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Abstract

1. Urban environments present novel ecological challenges to wild species. In birds,
urban populations generally exhibit reduced clutch sizes compared to forest pop-
ulations. However, whether smaller urban clutches are adaptive or a result of en-
vironmental constraints is unclear.

2. To investigate these two hypotheses, we quantified the ability of urban and non-
urban blue tits (Cyanistes caeruleus) to lay new eggs after an experimental ma-
nipulation aimed to increase egg production. We removed the first four eggs laid
by urban and forest birds to test their ability to produce new eggs. If the urban
environment imposes constraints on egg production, we predicted that urban
birds would not lay new eggs. If the small clutches of urban birds are an adaptive
response, we predicted they would lay new eggs to reach the optimal clutch size
for the environment.

3. Consistent with the environmental constraint hypothesis, our results suggest that
urban females do not lay new eggs to the same extent as forest birds following
egg removal. Forest birds laid approximately two new eggs after our experimental
manipulation, while urban birds laid approximately 0.36 new eggs following egg
removal.

4. Our manipulation resulted in a brood reduction in the urban experimental nests,
yet there was no difference in the number of fledged offspring between urban
control and experimental nests. This suggests that females might be misjudging
urban habitat quality and produce a clutch with more eggs than nestlings they can
rear.

5. Overall, our results suggest that environmental constraints could limit the num-
ber of eggs that urban females lay, generating urban versus non-urban differ-
ences in this trait.
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1 | INTRODUCTION

Urban land coverage is expanding globally and is projected to amount
to 1.6 million km? by 2100 (Gao & O'Neill, 2020; Liu et al., 2018).
Urban environments have a distinct set of ecological features,
characterised by increased ambient temperatures (Kim, 1992), a
high abundance of non-native species (McKinney, 2008), increased
habitat fragmentation (Van Bohemen, 1998), increased pollution
(Dorado-Correa et al., 2016; Isaksson, 2018) and changes in the
quality and availability of food (Fehlmann et al., 2021; Fenoglio
et al., 2021; Jensen et al., 2022). Urban environmental conditions
create novel ecological pressures to which species might not be
well adapted, potentially compromising the persistence of wildlife
globally. Understanding the mechanisms behind biological changes
associated with urbanisation is crucial to determine the current
and future impact of urbanisation on population dynamics and
biodiversity.

In birds, recent meta-analyses suggest that among the pheno-
typic changes that occur in urban habitats, reductions in reproduc-
tive investment (e.g. clutch size) are pervasive and taxonomically
widespread (Capilla-Lasheras et al., 2022; Chamberlain et al., 2009;
Sepp et al., 2018). For example, in great tits (Parus major) and blue
tits (Cyanistes caeruleus), the clutch sizes of urban breeding birds
tend to be 10%-20% smaller than those nesting in non-urban hab-
itats (Branston et al., 2021; Gladalski et al., 2017). However, the
explanation for these differences in reproductive investment re-
mains unclear; the small clutches of urban birds might represent a
constraint imposed upon females by the urban environment when
laying or reflect an adaptation to urban living.

Urban environments could impose constraints on birds during
egg production, limiting the female's ability to invest in a larger
clutch. In this scenario, the clutch size birds produce would be
constrained by the quality and quantity of available resources
(constraint hypothesis; Mand et al., 2007). Egg production is meta-
bolically demanding, with the energy required for egg-laying ranging
between 13% and 41% above the basal metabolic rate in passerines
(Carey, 1996). In small passerines that produce large clutches, the
resources required for egg production far exceed what females
can store endogenously (Meijer & Drent, 1999; Perrins, 1996).
Therefore, birds need to source the energy and nutrients for egg
formation (including proteins, antioxidants, omega-3 polyunsatu-
rated fatty acids and calcium), from their daily diet when laying, with
invertebrates (e.g. spiders, caterpillars) being the most nutrient-rich
food items (Andersson et al., 2015; Biard et al., 2005; Graveland &
Drent, 1997). Habitat fragmentation, non-native plant species, pol-
lution and increased pesticide use in urban areas reduce the qual-
ity and quantity of invertebrate prey (Fenoglio et al., 2021; Jensen
et al.,, 2022). Urban birds may attempt to compensate for the re-
duced availability of invertebrates by exploiting the abundant and
predictable human-provisioned food from refuse and bird feeders
(Jarrett et al., 2020). However, anthropogenic food, despite being
energy-rich, is nutritionally poor and contains limited proteins, anti-
oxidants and omega-3 polyunsaturated fatty acids (Isaksson, 2018;

Toledo et al., 2016). Thus, if nutrient-constrained, urban birds may
be laying as many eggs as they can produce given the low quality
or quantity of resources in the urban environment. Under the con-
straint hypothesis, the smaller clutch size of urban birds compared
to non-urban birds would be a result of an environmental limitation.

