sizes, higher clutch, higher brood failure rates and lower
survival rates. Our results also showed reduced growth in
urban habitats, at the embryonic and nestling stages, with
potential adverse consequences on fitness. Crucial eco-
logical factors could explain the observed contrasts
between the habitats, and food limitation is among the most
likely. Overall, we demonstrated the negative effects of
urbanization on the reproductive success of forest birds,
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and our results were consistent between species and geo-
graphic areas for these negative effects. Our results suggest
a mismatch between urban environments and the habitat
exploitation abilities that birds have evolved in their native
forest ecosystems.
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Zusammenfassung

Vom Ei zum fliiggen Jungvogel: negativer Einfluss von
urbanem Lebensraum auf die Reproduktion bei zwei
Meisenarten

Die Erforschung der Effekte von Urbanisierung auf
Vogeldemografie hat viel Aufmerksamkeit auf sich gezo-
gen und einige Studien haben einen niedrigeren Repro-
duktionserfolg innerhalb von Stiddten gefunden. Dies weist
auf starke Umwelteinfliisse hin. In unserer dreijdhrigen
Studie haben wir die Folgen der Urbanisierung auf den
Bruterfolg von Blaumeisen C. caeruleus und Kohlmeisen
P. major, welche beide urspriinglich in Wildern vorkamen,
erforscht. Auf je zwei Untersuchungsflichen je Lebens-
raum haben wir Komponenten des Reproduktionserfolgs
untersucht. In einem Gebiet pro Brutsaison haben wir iiber
je drei Jahre das Kiikenwachstum aufgenommen, zudem in
einem Jahr die Eiqualitét untersucht. Das generelle Bild ist,
dass in urbanem Geldnde Bruterfolg und Gelegegrofie
geringer, Gelegeverluste und Brutverluste hoher und die
Uberlebensraten geringer waren. Zudem war die Wachs-
tumsrate in urbanen Lebensrdumen wihrend der embryo-
nalen Phase und der Nestlingsphase geringer, was
potentiell negative Auswirkungen auf die Fitness hat. Die
beobachteten Unterschiede zwischen den Lebensraumen
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konnten von wichtigen o©kologischen Faktoren erklart
werden, wobei Nahrungsbegrenzung vermutlich einer der
wahrscheinlichsten ist. Wir haben den negativen Einfluss
von Urbanisierung auf den Reproduktionserfolg von
Waldvogeln gezeigt. Diese negativen Effekte stimmten
zwischen den Arten und den geografischen Gebieten iiber-
ein. Unsere Ergebnisse zeigen eine Diskrepanz zwischen
urbaner Umwelt und den Fihigkeiten der Vogel, diesen
Lebensraum zu nutzen, welche die welche Vogel in ihren
urspriinglichen Lebensrdumen evolviert haben.

Introduction

Urbanization is among the most extreme forms of anthro-
pogenic modification of habitats, but towns are yet colo-
nized by many wild species (McKinney and Lockwood
1999). Abiotic and biotic factors differ strongly between
urbanized areas and natural or subnatural habitats: for
example, cities have higher temperatures, louder noise and
often lower parasite prevalence than rural habitats (Grimm
et al. 2008; Geue and Partecke 2008; Slabbekoorn 2013).
The ecological and evolutionary consequences of urban-
ization have stimulated a growing interest, particularly for
birds (Marzluff 2001; Chace and Walsh 2006), because
organisms should experience environmental pressures that
contrast strongly between towns and their native habitats.

The effects of urbanization on bird demography has led
to the exploration of the components of breeding success in
urban environments. Interestingly, lower breeding success
has frequently been reported in urban birds compared with
their rural conspecifics (Horak 1993; Horak et al. 2000;
Mennechez and Clergeau 2006; Kaliriski et al. 2009; Seress
et al. 2012). For example, several studies revealed that
urban birds lay fewer eggs (Solonen 2001; Grégoire 2003;
Mennechez and Clergeau 2006), perhaps in response to
characteristics of the urban habitat, such as reduced prey
availability or increased competition or predation risks due
to high local densities (Chace and Walsh 2006; Chamber-
lain et al. 2009). Additionally, most studies report lower
reproductive success in towns with a lower proportion of
fledglings, which should indicate strong environmental
constraints (Chamberlain et al. 2009).

Because egg and offspring numbers are directly associated
with reproductive success, they are critical components that
mirror habitat suitability and constraints. Other breeding
parameters, such as egg quality or nestling growth, may
reliably reflect environmental pressures experienced by birds
at different stages of the reproduction process. Egg quality is
a key component that is strongly influenced by female con-
dition and the environmental characteristics experienced by
females which transfer into egg nutrients for embryo and
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nestling development (Blount et al. 2000; Groothuis et al.
2005; Krist 2011). Several works have emphasized the
importance of yolk carotenoids for the development and
maturation of embryonic tissues, with positive consequences
for egg hatchability and nestling growth and maturation
(Surai et al. 2001; Blount et al. 2002). Additionally, car-
otenoid yolk concentration may affect survival prospects of
offspring (McGraw et al. 2005; Marri and Richner 2014).
Because birds cannot synthesise carotenoids, yolk concen-
tration depends to a large extent on the dietary intake of the
female and thus on the availability of these compounds in the
local environment (Biard et al. 2005; Hargitai et al. 2006).
Egg mass and eggshell thickness are other important char-
acteristics with direct consequences on breeding success.
Because some females provide larger eggs with greater
reserves, several studies have documented significant
advantages of larger eggs for offspring survival (Williams
1994; Styrsky et al. 1999; Krist 2011). Moreover, eggs with
too thin shells can be more easily accidentally broken by the
parents (Ratcliffe 1970) or exposed to dehydration (Drent
and Woldendorp 1989) during incubation. The availability
and the quality of resources have been observed in many
studies to affect nestling growth and survival (Mennechez
and Clergeau 2006; Blondel 2007; Peach et al. 2008).
Therefore, an accurate description of the growth curve during
the nestling stage may provide reliable information on con-
straints experienced by birds breeding in urban areas.

