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Abstract

Urban phenotypic divergences are documented across diverse taxa, but the underlying genetic
and environmental drivers behind these phenotypic changes are unknown in most wild urban
systems. We conduct a common garden experiment using great tit (Parus major) eggs collected
along an urbanization gradient to: 1) determine whether documented morphological,
physiological, and behavioural shifts in wild urban great tits are maintained in birds from urban
and forest origins reared in a common garden (N = 73) and 2) evaluate how different sources of
genetic, early maternal investment, and later environmental variation contributed to trait
variation in the experiment. In line with the phenotypic divergence in the wild, common garden
birds from urban origins had faster breath rates (i.e., higher stress response) and were smaller
than birds from forest origins, while wild differences in aggression and exploration were not
maintained in the experiment. Differences between individuals (genetic and environmentally
induced) explained the most trait variation, while variation among foster nests and captive social
groups was limited. Our results provide trait-specific evidence of evolution in an urban species
where genetic change likely underlies urban differences in morphology and stress physiology,
but that urban behavioural divergences are more strongly driven by plasticity.

Keywords: urbanization, urban gradient, common garden experiment, plasticity, genetic

differentiation, great tits
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Introduction

Various evolutionary and ecological processes shape the phenotypic diversity we observe
in nature and lead to phenotypic divergences between populations (Mitchell-Olds et al. 2007;
Hendry 2017). For instance, local selection pressures on heritable traits can lead to divergent
adaptation to local environmental conditions (Kawecki and Ebert 2004). Developmental or
reversible phenotypically plastic responses to local environments can also drive phenotypic
adjustments (Ghalambor et al. 2007). Determining how local adaptation and plasticity interact to
shape phenotypes is crucial as these processes can have different impacts on demographic and
evolutionary trajectories of wild populations (Ghalambor et al. 2007; Snell-Rood 2013; Nicolaus
and Edelaar 2018).

Some of the most striking examples of phenotypic diversity occur along urbanization
gradients, such as urban shifts in multiple taxa towards smaller body sizes (Merckx et al. 2018).
Such phenotypic shifts in urban populations are frequently documented across diverse taxa and
traits (Szulkin et al. 2020; Diamond and Martin 2021), through changes in both phenotypic
means (Miranda et al. 2013; Lambert et al. 2021) and more recently in phenotypic variation
(Capilla-Lasheras et al. 2022; Thompson et al. 2022). Urban phenotypic divergences are
commonly assumed to be driven by genetic change via selection, but there is still a lack of
evidence that urban organisms are adapting to these novel urban conditions (Lambert et al. 2021)
and plasticity could play a major role in urban phenotypic change (Yeh and Price 2004; Hendry
et al. 2008). Determining the mechanisms behind phenotypic changes in urban organisms could
importantly inform on whether urban populations will continue to adjust in pace with further
environmental change. For these reasons, there have been several calls for research that

disentangle the genetic and plastic contributions on urban phenotypes and, more specifically,
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calls for urban common garden experiments (Rivkin et al. 2019; Lambert et al. 2021; Sanderson
et al. 2023).

Common garden experiments are a useful approach for exploring the genetic basis of
phenotypic differences between populations. These manipulations rear individuals from different
populations under the same environmental conditions from very early life stages, and ideally
across several generations. As individuals develop and mature under common conditions,
phenotypic differences that persist in this context should reflect underlying genetic
differentiations rather than plastic responses to environmental conditions (Lambert et al. 2021).
Thus, common gardens can help determine whether evolutionary (i.e., genetic) change drives
documented phenotypic divergences in wild populations, and can be used to explore interactions
between genetic and plastic changes acting in these systems (Conover et al. 2009). For these
reasons, common garden approaches are needed in urban evolution research to explore the
potential processes acting in these contexts (Alberti et al. 2017; Sanderson et al. 2023).