Alternatively, the small clutches of urban birds may be an adap-
tive response to urban living (i.e. genetic change in response to
selection). In this scenario, rather than being constrained by the
available resources when laying, the smaller clutch sizes of urban
birds would be the result of selection, with any deviation from this
observed clutch size resulting in fewer offspring being recruited into
the population (adaptive hypothesis; Lack, 1947, 1954). Previous
research reveals that urban birds have smaller broods and fledge
fewer offspring than their forest counterparts (Capilla-Lasheras
etal., 2022; Chamberlain et al., 2009). Urban birds may be producing
small clutches as an adaptive response, laying fewer eggs to match
the smaller number of young that they can adequately provision and
rear to independence in the urban habitat (Senar et al., 2021). Small
clutch sizes could allow urban parents to invest more resources into
fewer nestlings, reducing sibling competition and thereby maximis-
ing the number of offspring recruited (Sepp et al., 2018).

Previous studies have undertaken egg removal experiments
to understand the sources of variation in clutch size (Mand
et al., 2007; Monaghan & Nager, 1997; Nager et al., 2001; Visser &
Lessells, 2001). In the absence of environmental constraints, females
lay new eggs following egg removal to keep as close as possible to
the optimal clutch size for the habitat (Haywood, 1993b; Monaghan
& Nager, 1997). If egg production is environmentally constrained
during laying, then females produce fewer or no new eggs following
the egg removal manipulation; when new eggs are produced, their
size may be reduced (Mand et al., 2007; Visser & Lessells, 2001).

Here, we investigate whether differences in clutch size between
an urban and a non-urban population of blue tits are explained by
environmental constraints or whether they represent an adaptive
strategy. Blue tits are a cavity-nesting forest species but have readily
colonised urban environments (Stenning, 2018). Due to their prev-
alence in urban areas, willingness to use nest boxes and ability to
tolerate human disturbance, blue tits are an ideal study system for
investigating how urbanisation influences reproductive decisions. If
not environmentally constrained, blue tits lay one new egg in re-
sponse to the removal of the first two laid eggs (Haywood, 19933;
Stenning, 2018). Thus, the number of eggs that females produce can
be experimentally manipulated by removing eggs from the clutch be-
fore the female initiates incubation.

During one breeding season, we removed the first four eggs laid
in urban and non-urban blue tit nests and observed how this manip-
ulation affected the total number and size of eggs laid. Subsequently,
we examined how egg removal influenced offspring quality at hatch-
ing and nestling survival to fledging. If differences in clutch size
between habitats are caused by environmental constraints on egg
production, we predict that, following the egg removal manipu-
lation, urban females should lay fewer, or smaller, eggs than non-
urban females (as environmental constraints could also be reflected
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in egg size). If this was the case, we predict that nestling survival to
fledging should be higher in experimental nests than in control nests
because the resulting reduction in brood size should lead to lower
intra-brood competition (Nicolaus et al., 2009). If egg production in
urban females is not constrained by the environment (and, possibly,
reflects an adaptation to urban conditions), we predict that urban
and non-urban females should lay a similar number of new eggs of
equal size following the egg removal manipulation. We would also
predict no difference in hatchling body mass, nestling survival to
fledging and nestling body mass between treatment groups.

2 | METHODS
2.1 | Study populations

We monitored one urban and one non-urban nest box population
of blue tits in Scotland from 1st April to 30th June (woodcrete
nest box: 260Hx170W x 180D mm, hole diameter: 32mm). The
urban population resides in a city park in Glasgow (Kelvingrove
Park, coordinates=[55.869, -4.2851]) and contains open land, trees
and small shrubs, with 40% of the tree species being non-native
(Table S1). The non-urban (‘forest’ hereafter) population resides in
an ancient native oak woodland 40km north of Glasgow (Scottish
Centre for Ecology and the Natural Environment (SCENE), coordi-
nates=[56.129, -4.6145]). The dominant tree species at SCENE
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are native broadleaved trees, with only 2% of the trees comprising
non-native species (Table S1; Capilla-Lasheras et al., 2017; Pollock
etal., 2017).

2.2 | Experimental design

From 1 April 2022, we visited nest-boxes twice weekly to moni-
tor nest-building activity. We increased the frequency of visits to
every twodays once the blue tits started lining the nest-cup to
ensure we accurately recorded the first egg laying date. We vis-
ited nests after 11:00 to ensure sufficient time for the blue tit
to lay (in passerines, most egg-laying occurs shortly after sun-
rise; McMaster et al., 2004). Within the same habitat, once a new
clutch was detected, it was alternatively assigned to the control or
experimental group, following a 1:1 ratio to reduce any difference
in phenology between treatment groups. For nests included in the
study, we found no difference in the first egg laying date between
treatment groups (;(zdf=1=0.118, p=0.732). Once a new egg was
found, we marked them using a non-soluble marker pen, with a
number corresponding to the eggs position in the laying sequence.
We photographed every egg (used to calculate egg volume; de-
tails below) in both control and experimental nests. Control nests
had no eggs removed, with the photographing and marking of
eggs being the only time we disturbed control females during egg

production (Figure 1). In experimental nests, we removed the first

After the first four eggs laid were
removed, photographed and RETURNED
all remaining eggs to the nest

Photographed all remaining
eggs until clutch completed

Photographed all eggs until
clutch completed

FIGURE 1 Overview of experimental design, showing the procedure for each treatment group. The first four eggs were photographed,
marked and removed from experimental egg removal nests on the day they were laid. After the first four eggs laid were removed, we
photographed and returned all remaining eggs to the nest. No eggs were removed from control nests, with eggs only being handled when

photographed and marked.