In this study, we explored the consequences of urban-
ization during three consecutive years on the breeding
success of two species that originated in forests, the Blue
Tit Cyanistes caeruleus and the Great Tit Parus major.
Both species have been extensively studied to determine
the demographic consequences of contrasted forest habitats
(van Balen 1973; Kilgas et al. 2007; Blondel 2007; Sanz
et al. 2010; Porlier et al. 2012), and, to a lesser extent, to
compare populations between urban areas and forests
(Horak 1993; Horak et al. 2000; Solonen 2001; Horak et al.
2002; Marciniak et al. 2007; Isaksson and Andersson 2007;
Kalinski et al. 2009; Banbura et al. 2010). Here, we com-
pared a suite of components of reproductive success
between Great Tits and Blue Tits in either urban or forest
habitat at two study sites in France, but also collected novel
data on egg quality and nestling growth to try to identify
the sources of any variation in fitness we observed.

Methods
Study sites
Two cities (Dijon, 47°32N, 5°02E; Besancon, 47°25N,

6°03E) and two forests (Forét d’ Auxonne, 47°10N, 5°26E;
Forét de Chaux, 47°09N, 5°68E) were studied in two regions
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of eastern France, Burgundy and Franche-Comté, respec-
tively. Dijon and Besancon are two middle-sized cities
(about 200,000 inhabitants) whose economy is character-
ized by tertiary activities (http://www.insee.fr). The Forét
d’Auxonne and the Forét de Chaux are deciduous forests of
7800 and 20,493 ha, respectively. The most abundant tree
species are oaks (Quercus petrae and Q. robur), beech
(Fagus sylvatica) and hornbeam (Carpinus sp.). Nest boxes
were installed in medium (50-year-old) to old (100-year-
old) growth stands and at least 1 km from the edge of the
forests. The two cities and the two forest sites were
approximately 100 and 40 km apart, respectively. Each site
received around 150 artificial nestboxes (Nestbox 1B with
protective front panel, 12 cm diameter and 20 cm high;
Schwegler, Germany). The entrance hole diameter was 28
and 32 mm, and was accepted by both species. Nestboxes in
cities were dispersed in parks, squares and along streets,
with each patch containing 1-25 nestboxes separated by at
least 50 m. The vegetation of the parks has for the most part
been formed artificially. The tree cover is patchy with tree-
free areas mainly covered by grass and paved surfaces. Tree
patches are composed of deciduous and coniferous species
of different stands including both native (oaks, maples Acer
spp., limes Tilia spp., beech, and birches Betula spp. as most
common species) and exotic species (poplars Populus spp.,
cedars Cedrus spp., cherry laurel Prunus laurocerasus, and
thujas Thuja spp. as the most common species). Each study
site covers an average area of 5.6 km long and 2.8 km wide.
In the forests, nestboxes were placed along pathways to
facilitate access, with the same minimal distance between
two nestboxes as in cities.

Reproduction and growth

Reproduction of Great and Blue Tits was followed during
three consecutive years (2012-2014) and only first breed-
ing attempts were analyzed. In 2012, reproduction was
studied in all sites, while the Burgundy sites were only
followed in 2013 and 2014 for logistical constraints. For
similar logistical reasons, we monitored a subsample of
Blue Tits to assess nestling growth, and we did not consider
all reproductive variables for this species in 2013 and 2014.
Meteorological conditions varied between years, with 2013
spring being cold and wet, and 2014 being warm and dry
(see Supplementary information).

Females of both species started to lay in late March/early
April (see Tables 1, 2) as described for continental Europe
(Cramp et al. 1993). Nests were inspected once a week from
20 March to record the laying date of the first egg. When
more than one egg was found in the nest, the laying date of
the first egg was back-calculated assuming that one egg was
laid per day. Incubation was assumed to begin 1 day before
clutch completion, and indeed we did not observe

asynchronous hatching (except sometimes for one egg, see
below). The nests were not visited again until the estimated
hatching date (13 days after initiation of incubation), and
broods that had not hatched were then checked every 2 days
until they did. Hatching took place within 1 day for the
whole brood except for one egg (probably the last laid) in
some occasions. The incubation period was the time
between initiation of incubation and hatching.

At the Burgundy sites in 2012, one of the first three eggs to
be laid was removed for quality analysis (see below) and
replaced with a fake egg (Isaksson et al. 2008). Two or three
days after the eggs had hatched, the dummy egg was
removed and replaced with one nestling of the same age
(taken from broods not included in the present study) so that
the parents would have the same number of nestlings to care
for as they would have done had the original egg hatched.
The number of nestlings present was noted on day 1 (D1), 7
(D7) and 13 (D13) post-hatching. In Burgundy, nestling body
mass was measured on D1, D7 and D13 with a Pesola spring
balance (40.05 g), and their tarsus length was measured on
D7 and D13 with an electronic callipers (0.1 mm). Mor-
phological data were not collected from nestlings in Franche-
Comté due to logistical constraints. To obtain individual
identification 1 day post-hatching, the nestlings within each
brood were identified by cutting a specific tuft of fluff on their
head, shoulder and back in a unique pattern. These tufts were
present in hatchlings and disappeared gradually with feather
growth. This method was a reliable alternative to the use of
hypoallergenic ink which needs to be refreshed every 2 or
3 days. The nests were not visited until nestlings were 7 days
old when they were fitted with individually numbered metal
leg rings (Muséum National d’Histoire Naturelle, CRBPO,
Paris, France).

We defined clutch size as the number of eggs laid (in-
cluding any removed eggs in 2012). Hatching success was
the proportion of all eggs laid that hatched, after excluding
the removed egg from the calculations for Burgundy in
2012 (Seress et al. 2012), and hatching rate was the pro-
portion of eggs that hatched in the nests that did not fail at
the egg stage. We defined the clutch failure rate as the
proportion of clutches that had no hatchlings. We defined
the survival until D13 as the proportion of hatched nest-
lings that were still alive on D13 including the compen-
satory nestling added to the nests in Burgundy in 2012, the
brood failure rate as the proportion of broods in which all
nestlings died before D13, and the survival rate as the
proportion of chicks alive at D13 in nests where at least one
nestling survived until D13.