We censused 77 common garden studies with urban populations in the literature; an
impressive number despite the effort and resources these experiments require (see synthesis in
Table 1). Most of these studies have been published within the last ten years (83%, N = 64) and
many support genetic divergence underlying shifts in urban phenotypes (86%, N = 66), which
could indicate local adaptation to urban conditions via evolution. Fewer studies document
plasticity to environmental conditions as a driver of phenotypic change (58%, N = 45), but this
conclusion is especially common in multi-treatment common gardens where individuals are
reared under multiple environmental treatments (e.g., temperature treatments). Experiments so
far tend to use invertebrate or plant models (75%, N = 58), likely as these organisms are more

easily reared, reproduced, and manipulated in captive environments. Many studies have focused
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87  on physiological phenotypes associated with tolerance to temperature as the urban heat island
88  effect is known to increase temperature and heat stress in urban environments (Mohajerani et al.
89  2017). For example, urban damselflies (Coenagrion puella), water fleas (Daphnia magna), wood
90 louse (Oniscus asdllus), and acorn ants (Temnothorax curvispinosus) have higher heat tolerance
91  compared to nonurban conspecifics when reared under common conditions, providing evidence
92 that urban invertebrates have adapted to urban heat islands (Brans et al. 2017; Diamond et al.
93  2018; Tuzin and Stoks 2021; Yilmaz et al. 2021).
94 While common garden studies provide support in favour of urban evolution in some well-
95 studied invertebrate and plant taxa, whether genetic change drives phenotypic shifts in other
96 urban taxa is not as well known (e.g., Table 1: 10% or N = 8 common garden studies in birds).
97  For instance, birds are one of the most studied taxa in urban ecology and evolution and there are
98  growing generalizations on how urbanization impacts the traits of birds globally (e.g., earlier lay
99 dates or smaller body sizes, Capilla-Lasheras et al. 2022; Hahs et al. 2023). Great tits (Parus
100  major), specifically, have become a model species for studying urban evolution across Europe
101 and Asia and, thus, research on this species is now contributing to large collaborative research
102  efforts that evaluate trends across replicated urban gradients in continent-wide analyses
103  (Vaugoyeau et al. 2016; Salmdn et al. 2021; Thompson et al. 2022). Despite these exciting
104  efforts, a fundamental gap exists about whether urban phenotypic shifts in this model species are
105 driven by evolutionary change between populations or by plastic responses to urban conditions.
106  Common garden experiments in urban dark-eyed juncos (Junco hymemalis) and European
107  blackbirds (Turdus merula) suggest that genetic change could at least partially play a role in
108  phenotypic differences across morphological, physiological, and behavioural traits (Table 1;

109  Atwell et al. 2012; Miranda et al. 2013; Reichard et al. 2020), but it remains to be seen whether
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110 this holds for other urban bird species and, specifically, the great tit where urban phenotypic

111  shifts have been well documented in the wild.

112 This study uses a common garden experiment to disentangle the mechanisms that shape
113  urban phenotypes in populations of great tits in and around Montpellier, France. In this system,
114  we have documented several phenotypic differences between urban and forest populations in life
115  history, morphology, physiology, and behaviour (Charmantier et al. 2017; Caizergues et al.

116  2018; Caizergues et al. 2022); trends that tend to be consistent across other European populations
117  (Vaugoyeau et al. 2016; Biard et al. 2017; Corsini et al. 2021; Thompson et al. 2022). In the

118  wild, urban great tits are smaller, have faster breath rates under constraint, show higher

119  aggressiveness when handled, and are faster explorers than their forest counterparts, although
120  estimates of selection gradients suggest that these urban phenotypic shifts are not favoured by
121  natural selection (Caizergues et al. 2018; Caizergues et al. 2022). Genomic studies have revealed
122  that, despite evident gene flow in this system, a small but significant proportion of genetic

123  variation is explained by urbanization. This result suggests some genetic divergence between the
124 urban and forest populations (i.e., significant Fst = 0.006 — 0.009 between urban and forest

125  comparisons; Perrier et al. 2018; Caizergues et al. 2022). A common garden approach is the next
126  logical step in deciphering the genetic and plastic influences on the phenotypic divergences

127  documented in this urban system.

128 We reared great tits from eggs collected from urban and forest sites around Montpellier
129  under common conditions to evaluate whether documented morphological, physiological, and
130  behavioural differences persist under the same environment. We had two major aims. The first
131  was to compare the phenotypes of birds from urban and forest origins reared in a common

132  garden. We hypothesized stronger genetic change for highly heritable traits (e.g., morphology,
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133  physiology) than for lowly heritable ones (e.g., behaviour; Kinnison and Hendry 2001; Stirling et
134  al. 2002) and, therefore, that morphological and physiological differences would be more likely
135  to persist under common conditions. More specifically, we predicted that birds from urban

136  origins would be smaller and more stressed (phenotypic difference persists), but not more

137  aggressive or exploratory (phenotypic difference does not persist), than birds from forest origins.
138  Our second aim was to evaluate how different sources of variation (i.e., genetic and

139  environmental variation) shaped phenotypes in the experimental context. We present phenotypic
140  estimates from wild populations alongside those from the common garden for comparison.