85U8017 SUOWILLOD 3A 181D 3ot [dde 8Ly Aq peussnob afe se e YO ‘8sn JO s3I 10} ARIq1T 8UIUQ 48]/ UO (SUOIPUOD-PUR-SWB) D" A3 1M ARe1q U1 [UO//SANL) SUORIPUOD pue SWwie | 84} 89S *[202/60/TT] U0 Ariq1T8uliuO A8]IM ‘o aiwepexy 8YasLieziemyos Aq TLTT'9592-G9ET/TTTT 0T/I0p/L0o A3 1M AReiq iUl uo's euInokagy/:sdny wiouy pepeojumod ‘0 *9592S9ET



PITT ET AL.

4
Journal of Animal Ecology [ Sameu

four eggs from the nest on the morning each egg was laid. Eggs
removed from the experimental nests were also weighed (+0.01 g)
using digital scales. We did not return any of the removed eggs
back to the clutches of experimental females; they were collected
and frozen for future studies. When the female stopped laying
for twodays, and the eggs were warm to touch, we assumed the
clutch was complete, and incubation had commenced (Womack
et al., 2023). We considered the experimental manipulation suc-
cessfully completed when females laid eggs past the egg removal
phase, which occurred in 66 clutches (29 in the urban habitat [14
control and 15 egg removal clutches]; 37 in the forest habitat [20
control and 17 egg removal clutches]). Out of those, we could not
confirm clutch completion in five clutches (two in the urban habi-
tat and three in the forest). These five clutches are only included
in the egg volume analysis. An additional two clutches, which were
completed (i.e. incubation started), were abandoned before the
eggs hatched (both clutches in the forest) and are not included
in our analyses of nestling traits. Thirteen days after clutch com-
pletion, we started nest box visits every two days to record hatch
date. Nestlings were cross fostered between habitats on day two
of their life to disentangle urban environmental effects from ma-
ternal/genetic effects on weight on Day six, 12 and nestling sur-
vival (see Supplementary methods in Appendix S1 for details). We
included habitat of rearing and habitat of hatching in our models
of nestling body mass on Day six and 12. Six days after hatching,
nestlings were fitted with a unique British Trust for Ornithology
(BTO) metal ring. We weighed nestlings to the nearest 0.1 g on Day
two (before cross fostering manipulation), six and 12 after hatch-
ing. Nest-boxes were checked >21days after hatching to record
dead and fledged nestlings. All work involving nest disturbance,
egg removal and cross-fostering were covered by the licence
207317 issued by NatureScot to Davide M. Dominoni. Permission
for bird ringing was granted by the British Trust for Ornithology,
with licences to Davide M. Dominoni (permit number: C6822) and
Claire J. Branston (permit number: C6271).

2.3 | Eggvolume measurements

All eggs in control and experimental clutches (both removed and not
removed eggs) were treated in the same way. We used egg volume
as a proxy of egg size, which reflects the level of pre-natal invest-
ment into the young before incubation and may dictate offspring
quality at hatching (Krist, 2011). We used an Olympus TG-6 digital
camera to photograph eggs in the field on a 20x20cm measuring
chart at a 90° angle to the egg's long axis. There were no adjust-
ments to lens distortion. We photographed each egg four times,
rotating the egg along its long axis between photographs. To calcu-
late egg volume, we used IMAGEJ and the egg measurement plugin
(Troscianko, 2014). Using the multipoint selection tool in IMAGEJ,
we selected 12 anchor points around the edge of the eggs surface.
For each egg, we calculated volume (mm?) from three separate im-
ages. All images were analysed by a single observer (MP) to minimise

the risk of between-observer variation. In total, 1160 images of 386
eggs were analysed. We used the R package rptR v.0.9.22 (Stoffel
et al., 2017) to quantify the repeatability of the individual volume
measurements (see Supplementary methods in Appendix S1). The
repeatability of egg volume between the three images of a single egg
was low (repeatability [95% Confidence Interval ‘CI']=0.307 [0.237,
0.406]). However, individual females exhibited consistent egg size
within clutches (repeatability [95% Cl]=0.578 [0.452, 0.667]) and
mean egg volume across the three images for a single egg was highly
correlated with egg mass (using removed eggs, N=83 eggs, Pearson's
correlation coefficient r [95% Cl]=0.743 [0.627, 0.826]), suggesting
our measurement of egg volume captured biologically relevant vari-
ation. In all subsequent analyses of egg volume, we used each of the
three volume measurements per egg as the response variable (rather
than the mean volume per egg) and included egg ID (the individual

identifier for each egg) as a random effect.