Egg quality

The eggs collected in Burgundy in 2012 were weighed on a
precision balance (4+0.01 mg) and then the yolks were
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Table 1 Breeding characteristics (mean £ SD) of Great Tits Parus major in urban and forest habitats at two sites (Burgundy and Franche-
Comté) in 2012, and only in Burgundy in 2013 and 2014

Great Tits

2012

2013

2014

Urban

Forest

Urban

Forest

Urban

Forest

First egg date
Burgundy
Franche-Comté
Both regions

Clutch size
Burgundy
Franche-Comté
Both regions

Clutch failure rate
Burgundy
Franche-Comté
Both regions

Hatching success
Burgundy
Franche-Comté
Both regions

Hatching rate
Burgundy
Franche-Comté
Both regions

Brood failure rate
Burgundy
Franche-Comté
Both regions

Survival until day
Burgundy
Franche-Comté
Both regions

Survival rate
Burgundy
Franche-Comté

Both regions

320 £54@37)
31.7 £ 4.3 (35)
319 £49(72)

8.1 1.7 (35)
9.1 £ 1.3 (35)
8.6 + 1.6 (70)

0.17 £ 0.4 (35)
0.08 £ 0.3 (35)
0.13 £ 0.3 (70)

0.73 £ 0.3 (35)
0.78 £ 0.3 (35)
0.76 + 0.3 (70)

0.88 £ 0.1 (29)
0.86 £ 0.2 (32)
0.87 £ 0.1 (61)

0.30 £ 0.5 (30)
0.16 £ 0.4 (32)
0.22 + 0.4 (62)

0.52 + 0.4 (30)
0.75 + 0.4 (32)
0.63 = 0.4 (62)

0.74 + 0.2 (21)
0.88 £ 0.2 27)
0.82 + 0.2 (48)

32.5 4 2.7 (69)
374 £+ 4.9 (35)
34.1 + 4.3 (104)

11.1 £ 1.7 (69)
9.2 + 3.0 (35)
10.5 &= 2.4 (104)

0.00 £ 0.0 (61)
0.20 + 0.4 (35)
0.07 £ 0.3 (96)

0.93 £ 0.1 (61)
0.72 £ 0.4 (35)
0.86 =+ 0.3 (96)

0.93 £ 0.1 (61)
0.91 £ 0.2 (35)
0.93 £ 0.1 (89)

0.00 £ 0.0 (42)
0.03 £ 0.2 (28)
0.01 <+ 0.1 (70)

0.98 £ 0.04 (42)
0.94 &+ 0.2 (28)
0.97 £ 0.1 (70)

0.98 £ 0.04 (42)
0.97 £ 0.1 (27)
0.98 + 0.05 (69)

48.0 & 8.6 (48)

7.4 £ 1.7 (55)

0.15 £ 0.4 (46)

0.72 £ 0.3 (45)

0.85 + 0.2 (38)

033 £0.5 2D

045 £ 04 (21)

0.68 £ 0.2 (14)

504 £ 3.7 (78)

104 £ 1.9 (77)

0.03 + 0.2 (71)

0.90 £ 0.2 (71)

0.93 £ 0.09 (69)

0.08 £ 0.3 (39)

0.82 £ 0.3 (39)

0.86 + 0.1 (36)

272 £5.1@37)

9.4 £ 1.7 (37)

0.11 + 0.3 (37)

0.83 £ 0.3 (37)

0.93 &+ 0.09 (33)

0.35 £ 0.5 (37)

0.75 £ 04 (31)

0.96 + 0.06 (24)

28.7 £ 3.8 (58)

11.6 &+ 1.2 (58)

0.00 & 0.0 (58)

0.94 + 0.08 (58)

0.94 £ 0.08 (58)

0.03 £ 0.2 (58)

0.93 £ 0.2 (58)

0.97 <+ 0.06 (56)

For laying dates, 0 = 1 March. Sample sizes are given in parentheses

separated and stored at —80 °C until analysis. The shells
were stored in individual tubes.

The carotenoids were extracted from the yolk of 60
Great Tit eggs and 58 Blue Tit eggs following Surai and
Speake (1998). First, the proteins were precipitated from
the homogenised yolks by vortexing them in 300 pl of
ethanol/water (2:1, vol:vol) for 5 min. Then, 500 pl of
hexane was added to extract the carotenoids. The solution
was vortexed for 5 min then centrifuged at 4 °C for 4 min
at 12,000 rpm. The supernatant was removed and trans-
ferred to a new tube. The extraction procedure was

@ Springer

repeated on the remaining residue to extract as many car-
otenoids as possible. The supernatants from the two
extractions were pooled, and the liquid was evaporated
under nitrogen gas in darkness so that only the residue of
the carotenoids remained. The carotenoids were then
resuspended in 120 pl of absolute ethanol and the optical
density of this solution was measured with a spectropho-
tometer at 450 nm to correspond to the peak absorbance of
carotenoids. The carotenoid concentration was assessed
from a standard curve of lutein, which was obtained by
serial dilution of an initial solution of lutein at 20 pg ml™"'
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Table 2 Breeding characteristics (mean & SD) of Blue Tits Cyanistes caeruleus in urban and forest habitats at two sites (Burgundy and
Franche-Comté) in 2012, and only in Burgundy in 2013 and 2014

Blue Tits

2012

2013

2014

Urban

Forest

Urban

Forest

Urban

Forest

First egg date
Burgundy
Franche-Comté
Both regions
Clutch size
Burgundy
Franche-Comté
Both regions
Clutch failure rate
Burgundy
Franche-Comté
Both regions
Hatching success
Burgundy
Franche-Comté
Both regions
Hatching rate
Burgundy
Franche-Comté
Both regions
Brood failure rate
Burgundy
Franche-Comté
Both regions
Survival until day
Burgundy
Franche-Comté
Both regions
Survival rate
Burgundy
Franche-Comté

Both regions

332 £53(32)
323 £3.2(39)
327 +£42 (1)