141  Methods

142  Sudy system and quantifying urbanization

143 Populations of urban and forest great tits have been monitored at nest boxes in and

144 around the city of Montpellier, France as a part of a long-term study (Charmantier et al. 2017).
145  The forest population has been monitored since 1991 in La Rouviére forest located 20 km north
146  of Montpellier where the number of nest boxes of 32 mm diameter entrance ranged from 37 —
147 119 because of theft/replacement. The urban population has been monitored since 2011

148  throughout the city of Montpellier at study sites that differ in their degree of urbanization (163 —
149 208 urban nest boxes across 8 study areas, see Figure 1 in Caizergues et al. 2024). During each
150  spring, nest boxes are visited once per week to follow the reproduction of breeding pairs. We
151  catch adults at nest boxes when nestlings are around 12 days old, ring them with a unique metal
152  band, age them based on plumage as either yearling (born previous year) or adult (born at least
153  the year before last), take a blood sample, and measure several phenotypes (see section

154  “phenotyping”; Caizergues et al. 2018; Caizergues et al. 2022). We quantified the proportion of

155  impervious surface area (ISA; sealed non-natural surfaces) at each nest box to generate a
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156  continuous urbanization metric to characterise the territory of breeding wild birds (captured at
157  nest boxes) and the territory of origin for the birds raised during the common garden experiment
158  (see supplementary methods). We also categorized territories as urban or forest habitat types
159  since phenotypic changes may not be consistent across continuous and categorical urbanization,
160  which can provide additional insights. For example, in cases where a phenotypic change differs
161  between habitat types but does not clearly change along the gradient, this could suggest that i)
162  urban effects other than ISA explain phenotypic change or ii) phenotypic changes may be non-
163  linear.

164  Common garden manipulation

165 Eqgg transfer to wild foster parents

166 Between April 5 — 22, 2022, we collected eggs from urban (N = 50 eggs from 4 sites) and
167  forest (N = 40 eggs from 1 site) populations (Figure 1A; Table S1). We collected three to four
168  unincubated eggs (cold to the touch) from each origin nest box. We ensured eggs were

169 unincubated by collecting eggs from nest boxes where we were confident that females had

170 initiated laying within the three to four days before collection and the collected eggs were still
171  covered by nest material. We replaced collected eggs with false eggs to encourage the origin
172  female to continue its reproduction and we moved collected eggs into foster nest boxes at our
173 Montpellier Zoo study site where wild females had just commenced incubation (Figure 1B). The
174 Montpellier Zoo is an intermediate site along our urban gradient because it is natural in its

175  vegetative characteristics, but is exposed to humans and related stimuli (Demeyrier et al. 2016).
176  We transferred eggs from their origin to foster nests within 6 hours. In one case, we transferred
177  eggs two days later and we kept these clutches in a dark room and rotated eggs every 12 hours

178  until their transfer (foster ZOOA46; Table S1). On average, the collected urban eggs were
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179  significantly lighter than the collected forest eggs (urban: N = 34 eggs weighed, mean = 1.56 g,

180 variance = 0.02; forest: N = 40 eggs weighed, mean = 1.70 g, variance = 0.0075; Welch’s t-test:

181  4.87,df: 52.88, P < 0.001; Table S1).

182 Foster nest boxes contained eggs from two origin broods (N = 6 — 8 eggs total; Table S1).
183  We did not mix urban and forest eggs in the same foster broods to ensure that we could

184  confidently assign all nestlings a habitat of origin, even if biological parents abandoned or were
185  not captured. Urban lay dates in our system were earlier than forest lay dates (urban origin nests
186 laid on average 7.5 days earlier), but there was still overlap in reproductive phenology between
187  habitats (Table S1). The percentage of unhatched eggs was similar across habitat of origin (18%
188  urban and 20% forest). Unhatched forest eggs were all from one abandoned foster nest (invaded
189 by hornets), whereas unhatched urban eggs were distributed across successful foster clutches
190  (Table S1). Of the 90 eggs transferred, we had N = 73 nestlings hatch (41 urban and 32 forest;
191  Table S1). We did not have mortality events so these sample sizes are representative of the

192  number of individuals phenotyped after rearing (Table S2).