2.4 | Data analysis
241 | General modelling procedure

We performed all statistical analysis and data visualisation in RStudio
2023.09.1+494 using R v.4.3.2 (R Core Team, 2022). We used the R
packages Ime4 (v.1.1.34; Bates et al., 2015) to build generalised lin-
ear mixed models (GLMM) to explain variation in the investigated
reproductive traits (details below). The R package glmmTMB (v.1.1.7;
Brooks et al., 2017) was employed to fit Conway-Maxwell-Poisson
GLMs (details below) and binomial GLMMs. We built a full model
for each reproductive trait, containing all explanatory variables and
interactions hypothesised to explain variation in that trait. Wherever
interaction effects were fitted, the main effect predictors of the
interaction were also included as single-effect predictors. We as-
sessed the statistical importance of predictors using likelihood
ratio tests. We did not apply model simplification of single effect
predictors beyond the removal of non-significant interaction effects
(including quadratic terms) to ease the interpretation of single ef-
fect coefficients. In all models, date (either first egg laying date or
hatching date) was expressed as the number of days since the 1st
of January. Date variables were fitted as both a quadratic and linear
term before quadratic terms were dropped from all the models if
not significant. We used the R package DHARMA (v.0.10.4; Liidecke
et al., 2021) to assess model residuals. We used the package ggplot2
(v.3.4.2) to visualise model predictions and raw data; and the pack-
ages gt (v.0.9.0; lannone et al., 2023) and gtsummary (v.1.7.2; Sjoberg
et al., 2021) to produce model tables.

2.4.2 | Statistical models

Total number of eggs laid
We first used a Poisson GLM to explain variation in the total num-
ber of eggs laid by a female (including those that were removed as
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part of the experiment). However, model residuals were heavily
under-dispersed, and they did not follow the expected theoreti-
cal distribution. We, therefore, used a Conway-Maxwell-Poisson
GLM and confirmed that the residuals of this model followed model
assumptions. Conway-Maxwell-Poisson distribution is a two-
parameter distribution where mean and variance can be both quan-
tified (Shmueli et al., 2005). This model used a log-link function as in
standard Poisson models. This model included, as fixed effect pre-
dictors, first egg laying date (mean-centred), treatment group (two-
level factor, ‘egg removal’ vs. ‘control’) and habitat (two-level factor,
‘urban’ vs. ‘forest’). The model also included the habitat x treatment
group interaction. A total of 61 clutches were included in the analy-
ses, including all clutches in which the experimental manipulation
was completed successfully (see above). We then ran two separate
within-habitat models, one for the urban habitat and one for the for-
est habitat, including first egg laying date (mean-centred) and treat-
ment group as fixed effects.

Egg volume

To determine whether there were differences in egg volume be-
tween habitats and treatment groups, we built a Gaussian GLMM
with egg volume as a response variable. As fixed effect predictors,
we included habitat, treatment group, position of the egg in the lay
sequence (fitted as a continuous variable), the total number of eggs
laid by each female (mean-centred), and egg-laying date (the exact
day each egg was laid; mean-centred). This model also included the
three-way interaction between the position of the egg in the lay se-
quence, habitat and treatment group (as well as all the second-order
interactions between those terms). Clutch ID (a 59-level factor) and
egg ID (a 386-level factor) were included as random effect inter-
cepts (that also accounted for the nested nature of the data [i.e. eggs
were observed within clutches]). We only included in the analysis
eggs for which their laying date was accurately recorded. This analy-

sis included 386 eggs from 59 clutches.

Hatchling and nestling body mass

We used a GLMM to determine whether egg removal differen-
tially affected nestling body mass between habitats twodays
after hatching (n=346 nestlings weighed on day two of their
lives). As previous research suggests there may be a relationship
between egg size and hatchling body mass; the habitat or treat-
ment group with the largest eggs should also produce heavier
hatchlings. We included nestling body mass two days after hatch-
ing as the response variable in a linear mixed model with habitat,
treatment group, number of siblings (mean-centred), hatch date
(mean-centred), time of day of the weight measurement (two-
level factor: ‘morning’ or ‘afternoon’), and the two-way interaction
between habitat and treatment group as fixed effects. Clutch ID
(a 50-level factor) was included as a random effect. Using linear
mixed models with a similar fixed and random effect structure, we
investigated variation in cross-fostered nestling body mass on Day
six and 12 after hatching (see Supplementary methods and results
in Appendix S1; Tables S8 and S9).