10.1 £ 1.9 (32)
11.3 £ 2.5 (39)
10.8 £ 2.3 (71)

0.03 + 0.2 (32)
0.15 + 0.4 (38)
0.10 £ 0.3 (70)

0.88 £ 0.2 (32)
0.76 £ 0.4 (38)
0.81 + 0.3 (70)

0.90 £ 0.1 (31)
0.91 £ 0.1 (32)
0.90 £ 0.1 (63)

0.21 £ 0.4 (29)
0.18 £ 0.4 (33)
0.19 + 0.4 (62)

0.63 = 0.4 (29)
0.69 £+ 0.4 (33)
0.66 = 0.4 (62)

0.80 £ 0.2 (23)
0.84 £ 0.2 27)
0.82 £ 0.2 (50)

32.2 £ 3.6 (50)
35.1 &£ 3.5 (80)
34.0 &+ 3.8 (130)

11.7 & 2.1 (48)
11.5 & 2.4 (80)
11.6 & 2.3 (128)

0.00 £+ 0.0 (41)
0.05 + 0.2 (80)
0.03 £ 0.2 (121)

0.92 £ 0.1 (41)
0.86 =+ 0.2 (80)
0.88 £ 0.2 (121)

0.92 £ 0.1 (41)
0.91 + 0.1 (76)
0.91 & 0.1 (117)

0.03 £ 0.2 (31)
0.00 £ 0.0 (76)
0.01 £ 0.1 (107)

0.95 + 0.2 (31)
0.98 + 0.1 (76)
0.97 + 0.1 (107)

0.98 =+ 0.05 (30)
0.98 + 0.1 (76)
0.98 + 0.1 (106)

48.3 £ 5.3 (50)

9.5 £2.2(50)

0.83 +£ 0.2 (42)

0.17 £ 0.4 41)

0.64 £+ 0.4 (40)

0.77 £ 0.3 (33)

49.0 £ 5.6 (42)

10.9 £ 2.1 (40)

0.87 0.2 (38)

0.09 £ 0.3 (33)

0.89 £+ 0.3 (32)

0.98 + 0.06 (29)

29.6 &£ 5.9 (20)

10.6 &= 1.9 (20)

0.85 £ 0.2 (20)

0.15 £ 0.4 (20)

0.85 + 0.3 (19)

0.96 £ 0.07 (17)

27.4 & 4.7 (19)

12.1 £ 1.5 (19)

0.93 &+ 0.06 (19)

0.00 £ 0.0 (19)

0.99 £ 0.03 (19)

0.99 £ 0.03 (19)

For laying dates, 0 = 1 March. Sample sizes are given in parentheses

diluted seven times to 0 pg ml~'. This technique provided
reliable assessments comparable with an HPLC analysis
(Alonso-Alvarez et al. 2004).

The shell thicknesses of 58 Great Tit eggs and 36 eggs
Blue Tit were measured using a scanning electron micro-
scope (Hitachi TM-1000). For each egg, three or four small
freshly broken fragments of shell (roughly 0.2 x 0.5 cm)
were fixed in gum, and two fragments in which the edge was
clearly visible were chosen for the measurements. Five
measurements of shell thickness were recorded for each
fragment. Thirty-six randomly-selected eggs were

remeasured using this technique, and the intra-fragment and
inter-fragment variation were 3.2 and 4.2 %, respectively.

Statistical analyses

The analyses were performed separately for the two species
of tits and for the 3 years of study in Burgundy.

The variation in first egg date, clutch size, and incuba-
tion period were analysed with generalised linear models
(GLMs) with Poisson error distributions (Zuur et al. 2009).
The first egg date was standardised as the number of days

@ Springer
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between the first egg laying date and 1 March. GLMs with
binomial distributions and logit link functions were used
for hatching success and hatching rate, as well as survival
until D13 and survival rate (Warton and Hui 2011). Models
included habitat (urban vs. forest), regions for 2012 data
(Burgundy vs. Franche-Comté) and the habitat:region
interaction for 2012 data. For clutch failure rate and brood
failure rate, the interaction between habitat and region was
not considered because probabilities reached 0 % in one of
the forest sites (Tables 1, 2). For incubation time, hatching
success, hatching rate, and clutch failure rate, as well as
survival until D13, survival rate and brood failure rate, the
first egg date was added as a covariate (Cresswell and
McCleery 2003; Blondel 2007). Because overdispersion
was detected, the standard errors were corrected using a
quasi-GLM model (Zuur et al. 2009).

The differences in egg mass, yolk carotenoids and
eggshell thickness between habitats in Burgundy (2012
data only) were analysed with linear models (LMs). First
egg date, clutch size, and egg mass were included as
covariates for yolk carotenoids and eggshell thickness
analyses to avoid collinearity among variables (Isaksson
et al. 2008). First egg date and clutch size were included as
covariates for egg mass analyses (Isaksson et al. 2008). To
achieve normality, yolk carotenoid concentrations in Great
Tit eggs, and yolk carotenoid concentrations, egg mass and
eggshell thicknesses for Blue Tit eggs were log-
transformed.

In Burgundy, the habitat effect on nestling growth,
nestling mass at DI, and body condition at D13 was
analysed with linear mixed models (LMM:s) that controlled
for a brood effect as a random factor. First egg date and
brood size were included in the analyses as covariates.
Because only three measurements were available to mon-
itor nestling growth (D1, D7 and D13), growth was
assumed to be linear. According to the historical data of
van Balen (1973), growth is actually weakly sigmoidal.
However, our measurements took place during the rapid
phase of nestling growth that shows quite a linear profile
(from 2 days post-hatching to 15 days post-hatching). The
nestling age was defined as a fixed effect and nestling
identity was nested in brood as a random factor to take
account for the non-independence of the measurements
within a brood (one nestling was measured three times
during growth). Only the chicks that were measured at each
age were included in the analyses of growth. The residuals
of the linear regression between log-transformed body
mass and tarsus length were used for a global estimation of
body condition at D13 in Burgundy. Sample sizes for BC
condition analysis were generally higher than for growth
because additional broods and nestlings for which we have
only D13 data were added in both species (Table 6). For
LMMs as for LMs models, we have plotted residuals
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against fitted value to identify violation of homogeneity
following the recommendation from Zuur et al. (2009). We
did not observe any violation of homogeneity for all of our
models.