193 Captive rearing

194 Once nestlings could thermoregulate on their own at 10 days of age (Mertens 1977), we
195 transferred nestlings to the Montpellier Zoo nursery between April 29 — May 16, 2022

196  (Figure 1C; Table S1). Due to advanced urban lay dates in our system, urban nestlings entered
197  captivity on average 6 days before forest nestlings (urban mean = 126 Julian days, urban range =
198 119 - 135; forest mean = 132 Julian days, forest range = 128 — 136; Table S1). Upon arrival, we
199  ringed and weighed nestlings before placing them into artificial nests with their foster broods.
200  We kept them in incubators that mimicked a dim cavity and kept chicks in a quiet environment

201 (1 -3 broods per incubator; Figure 1C.i). At this stage, we hand-raised nestlings by feeding
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202  individuals every 30 minutes between 7:00 and 21:00 (see supplementary methods for “captive
203  diet”). Individuals began to “fledge” their brood nests at an age of 18 days. We transferred these
204 individuals in groups of 2-3 birds into small wire cages in the order of when they fledged

205  (irrespective of sex, foster brood, or habitat of origin), where we trained them to feed by

206  themselves (Figure 1C.ii). At this stage, we still fed individuals every 30 mins. Once birds were
207  approximately 23 days old, we transferred them to larger cages (0.8 x 0.35 x 0.4 m) that allowed
208  more movement (hops and flights) in groups of 2 individuals. At this stage their feeding schedule
209  became less frequent, and birds were considered independent at an age of approximately 35 days
210  when we transferred individuals to large outdoor aviaries (N = 8; size = 2.2 x 4.4 — 5.5 meters;
211  Figure 1C.iii). Individuals were randomly organised into aviary groups blind of habitat of origin
212  and sex (N = 6 — 10 individuals per group). All individuals were hand-reared by the same

213  caretakers during the experiment who were blind to the origin of the birds and birds from both
214 origins were mixed through all stages of the rearing protocol.

215  Blood sampling and genotyping

216 We took blood samples from individuals the day before birds were transferred to outdoor
217  aviaries to determine i) sex and nest of origin to control for genetic relatedness and ii) assign
218  each bird with an ISA of origin. For each foster brood, nestlings had two possible nests of origin
219  from which eggs were collected so parents of nests of origin were also blood sampled and

220  genotyped to assign nest of origin for each common garden bird (see supplementary methods).
221  Phenotypic measurements

222 Here we examine five phenotypic traits: handling aggression, breath rate index,

223  exploration in a novel environment, tarsus length, and body mass. Phenotypic measurements of

224 common garden birds (Figure 1D) followed the same protocols used to phenotype wild birds

10
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225  (Caizergues et al. 2018; Caizergues et al. 2022). We took all phenotypic measures of common
226  garden birds indoors at the nursery, so all individuals were phenotyped under similar conditions
227  (i.e., constant temperature, noise, and light levels). We took repeated measures between 06 June
228 2022 - 31 January 2023 and all observers were blind to habitat of origin while phenotyping

229  individuals during four separate phenotyping sessions. On average, we measured birds 1.8 times
230 inthe wild (range = 1 — 8) and 3.4 times in the common garden (range = 1 — 4; summary by trait
231  insupplementary and Table S2). Following our phenotyping protocol in the wild where birds are
232  mainly measured annually during the breeding season (02 April — 16 July), we measured

233  phenotypes at the same time in the following order:

234  Handling aggression: We measured handling aggression immediately following capture (from
235  nest box, cage, or aviary) by provoking the bird while holding it (Figure 1D.i). We scored their
236  aggressive response between 0 (no reaction) to 3 (tail and wings extended, pecking, and

237  vocalization) on a scale that increased in increments of 0.5 (see Dubuc-Messier et al. 2018;

238  Caizergues et al. 2022 for further details).

239  Breath rate index: We placed the bird in a cloth bag and allowed a five-minute standardized

240  period of rest. Once removing the bird from the bag and properly holding the bird (Figure 1D.ii),
241  we recorded the time it took for a bird to take 30 breaths (i.e., movements of the breast). We took
242  this measurement twice in immediate succession and took the average between these measures to
243  represent an individual’s breath rate index.