Journal of Animal Ecology E EER%TEEJ"“

Nestling survival to fledging

To investigate whether our experimental manipulation affected
nesting survival to fledging, we ran two complementary analy-
ses. First, we fitted a binomial GLMM with the proportion of alive
nestlings at a given time point (i.e. nestling age: 4-level factor:
‘Day 2’, ‘6, ‘12’ or ‘fledged’) as the response variable (i.e. number
of nestlings alive over clutch size). In this model, we included as
fixed effects, egg removal treatment group, nestling age and the
three-way interaction between nestling age, habitat and treat-
ment group (as well as the lower order interactions between these
terms). Clutch ID (a 48-level factor) was included as a random
effect intercept. Second, we fitted a binomial GLMM where the
response variable represented whether an individual nestling had
survived or not to fledging. This model included as fixed effects,
hatch date (days after January 1; mean-centred), weight on day 2,
egg removal treatment group, habitat of rearing, habitat of hatch-
ing and the two-way interaction between habitat of rearing and
treatment group. Nest box of hatching (a 48-level factor) and nest

box of rearing (a 47-level factor) were included as a random effect

intercepts.
3 | RESULTS
3.1 | Experimental effect of egg removal on the

total number of eggs laid

Urban experimental females laid, on average, 8.36 eggs (stand-
ard error [SE]+0.487 eggs; n=14 clutches) compared to 8.00
eggs (SE+0.358 eggs; n=13 clutches) in urban control clutches.
In the forest, experimental females laid, on average, 11.40 eggs
(SE+0.491 eggs; n=16 clutches) compared to 9.44 eggs (SE+0.414
eggs; n=18 clutches) in forest control clutches. When looking at
the average clutch sizes following egg removal, urban experimental
nests contained 4.36 eggs (standard error [SE] +0.487 eggs; n=14
clutches) compared to 8.00 (SE+0.358 eggs; n=13 clutches) eggs
in the urban control clutches. Meanwhile, forest experimental
nests contained 7.44 eggs (SE+0.491 eggs; n=16 clutches), while
forest control nests contained 9.44 eggs (SE+0.414 eggs; n=18
clutches).

A formal analysis of this data set revealed no statistical differ-
ence between habitats in the effect of egg removal on the total num-
ber of eggs that females laid (habitat x treatment group interaction,
defzi =1.366, p=0.243; Table S2). However, numerically (see above)
and visually (Figure 2), there appeared to be a difference in the num-
ber of new eggs laid by manipulated females between the urban and
forest habitat, suggesting that the lack of formal statistical support
of the interaction might have been due to a low sample size. Creating
two separate models, one for the urban and one for the forest habi-
tat yielded a significant experimental effect in the forest (i.e. experi-
mental forest females laid significantly more eggs than control forest
females;;(2df=1=7.696, p=0.006; Table S3) but not in the urban hab-
itat (¢%4_,=0.713, p=0.398; Table S4).
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FIGURE 2 The effect of egg removal and habitat on the total
number of eggs laid per female. Large dots represent model
predictions + one standard error (SE). Small dots are the raw data
points.

3.2 | Experimental effect of egg removal on
egg volume

In all treatment groups, egg volume slightly increased along the
laying sequence, except for experimental forest females whose
egg volume decreased along the laying sequence (three-way in-
teraction between laying sequence, habitat and treatment group,
;(zdf:1:3.941, p=0.047; Table S5; Figure 3). Egg volume increased
throughout the laying sequence in both experimental (estimate +
SE=13.69+4.82 mm3/egg position) and control broods (estimate +
SE=11.99+5.80 mm3/egg position) in the urban habitat (with no dif-
ference in slope across groups: post hoc test, difference in control
vs. experiment slopes=-1.87, t-ratio=-0.300, df=337, p=0.764;
Figure 3). However, while egg volume increased along the laying se-
quence in control forest broods (estimate + SE=8.51+4.26 mm°/
egg position), it decreased in experimental broods (estimate +
SE=—5.1814.37mm3/egg position; post hoc test, difference in
control versus experiment slopes=13.69, t-ratio=2.93, df=331,
p=0.004; Figure 3). We also found a seasonal effect on egg vol-
ume: the later an egg was laid in the season, the lower its volume
(%41 =13.165, p<0.001; Table S5).

3.3 | Experimental effect of egg removal on
nestling body mass

There was no differential effect of the egg removal on nestling body
mass twodays after hatching between habitats (treatment group x
habitat interaction,;(zdf=1=0.032, p=0.857). Nestlings did not differ
in their weight on Day two between treatment groups or habitats

Treatment group @ CONTROL O EXPERIMENTAL
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FIGURE 3 The effect of experimental egg removal and habitat
on egg volume over the laying sequence. Large dots represent

raw means + SE. Solid lines and shaded area represent model
predictions +95% confidence intervals. Small dots are the raw data
points.