Each analysis was performed using the full model with
software R v.3.15.1 (R Development Core Team, Vienna,
2014). Statistical significance was set at p < 0.05 for all
results. The models containing a random factor were
analysed with the package lme4 (Bates 2010) and the
pbkrtest package for the estimation of degrees of freedom
for GLMMs (Kenward and Roger 1997). If not significant,
interactions were removed from the models to gain in
statistical power. Variables (habitat and region) and
covariates (first egg date, clutch size, egg mass and brood
size) of interest for our investigations were kept in the
models, even if they were not significant (Tables 3, 4, 5, 6).

Results
Reproductive parameters

In Great as well as in Blue Tits, first egg date did not differ
between the two habitats in 2013 and in 2014, but there
was a significant interaction between habitat and region in
2012 with females laying later in the forest of Franche-
Comté in both species (Tables 1, 2, 3).

In 2012, urban Great Tits in Burgundy laid approxi-
mately 3 eggs less than their counterparts in the forest,
while no difference was observed in Franche-Comté as
shown by a significant interaction between habitat and
region (Tables 1, 3). The difference in clutch size was still
observed in Burgundy in 2013 and 2014 for this species
(Tables 1, 3). In 2012, there was a global effect of habitat
on Blue Tit clutch size with urban females laying on
average 0.8 less eggs than forest ones when grouping data
from the two regions (Tables 2, 4). In addition, Blue Tit
clutch sizes were larger in Franche-Comté than in Bur-
gundy (Tables 2, 4). In Burgundy, urban Blue Tits also laid
less eggs than forest ones in 2013 and 2014, but did not
appear significant in 2014 (Tables 2, 4). Finally, incubation
period in 2012 was significantly longer in urban areas for
Blue Tits (mean £ SE: urban: 14.7 days + 3.6; forest:
13.1 days &+ 2.0; GLM analysis:  + SE = 0.11 & 0.04,
Fi183 = 6.7, p <0.01), and Great Tits showed the same
pattern with a difference close to significance (urban:
14.1 days + 2.1; forest: 13.0 days £ 1.9; GLM analysis:
fp + SE = 0.08 £ 0.05, F1 155 = 3.2, p = 0.07).

In 2012, Great Tits hatching success was 10 % lower
and clutch failure rate was 6 % higher in cities than in
forests, but hatching rates did not differ between habitats
despite a strong tendency (Tables 1, 3). Additionally,
clutch failure rate was positively associated with first egg
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Table 3 Results of generalised linear models analysis of variation in reproductive parameters among Great Tits in urban and forest habitats at
two sites (Burgundy and France-Comté) in 2012, and only in Burgundy in 2013 and 2014

2012 2013 2014
p SE Fy P p SE Fy p p SE Fy P

First egg date

Habitat —0.01 0.04 891172 0.67 —-0.05 0.03 3.51.124 0.06 —0.05 0.04 19103 0.17

Region 0.1 0.03 8.81.172 <0.001 - - - - - - - -

Habitat:region  —0.1 0.05 7.51172 <0.01 - - - - - - - -
Clutch size

Habitat -03 0.07 1395170 <0.001 -0.3 0.06  30.8; 124 <0.001 -0.2 0.06 9.61.93 <0.01

Region -0.2 0.07 1.91.170 <0.01 - - - - - - - -

Habitat:region 0.3 0.1 8.21.170 <0.01 - - - - - - - -
Clutch failure rate

Habitat 1.4 0.7 481163 0.03 1.7 0.8 6.21114 0.02 1.8 0.2 79192 <0.01

Region 0.2 0.7 0.08 163 0.77 - - - - - - - -

First egg date 0.3 0.07  33.61.163 <0.001 0.04 0.04 0.81114 0.37 0.03 0.1 0.1,92 0.74
Hatching success

Habitat —-1.2 0.3 17.84 161 <0.001 -1.3 0.3 14.4; 113 <0.001 -1.3 0.4 10.71.02 <0.01

Region -0.2 0.3 0.51.161 0.50 - - - - - - - -

First egg date —0.1 0.03 20316 <0.001 —-0.03 0.02 1.41 113 0.23 —0.02 0.04 0.32; 92 0.57
Hatching rate

Habitat —0.6 0.3 3.71.145 0.05 —-0.8 0.2 10.31 104 <0.01 -0.2 0.3 0.35; 88 0.54

Region —-0.3 0.3 1.31.145 0.25 - - - - - - - -

First egg date —0.005 0.04 0.02) 145 0.89 —0.02 0.02 0.89 104 0.33 —0.006  0.03 0.03; g3 0.86
Brood failure rate

Habitat 32 1.1 17.44 129 <0.01 1.7 0.8 4.8, 57 0.04 2.3 1.0 7.4, 56 0.02

Region -0.6 0.6 1.01.129 0.32 - - - - - - - -

First egg date 0.04 0.06 0.31.129 0.57 —-0.02 0.06 02,57 0.69 0.1 0.09 2.9, 56 0.12
Survival until D13

Habitat -33 0.7 41.64 127 <0.001 -—-1.5 0.5 9.1, 57 <0.01 -19 0.6 9.81.86 <0.01

Region 1.0 0.5 491127 0.03 - - - - - - -

First egg date 0.02 0.05 0.2y,127 0.63 0.05 0.05 1.3157 0.31 —0.1 0.06 4.61 36 0.05
Survival rate

Habitat -2.6 0.5 299116 <0.001 —-0.8 04 39147 0.05 —0.09 0.5 0.024 76 0.87

Region 1.0 0.4 491116 0.03 - - - - - - - -

First egg date 0.03 0.06 031116 0.61 0.1 0.06 8.5147 0.02 0.006  0.06 0.01, 76 0.92

Bold values indicate a significant effect of the corresponding factor in the left column

date, and hatching success was negatively associated with
first egg date: late clutches were less prone to hatch
(Table 3). In 2013 and 2014, hatching success was also
lower (18 and 11 %, respectively) and clutch failure rate
was higher (12 and 11 %, respectively) in the urban area
than in forest in Burgundy (Tables 1, 3). Hatching rate of
Great Tits was significantly lower in Dijon in 2013 (8 %),
but did not differ between habitats in 2014 (Tables 1, 3). In
2012, Blue Tits also had a lower hatching success (7 %)
and a higher clutch failure rate (7 %) in urban sites, with
higher values in Franche-Comté than in Burgundy
(Tables 2, 4). For this species, hatching rate did not differ

between urban and forest habitats during the 3 years
(Tables 2, 4).