244  Exploration: We placed birds into a small compartment next to a novel environment arena where
245  they had a standardized two-minute rest period. We then initiated the novel environment

246  exploration trial by coaxing birds into the novel arena. We recorded their behaviours in this arena

247  for 4 minutes on video then an observer later counted the number of hops and flights birds took

11
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248  while exploring this novel environment (Figure 1D.iii). Only one observer scored videos from
249  the common garden (MJT) while multiple observers have scored videos from the wild

250  populations (inter-observer reliability rho > 0.95, including MJT).

251  Tarsuslength and body mass: Finally, we measured tarsus length (millimetres) with pliers to
252  determine the length between the intertarsal notch and the end of the bent foot (i.e., Svensson’s
253  alternative method; Svensson 1992); Figure 1D.iv) and body mass (grams) using an electronic
254  scale (Caizergues et al. 2021; Figure 1D.v).

255  Satistical analyses

256 We examined wild and common garden (CG) data using separate Bayesian mixed-effect
257  models since model structures between contexts accounted for different fixed and random

258  effects, while examining a similar main effect of interest (i.e., habitat type; aim 1). All models
259 included habitat type (urban vs. forest) and sex (male and female), and their interaction, as fixed
260  effects in the model to evaluate how phenotypic differences vary across habitats and sexes. If the
261 interaction between habitat and sex was weak and largely overlapped zero, we dropped this

262  effect and refitted the model to evaluate the phenotypic differences between habitats and sexes
263  independently. In subsequent models, we replaced the habitat type effect with proportion ISA to
264  further evaluate changes in the wild and CG phenotypes along a gradient of urbanization.

265 We have already published results on the phenotypic differences between wild urban and
266  forest populations (Charmantier et al. 2017; Caizergues et al. 2018; Caizergues et al. 2022), but
267  here we report estimates from wild populations that i) include more years of data (3 additional
268  years, year range: 2011 — 2022) and ii) use data only from the study sites used in our common
269  garden experiment (i.e., 1 forest and 4 urban study sites). All wild models included random

270  effects that accounted for differences between individuals, study sites, and years, and we

12
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271  additionally accounted for differences between observers for handling aggression, breath rate
272  index, and tarsus length (Table 2). In addition to examining habitat and sex differences in these
273  models, we also accounted for fixed effects such as time of day, date of measurement, and

274  protocol type following previously established model structures for these traits (Table 2; outlined
275 by trait below; Caizergues et al. 2018; Caizergues et al. 2022).

276 Besides examining habitat of origin effects in common garden models (aim 1), we also
277  explored how different components of genetic and environmental variation shaped traits in the
278  common garden (aim 2). All common garden models included the same random effects

279  (Table 2): Individual ID accounted for variance among individuals (Vp), nest of origin ID

280  accounted for variance among origin nests (Vno), and foster nest ID accounted for variance
281  among foster nests (Vng). We also included aviary ID as a random effect that accounted for
282  variation among social groups in the experiment (Vav) for the behavioural and physiological
283  traits considered (i.e., aggression, exploration, breath rate). Since individuals in the common
284  garden experiment were genotyped, we conducted a complementary analysis of the common
285  garden data using mixed-effect animal models (Charmantier et al. 2014) by fitting a genetic
286  relatedness matrix (GRM) between individuals in our common garden context (de Villemereuil
287  etal. 2018). Since we collected unincubated eggs for the experiment, the nest of origin random
288  effect (Vno) if fitted alone, may capture both genetic differences between individuals (i.e.,

289  whether they are siblings) and early environmental differences such as early maternal investment
290 inthe eggs. Therefore, the GRM approach allowed us to further evaluate how the variation of
291  each trait was partitioned when accounting for individual genetic variation and nest of origin
292  variation (Va and Vo, respectively) at the same time (see supplementary methods for model

293  description).
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294 We computed the repeatability (R) of each trait in the common garden experiment as:
V @
Reg =—
cG VP
where V; = Vip + Vo + Vg + Vay + Vsgx + Vigag )
whereV, = V; +Vj 3)

295  where V, is the among-individual variance that comprises effects that vary consistently among
296 individuals and drive biological differences between individuals including variance across