(Table S6). Number of siblings and hatching date did not explain
variation in nestling weight on Day two (Table Sé). Experimental
egg removal had no effect on nestling weight on Day six or 12
(Supplementary results in Appendix S1; Tables S7 and S8); the
urban environment had a strong negative effect on the weight of
6- and 12-day-old nestlings (Supplementary results in Appendix S1;
Tables S7 and S8).

3.3.1 | The effect of egg removal on nestling
survival between habitats

Two days after hatching, urban experimental nests contained, on av-
erage, 4.11 nestlings (standard error [SE] +0.564 nestlings; n=nine
broods) compared to 7.00 nestlings (standard error [SE]+0.618
nestlings; n=11 broods) in urban control nests. However, the urban
treatment groups fledged a similar number of offspring, with urban
experimental nests fledging, on average, 1.89 offspring (stand-
ard error [SE]+0.655 offspring; n=nine broods) compared to 2.09
offspring (standard error [SE]+0.707 offspring; n=11 broods) in
urban control nests. Two days after hatching in the forest, experi-
mental nests contained 6.71 nestlings (standard error [SE]+0.549
nestlings; n=14 broods) compared to 8.79 nestlings (standard error
[SE]+0.536 nestlings; n=14 broods) in control nests. Forest ex-
perimental nests fledged, on average, 5.46 offspring (standard error
[SE]+0.863 offspring; n=14 broods) compared to 7.86 offspring
(standard error [SE]+0.895 offspring; n=14 broods) that fledged in
forest control nests.

A formal analysis of this data set found that, while control
broods in the forest were larger than experimental broods at each
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FIGURE 4 The effect of experimental
egg removal and habitat on the number
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caused experimental forest females to
have slightly smaller brood sizes, this
effect stayed consistent throughout the
breeding period. In urban broods, egg
removal caused a larger decrease in brood
size (due to the lack of compensatory egg
laying); however, both experimental and
control broods fledged a similar number
of nestlings due to increased nestling
mortality in control (i.e. larger) broods.
Large dots and associated bars represent
model predictions + one standard error
(SE). Small dots represent raw data points.

15

12

Number of nestlings alive

-
6 aﬁ'#
° e

J

time point, in the urban habitat, control broods were larger than
experimental broods only two and sixdays after hatching (Table S9;
Figure 4). On Day 12 and at fledging, there was no difference be-
tween treatment groups in the number of nestlings alive in the urban
habitat (Table S9; Figure 4). There was no difference in nestling sur-
vival probability between treatment groups in any environment
(Table S10). However, heavier nestlings on Day two had higher sur-
vival probability (Table S10) and forest-reared nestlings had higher
survival probability than urban-reared nestlings (Table S10). Habitat
of hatching and hatch date did not predict individual nestling sur-
vival probability (Table S10).

4 | DISCUSSION

Urban passerine birds consistently show reduced investment in their
clutch size compared to their forest counterparts (Capilla-Lasheras
etal., 2022; Chamberlain et al., 2009; Sepp et al., 2018), but whether
this is a constraint or adaptation to the urban environment has re-
mained unclear. To test if the smaller clutches of urban birds re-
flected constraints imposed upon females by the urban environment
or whether this reduction might represent an adaptation to urban
conditions, we investigated the ability of females to lay new eggs fol-
lowing an egg removal manipulation in both urban and forest habi-
tats. In line with the constraint hypothesis, our findings tentatively
suggest that urban birds did not lay new eggs to the same extent
as forest females. If urban blue tits were not constrained in some
way during egg production, then urban females should have laid new
eggs to compensate for the egg removal manipulation and maintain
an optimal clutch size (Mand et al., 2007; Visser & Lessells, 2001).
This result needs to be cautiously interpreted as evidence came
from habitat-specific models. However, our findings based on the
experimental effect size across habitats represent novel evidence
for potential differences in environmental constraints on egg pro-
duction between urban and non-urban habitats. These constraints

Day2 Day6 Day12 Fledged Day 2

Day 6 Day 12 Fledged
Age (days after hatching)

could contribute towards explaining why urban birds generally
produce smaller clutches than their non-urban counterparts, a pat-
tern observed across many unrelated bird species (Capilla-Lasheras
et al., 2022; Chamberlain et al., 2009). Egg volume increased over
the lay sequence for both urban treatment groups and control for-
est nests but declined over the lay sequence in experimental for-
est nests. Since urban females did not lay as many new eggs after
egg removal when compared to forest birds, their final clutch size
(and subsequent brood size) was reduced compared to urban con-
trol clutches. This created an unintentional artificial brood reduction
that was stronger in the urban habitat than in the forest. Despite
the brood size being approximately four nestlings higher in control
than in experimental broods in the urban habitat on Day two post-
hatching, both treatment groups in the urban habitat fledged the
same number of nestlings (Figure 4). This finding suggests that con-
trol females laid at least four eggs more than what they could suc-
cessfully rear given the environmental conditions they experienced
during our study. Below, we discuss alternative explanations of our
findings and the extent to which they support our main hypotheses,
including the limitations of this research and future directions to fur-
ther understand the evolution of the optimal offspring number in

anthropogenic environments.