In 2012, Great Tit nestlings had 34 % lower survival
until D13 and 16 % lower survival rate in cities, where, in
addition, brood failure rate was 21 % higher than in
forests, when grouping data from the two regions
(Tables 1, 3). In addition, survival until D13 and survival
rate were higher in Franche-Comté than in Burgundy
(Tables 1, 3). In 2013 and 2014, survival until D13 was
also lower (37 and 18 %, respectively) and brood failure
rate was higher (25 and 32 %, respectively) in the urban
area than in the forest in Burgundy. Survival rate of Great
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Table 4 Results of generalised linear models analysis of variation in reproductive parameters among Blue Tits in urban and forest habitats at
two sites (Burgundy and France-Comté) in 2012, and only in Burgundy in 2013 and 2014

2012 2013 2014
p SE Fy P p SE Fy P p SE Fyr p

First egg date

Habitat 0.03 0.04 1.31.197 0.41 —0.01 0.03 0.26, 90 0.61 0.08 0.06 1.8;37 0.18

Region 0.1 0.03 331197 <0.01 - - - - - - - -

Habiat:region —0.1 0.05 491197 0.03 - - - - - - - -
Clutch size

Habitat —-0.07 0.07 1391170 <0.001 —-0.1 0.07 4.2 g8 0.04 —0.1 0.09 19,37 0.16

Region 0.03  0.07 191170 <0.01 - - - - - - - -
Clutch failure rate

Habitat 14 0.7 4.61.188 0.03 - - - - - - - -

Region 2.1 1.1 6.2y 188 0.01 - - - - - - - -

First egg date 0.02  0.09 0.08; 188 0.78 - - - - - - - -
Hatching success

Habitat -0.7 0.3 591186 0.01 - - - - - - - -

Region -0.5 0.3 331186 0.08 - - - - - - - -

First egg date —0.01 0.04 0.041 186 0.83 - - - - - - - -
Hatching rate

Habitat —0.1 0.2 0.31.176 0.56 —-0.3 0.3 1.24, 77 0.28 —0.6 0.5 1.6136 0.20

Region —0.1 0.2 0.31.176 0.59 - - - - - - - -

First egg date ~ —0.01 0.03 0.21176 0.66 0.009  0.03 0.07, 77 0.79 —-0.02 005 03,3 0.58
Brood failure rate

Habitat 35 1.1 19.4 165 <0.01 0.7 0.7 09,71 0.35 1.9 0.4 39136 0.05

Region —0.1 0.7 0.024 165 0.88 - - - - - - - -

First egg date 0.2 0.07 6.41 165 0.01 —0.03 0.07 0.2;71 0.68 0.02 0.1 0.005,36 0.82
Survival until D13

Habitat —-2.8 0.4 57.31 164 <0.001 -1.6 0.6 8.61.60 <0.01 —2.7 1.5 5.7 35 0.09

Region 0.5 0.3 1.71 164 0.20 - - - - - - - -

First egg date  —0.1 0.04 4.71 164 0.03 0.02 0.06 0.2y 60 0.68 —-0.02 007 0.07,3s 0.80
Survival rate

Habitat 24 0.5 34.11 51 <0.001 3.1 0.8 28.9; 59 <0.001 -1.5 0.8 4.0133 0.08

Region 0.1 0.4 0.1y 151 0.71 - - - - - - - -

First egg date 0.04  0.06 0.4.151 0.52 0.08 0.06 2.1y50 0.18 0.02 0.06 0.09,33 0.76

Bold values indicate a significant effect of the corresponding factor in the left column

Tit nestlings was also 18 % lower in city in 2013 despite
the difference was not significant, but did not differ in
2014 (Tables 1, 3). In Blue Tits, survival until D13 and
survival rate were lower for urban nestlings than for forest
ones in 2012 (31 and 16 %, respectively) when grouping
data from the two regions (Tables 2, 4). In 2013, the same
difference between habitats was observed for these two
variables in Burgundy (25 and 21 %, respectively), while
2014 data showed a strong but not significant tendency
(Tables 2, 4). In 2012, Blue Tit brood failure rate was
18 % higher in cities. In addition, brood failure rate was
positively and fledging success negatively associated with
first egg date: nestlings from late-initiated clutches were
less prone to survive (Table 4). In Burgundy, data from
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2013 to 2014 showed that Blue Tit brood failure rate was
not significantly higher in urban habitat, despite a very
strong tendency in 2014.

Egg quality

Egg weight and yolk carotenoid concentrations did not differ
between habitats in Great Tits, whereas eggs of forest Blue
Tits were on average lighter and contained fewer carotenoids
(Fig. 1a, b). In Blue Tits, yolk carotenoid concentrations
increased with egg mass (Table 5). Shell thickness did not
differ between habitats in Great Tits (mean & SD; forest:
43.62 um =+ 3.80 and urban: 43.90 pm + 3.81) and Blue
Tits (mean = SD; forest: 39.47 um =+ 3.82 and urban:
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Table 5 Results of linear model analysis of variation in egg quality among Great and Blue Tits in urban and forest habitats in Burgundy (year

2012)
Great Tits Blue Tits
p SE Fy P n p SE Fy P n
Egg mass 98 72
Habitat 10.8 41.0 0.07, 05 0.79 0.07 0.03 4.9 60 0.03
Clutch size 14 8.9 0.02 95 0.88 0.002 0.007 0.1y 60 0.75
First egg date —1.2 4.2 0.08, 95 0.78 —0.004 0.004 0.9 60 0.34
Yolk carotenoid level 59 53
Habitat 0.1 0.2 0.3155 0.60 0.4 0.2 4.2 49 0.04
Egg mass 4104 7.10-4 0.3;55 0.59 0.002 6.10-4 7.11 40 0.01
Clutch size 0.03 0.06 0.3;55 0.58 0.008 0.04 0.03; 49 0.86
First egg date 0.04 0.02 37155 0.06 0.006 0.02 0.08; 49 0.77
Eggshell thickness 53 51
Habitat 0.1 1.3 0.006 49 0.94 0.004 0.03 0.02 47 0.90
Egg mass 0.01 0.003 1591 40 <0.001 3104 1104 5.01.47 0.03
Clutch size —0.1 0.3 0.09 49 0.76 0.01 0.009 1.1y 47 0.30
First egg date -0.3 0.1 6.4 49 0.01 0.002 0.004 0.31.47 0.59

Bold values indicate a significant effect of the corresponding factor in the left column

40.30 um =+ 4.75), but was positively associated with egg
mass (Table 5).

Growth

In 2012, Great Tit nestlings from the forest were heavier at
D1 than those from Dijon (LMM analysis:
p £ SE=-045=+0.13, Fi54 = 1229, p<0.0l),
whereas egg mass did not differ between the two sites (see
above) (Fig. 1c). For Blue Tits, the nestling mass at D1 was
not significantly different between the two habitats (LMM
analysis: f £ SE = 0.08 & 0.08, F 3715 = 0.85, p = 0.36)
(Fig. 1c), while eggs were heavier in Dijon (Fig. 1a). At D1,
Great Tit nestlings from early clutches were the heaviest
(LMM analysis: # & SE = —0.04 & 0.01, F;53,5 = 6.69,
p = 0.02). Additionally, 13-day-old nestlings of both species
showed a higher body condition in the forest than in the city
during the 3 years of the study (Table 6; Fig. 2). In Blue Tits,
the nestling body condition was negatively affected by brood
size, and the nestlings from early clutches were in better
condition (Table 6). Interestingly, the highly significant
interaction between age and habitat showed that growth of Tit
nestlings was significantly lower in the urban site of Bur-
gundy than in the forest site (Table 6; Fig. 3).

Discussion
Our results show that several components of reproductive

success in Great and Blue Tits are reduced in urban habitats
compared to forests. In urban sites, breeding success was

lower, with, in most cases, smaller clutch sizes, higher clutch
and higher brood failure rates and lower nestling survival
rates. Additionally, growth rate and nestling body condition
in the period leading up to fledging were all reduced in urban
birds, with potential adverse consequences for fitness. The
general picture that emerges from our findings is a negative
effect of urban habitat on reproduction.

A reduced clutch size is perhaps the most commonly
reported negative effect of urbanization upon bird repro-
ductive success (Chamberlain et al. 2009). Among species
that evolved in forests, females laid fewer eggs in towns
than in control wooded areas (Grégoire 2003; Mennechez
and Clergeau 2006; Chamberlain et al. 2009). This pattern
has been reported from several previous studies of tits with
urban birds laying clutches that were 10-20 % smaller than
forest birds, as reported in our study (Horak 1993; Horak
et al. 2000, 2002; Solonen 2001; Marciniak et al. 2007).
Females are known to reduce clutch size according to their
own body condition and/or in response to local constraints
(Both and Visser 2003; Marzal et al. 2005; Fontaine and
Martin 2006). Because cities are described as providing
fewer adequate resources than forests and are characterised
by several anthropogenic alterations, such as noise, artifi-
cial light and contaminant circulation, the urban environ-
ment could exert strong constraints on bird reproduction
(Peach et al. 2008; Dominoni et al. 2013). Under these
circumstances, females might optimise their fitness by
laying fewer eggs but then increasing the amount of
resources they devote to those eggs and the subsequent
nestlings in order to increase their survival prospects (Krist
2011). In our case study, Blue Tits might have adopted this

@ Springer
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strategy because egg mass and carotenoid content were
higher in urban habitats while body mass of females Blue
Tits did not differ between urban and forest habitats
[mean + SD; forest: 11.2 £04 g (rn = 38); urban:
11.0 £ 0.7 g (n = 36), detailed data not shown here].
However, Great Tit eggs did not differ between habitats.
An alternative interpretation was that the females laid
fewer eggs to conserve energy and resources for a second
nesting attempt (Farnsworth et al. 2001; Parejo and Dan-
chin 2006; Verhulst and Nilsson 2008). This strategy might
increase breeding success, particularly if the risk of nest
failure was high (Faivre et al. 2001; Weggler 2006; Lam-
brechts et al. 2008). Kalinski et al. (2009) observed that
pairs of Great Tits in urban areas were more likely to ini-
tiate a second brood (50 % against 15 % in forest), as
observed in other species, such as the Blackbird Turdus

merula (Grégoire 2003; Luniak 2004; Chamberlain et al.
2009). In our study, Tits in urban habitats had most of their
investment in first clutches exposed to a higher complete
failure risk and a higher nestling mortality rate than in
forests. This is also consistent with studies that found that
Great Tits nesting in stressful conditions (e.g. inclement
weather with low temperatures and heavy rainfall, or low
abundance of food) were more likely to desert their first
attempt in order to renest (Horak et al. 1999; Ouyang et al.
2012). This strategy could improve breeding success if
adults find alternative resources later in the season (for
instance, in the herb layer) as it is well known that prey
availability is seasonally highly variable (Marciniak et al.
2007; Arnold et al. 2010). In the framework of our 3-year
project, second broods were also monitored in Burgundy in
2014. Lower breeding success was still observed in the
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Fig. 2 Nestling body condition (mean £ SE) of a Great Tit, and
b Blue Tit nestlings from forest (black boxes) and urban (grey boxes)
habitats in 2012, 2013 and 2014. Asterisk indicates significant
difference

urban habitat (unpublished data). Therefore, second broods
did not compensate for the overall difference of breeding
success between habitats.