4.1 | Environmental constraints on egg production

Our data suggest that environmental constraints on egg produc-
tion could be increased in urban areas. There is evidence suggest-
ing that resources available to urban birds during egg laying could
be of lower quality than in non-urban areas (Jarrett et al., 2020;
Pollock et al., 2017). Urban blue tits may have not responded to
our egg removal manipulation due to being constrained by the poor
nutrient quality of anthropogenic food (constraint hypothesis; see
Introduction). In small passerines producing large clutches, the re-
serves required for egg production exceed what females can store
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endogenously (Perrins, 1996). Thus, they must acquire the nutri-
ents for egg production daily from their diet when laying (Meijer &
Drent, 1999). Following egg removal, urban females may have been
unable to source sufficient high-quality resources to invest in the
production of new eggs. Previous results suggesting that the diet of
urban blue tits is of lower quality than the diet of forest blue tits are
in line with this explanation (Pollock et al., 2017).

Additionally, during the pre-laying and laying periods, individu-
als divide energy between different activities that could trade off
against egg production (Williams, 2005). For example, the energy
costs associated with thermoregulation may limit the energy allo-
cated to egg production (Martin & Wiebe, 2004). In great tits, the
ability to replace eggs following egg removal is temperature con-
strained, with lower spring temperatures limiting egg production
(Visser & Lessells, 2001). Low temperatures increase the daily en-
ergy expenditure of females during egg laying as they expend more
energy on thermoregulation (Salvante et al., 2007). In our study, it
is unlikely that temperature prevented urban birds from replacing
eggs. Urban areas are generally 1-3°C warmer than surrounding nat-
ural areas due to the heat-island effect (Kim, 1992). Thus, urban birds
should spend less energy thermoregulating than forest birds due to
the urban heat-island.

Other processes apart from thermoregulation can impose
resource allocation trade-offs against egg production (Nager
et al,, 2001; Visser & Lessells, 2001). During laying, females
have increased susceptibility to oxidative stress (Metcalfe &
Monaghan, 2013), disease (Gustafsson et al., 1994) and parasite
infection (Oppliger et al., 1997). It is possible that trade-offs of
this kind underlie the environmental constraints on egg laying in
urban habitats. On the one hand, the nutrient requirements for
the female's somatic maintenance may be fulfilled in the forest.
Thus, forest females may invest any additional resources into
egg production. On the other hand, as nutrient limitation may
be higher in urban areas (Isaksson, 2018; Pollock et al., 2017;
Senar et al., 2021), urban females in poor condition could be in-
vesting in somatic maintenance at the expense of egg quantity
(Isaksson, 2015; Toledo et al., 2016). Thus, after egg removal,
urban females may have insufficient nutrient reserves to form new
eggs (Miand et al., 2007).

4.2 | Smaller clutch size in urban habitats as an
adaptive response

Evidence suggests that urban populations of birds have smaller
clutches than their non-urban counterparts and our own data
suggest that this is the case in our study population of blue tits
(Branston et al., 2021). Additionally, previous research suggests
that the number of nestlings that urban pairs can successfully rear
is limited by food resources (Seress et al., 2020). It is, therefore,
logical to pose whether the reduction in clutch size in urban pop-
ulations is an adaptive strategy, where the number of eggs laid
is optimised to match the (lower) number of nestlings that can

successfully survive to fledging given the food resources in urban
habitats. If this was the case, and in the absence of environmental
constraints (see above), we predicted that urban females would
lay new eggs following our egg removal manipulation to the same
extent that forest females did so they can achieve the optimal
clutch size for the habitat. Our data does not support this predic-
tion. However, this interpretation should be taken cautiously since
our study only took place in oneyear and among-year variation
in environmental conditions could affect the conclusions of our
experiment.

It is also possible that smaller clutches in urban populations are
explained by urban and non-urban populations displaying contrast-
ing life-history strategies, where urban populations invest less in
each reproductive attempt but live longer and breed through more
years than individuals living in non-urban environments (which
would have fewer reproductive attempts across their shorter lives
but invest more in each attempt). This idea is supported from studies
that report higher winter survival in urban populations due to an-
thropogenic supplementary foods (Hanmer et al., 2022). However, it
is still unclear how lifetime reproductive success compares between
urban and non-urban population of birds and whether urban and
non-urban populations are selected to have these two life-history
strategies.