Maternal allocation to eggs is also a key element that
determines fitness. Indeed, in several bird species (re-
viewed by Krist 2011), including the Great Tit (Marri and
Richner 2014), nestling growth and survival were strongly
related to egg quality, with delayed effects, even after
rearing. Eggshell thickness, yolk carotenoids and egg mass
are three characteristics that indicate female qualitative and
quantitative investment in the early steps of reproduction,
and several works have shown that egg mass and car-
otenoids positively affected the development of nestlings
(Styrsky et al. 1999; Koutsos et al. 2003; Marri and
Richner 2014). Because birds cannot synthesise car-
otenoids or store calcium in the long term, the quality of
their eggs depends on their ability to acquire them from the
local environment (Graveland and Berends 1997; Biard
et al. 2005; Hargitai et al. 2006). Additionally, females may
modulate yolk carotenoid deposition into their eggs
according to laying sequence (Horak et al. 2002; Saino
et al. 2002), habitat (Horak et al. 2002; Eising et al. 2008;
Safran et al. 2010), and their own condition (Blount et al.
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2000; Christians 2002). In our case study, our results did
not indicate any negative effects of urban habitat on egg
quality, in accordance with recent findings on Great and
Blue Tits (Isaksson et al. 2008; Banbura et al. 2010).
Furthermore, the urban Blue Tits laid larger and more
carotenoid-rich eggs, which suggested that they were not
constrained to invest crucial resources in eggs. Urban tits
may not benefit from laying eggs of better (Blue Tit) or
similar (Great Tit) quality than in the forest because they
produced similar (Blue Tit) or lighter (Great Tit) nestlings
at D1, which suggested a slower embryonic development in
both species. Obviously, other aspects of egg quality, such
as hormone concentrations (Groothuis and Schwabl 2008),
temperature or incubation period (Nilsson et al. 2008), are
known to affect embryo development with consequences
for nestling phenotypes. Here, we observed a longer
incubation period in urban habitats for Blue Tits and a
strong similar tendency for Great Tits. Temporary disrup-
tion of incubation temperature and slowed incubation with
delayed hatching might have compromised embryo devel-
opment in both species and hatching success in Great Tits
(Monrés et al. 1998; Naef-Daenzer et al. 2004). Factors
that interrupted incubation (e.g. human disturbance and
longer foraging activities of females) remain to be deter-
mined for further interpretation. Delayed initiation of
incubation after clutch completion might have also altered
embryo development without an increase of incubation
period per se. Finally, nestling mass at D1 might better
reflect the early stage of post-hatching growth rather than
embryonic development, with faster early growth in forests
than in towns. The assessment of mass at hatching would
provide a definitive answer but is difficult to obtain because
all eggs do not hatch exactly at the same time. However,
because yolk residuals serve as an important energy and
nutrient source for hatchlings during the early stage of their
life (Starck and Ricklefs 1998), the contribution of food
delivered by parents to early growth was probably less
crucial than later in the nestling life.

A higher nestling mortality also contributed to the
poorer reproductive performance of urban Tits we observed
here. The complete brood failure and brood reduction that
we observed are in agreement with previous findings on
other urban birds (Chamberlain et al. 2009), including Tits
(Horak 1993; Solonen 2001; Kalinski et al. 2009). In our
case study, this may be a consequence of the reduced D1
weights in urban Great Tits, as nestling weight in early life
could affect the probability of survival until fledging
(Cleasby et al. 2010). Other crucial ecological factors
might also explain the observed contrast, and parasitism
and/or food availability deserve attention (Martin 1987).
Ectoparasites such as the hen flea (Siphonaptera: Cerato-
phyllidae) and blowfly larvae (Diptera: Calliphoridae) are
known to strongly affect survival in young Tits (Richner
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et al. 1993; Eeva et al. 1994; Blondel 2007). Our obser-
vations did not support a role for ectoparasites because we
did not detect any during our handling of the chicks. Food
availability is more likely because the density and size of
deciduous trees, which support caterpillars, were low in
towns. Caterpillars are an essential component of breeding
Tit diet. Caterpillar-poor habitats are known to constrain
nestling condition and ultimately breeding success (Visser
et al. 2006; Blondel 2007), and a long-term study in Poland
found a lower density of caterpillars in urban parks than in
the nearby forest (Marciniak et al. 2007; Kalinski et al.
2009). Moreover, studies on essential nutrients, such as
carotenoids, also found lower carotenoid concentration in
urban caterpillars during the breeding season (Isaksson and
Andersson 2007; Isaksson 2009).

The reduced nestling growth that we observed in both
species and in both years is another illustration of the
constraints exerted by the urban habitat. To our knowledge,
our study and that of Richner (1989) in nestling Carrion
Crows (Corvus corone) are the only ones that compared
growth between urban and rural habitats during the nestling
stage. Our results were also consistent with those of
Kalinski et al. (2009) who described a lower pre-fledging
body condition in urban Great Tits compared with birds
from woodlands. Food limitation was again a relevant
interpretation for the reduced growth that we observed here
(Schew and Ricklefs 1998).

These results may lead to the addressing of interesting
issues on population status. Indeed, the reduced breeding
success in towns suggests that urban populations may
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represent sinks that could be sustained by immigration
from forests surrounding the cities. Molecular analyses
over several pairs of urban and forest sites distributed
across species ranges will be required to elucidate this
question. Because urban habitats may be attractive espe-
cially during winter (by offering additional resources and
warm temperatures), we may also hypothesise that towns
are ecological traps. In this case, individuals chose inferior
habitat to breed (i.e. cities) preferentially over what is
actually superior habitat (i.e. forests), and performed badly
(Battin 2007). Again, molecular approaches in combination
with site fidelity within and between years could be helpful
to investigate this issue (Stracey and Robinson 2011).

Overall, we demonstrated the negative effects of
urbanization on the reproductive success components of
forest birds, and our results were globally consistent
between years, species and geographic areas for these
effects. Further work, such as experimental feeding, would
be required to determine the mechanisms of the negative
effects of urbanisation on the reproduction of free-ranging
bird populations.
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