In both habitats, our experimental manipulation led to a reduc-
tion in brood size, but this reduction was greater in the urban hab-
itat since urban females laid fewer new eggs than forest females.
Despite urban experimental nests having a smaller initial brood
size than urban control nests, there was no difference in the num-
ber of offspring that fledged between the urban treatment groups.
This was not the case in the forest, where control nests contained
slightly more offspring than experimental nests across the brood-
rearing phase and at fledging. This contrasting result suggests that
urban females may be laying more eggs than nestlings they can suc-
cessfully rear (as urban control nests fledged proportionately fewer
offspring when compared to [brood-reduced] urban experimen-
tal nests). Given that traditional brood increase experiments have
shown that birds can generally successfully rear more chicks than
eggs they lay (Monaghan & Nager, 1997), our results suggest that
the clutch size of urban females might not be optimally fine-tuned
to urban environmental conditions. It is possible that gene flow be-
tween the urban and forest populations might have homogenised
gene pools, preventing the evolution of an adaptive urban clutch size
(Postma & van Noordwijk, 2005) or that urban birds might be over-
estimating habitat quality when laying (Stracey & Robinson, 2012),
for example, due to the high availability of low-quality human-
provided resources (Broggi et al., 2022). Despite the lower produc-
tivity of urban breeding blue tits, there is little evidence to suggest
that urban populations are declining. Therefore, urban blue tits must
be compensating for their low productivity elsewhere. This could
be mediated through life-history trade-offs, with urban blue tits in-
vesting less in each reproductive attempt but exhibiting a longer re-
productive lifespan than their forest counterparts, with there being
little difference in the fitness pay-offs of birds breeding in these two
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habitats. Alternatively, urban populations could be supported by the
continued dispersal of blue tits from higher productivity surround-
ing non-urban habitats. In fact, this is supported by recent evidence
which suggests that rural blue tit populations may supplement urban
breeding populations (Hanmer et al., 2022).

4.3 | The trade-off between clutch size and
egg volume

As the resources available to the breeding female are limited, in-
dividuals producing larger clutches may compensate by producing
smaller eggs (Williams, 2001). We found that egg volume increased
over the lay sequence for both urban treatment groups and for con-
trol clutches in the forest. In experimental forest nests, egg volume
declined over the lay sequence, in line with previous studies sug-
gesting that females have a limited ability to maintain egg quality
when laying above their usual clutch size (Williams, 2005). In the
urban habitat, nestlings hatched from smaller eggs may incur higher
survival costs, and selection could be favouring females that can
maintain, or increase, egg size across the lay sequence. Meanwhile,
nestlings hatched from small eggs in forest habitats might be able
to compensate for a small size at hatching in the nestling-rearing
phase (e.g. due to high-quality food resources in forests). This may
be important given the strong effect of weight on Day two (which is
likely to be affected by egg volume; Krist, 2011) on nestling survival.
If urban birds laid new eggs to the same extent as forest females
following our manipulation, this could have detrimentally impacted
egg and offspring quality, which they may be unable to compensate
for during nestling-rearing. Thus, in urban areas, females may termi-
nate laying earlier than forest birds, before they pass their critical
physiological threshold where egg size and clutch size are traded off
against each other. Meanwhile, forest blue tits might be able to pro-
duce new eggs following egg removal, as they can likely compensate
for any detrimental effects of egg size on offspring quality during
the nestling-rearing phase. This can be an alternative explanation for

why urban females lay fewer new eggs than forest birds.

4.4 | Limitations and future investigations

This study has limitations that could influence the interpretation of
the results. First, we were unable to assess how parental quality and
age affected the ability of females to respond to our experimental
manipulation. Low-quality or young individuals that naturally pro-
duce smaller clutches may be pushed into urban areas if free ter-
ritories in the forest are no longer available (Isaksson, 2018). Indeed,
laying following egg removal may be more common in forest habitats
if females are more experienced at breeding (Oppliger et al., 1997).
Second, this study consists of only one urban and one forest popu-
lation, in a single year. Replicated work is needed to assess if our

results generalise across study populations and, importantly, how
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robust they are to among-year variation in environmental condi-
tions. Third, future work should compare the costs of each stage of
the reproductive cycle (egg laying, incubation and nestling-rearing)
between urban and forest birds, and assess the consequences of
these costs for clutch size optimisation, as there may be interactive
effects between reproductive phases that operate differently be-
tween urban and forest habitats (Monaghan & Nager, 1997).

5 | CONCLUSIONS

Our study provides initial experimental support for blue tits being
more constrained to produce eggs in urban than forest habitats.
Urban birds may experience greater energetic or nutrient constraints
than forest birds that either immediately restricts egg formation or
exacerbates the trade-off between somatic maintenance and egg
production in urban breeding females. Additionally, urban birds
might produce small clutches as an increase in clutch size would be
traded off against egg size, the detrimental effects of which birds
might not be able to compensate for during the nestling-rearing
stage. The egg removal manipulation resulted in a brood reduction
in the urban habitat, yet there was no difference in the number of
offspring that fledged between the urban treatment groups. Thus,
the clutch sizes of urban birds may be larger than what they could
successfully rear, at least during the year of study. Overall, our re-
sults emphasise a need to incorporate the environmental constraints
associated with egg production when attempting to explain varia-
tion in reproductive investment and success for birds breeding in
anthropogenically modified landscapes.
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