297 individuals (Vp), nests of origin (Vno), foster nests (Vne), aviaries or social groups (Vav), and
298  fixed effect variance among sexes and habitat types (Vsex and Vuag). We only chose to include
299 fixed effect variance generated by biological effects in the model (i.e., habitat and sex), rather
300 than experimental effects (e.g., time of day or observer), to quantify repeatability using natural
301  sources of variation that may improve comparability to other studies (de Villemereuil, Morrissey,
302 etal. 2018; Wilson 2018). Vp is the total phenotypic variance and includes sources of among-

303 individual variance (V,) and residual variance (Vr). For comparison, we computed R in wild

304  birds as:
Vinp 4
R = —
WILD v,
Vino = Vip + Vsirg + Vsgx + Vg (5)
where Vp = Viyp + Vygar + Vage + Vi (6)

305  where V\np is the among-individual variance and comprises variance across individuals (Vp),
306  study sites or local habitats (Vsie), and sexes and habitat types (fixed effect variance: Vsgx and
307  Vuas). Vpis the total phenotypic variance and includes among-individual variance (Vnp) and
308 residual variance (Vg). In the wild context, we also incorporated biological effects in Vp that

309 vary within individuals including variance among years (Vvear) and fixed effect variance among
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310 ages (Vace). For Poisson models (i.e., exploration) that use a log link transformation, we used
311  the QCglmm package (de Villemereuil et al. 2016) to convert the variance components and

312  repeatability estimate from the latent scale to the data scale.

313 We conducted all analyses in R v4.3.3 (R Core Team 2024) using Bayesian mixed-effect
314  models in the MCMCglmm package (Hadfield 2010) using a Gaussian error structure for all
315 traits except exploration (number of hops) where we used a Poisson error structure. See

316  supplementary methods and Table 2 for description of other fixed effects included for each

317  model. We used weakly informative inverse-Gamma priors (V = 1, nu = 0.002) for fixed and
318  random effects. We ran all models for 1000000 iterations, with a thinning of 500 and a burn-in
319  period of 10000, which achieved effective sample sizes > 1000 across all estimates. We verified
320  model fit by visually inspecting histograms and QQPlots of model residuals, and the relationship
321  between the residuals and fitted values. We confirmed convergence of models by visually

322 inspecting trace plots, verifying low autocorrelation, and by using Heidelberg stationary tests (de
323  Villemereuil 2018).

324  Results

325  Aggression in hand: We found clear evidence that wild urban males were more aggressive than
326  wild forest males, but no habitat difference for females (habitat*sex effect, Table 3.1A,

327  Figure 2A). Results in the wild were qualitatively similar when examining how phenotypes

328 changed along the urban gradient; there was clear evidence that wild males in habitats with

329  higher proportion ISA had increased aggression (Table S4; Figure 3A). There was no clear

330 evidence that this phenotypic difference was maintained in the common garden (weak

331 habitat*sex or habitat effects overlapping zero; Table 3.2A; Table S5; Figure 2A), and no clear

332  evidence that handling aggression increased with proportion ISA of the origin habitat of common

15


https://doi.org/10.1101/2024.08.27.609854
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.27.609854; this version posted January 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Running head: Thecity and forest bird in a common garden

333  garden birds (credible interval overlaps zero; Table S4). Individual ID explained 23% of the

334  variation in aggression in the common garden, nest of origin explained 2%, foster nest explained
335 2%, and housing aviary explained 2% of the variation (Table 3.2A).

336  Breath rateindex: We found weak evidence that wild urban birds had faster breath rates than
337  wild forest birds (6% posterior distribution crossing zero, Table 3.1B; Figure 2B), but clear

338  evidence that the amount of time to take 30 breaths decreased across the urbanization gradient in
339  the wild populations (i.e., faster breath rates in more urbanized habitats, credible interval

340  excludes zero, Table S4; Figure 3B). We found clear evidence that this phenotypic difference
341  was maintained in common garden birds where birds from urban origins had faster breath rates
342  than birds from forest origins (Table 3.2B; Figure 2B), but there was no clear change in breath
343  rate across the urbanization gradient in the common garden (credible interval overlaps zero;

344  Table S4; Figure 3B). Individual ID explained 40% of the variation in breath rates in the

345  common garden, while origin nest (11%), foster nest (4%), and housing aviary (4%) explained
346  less variation in this trait (Table 3.2B).

347  Exploration: We found clear evidence that exploration in the wild was higher in urban compared
348  to forest birds (Table 3.1C; Figure 2C) and less clear evidence that exploration increased with
349  increasing urbanization (5% posterior distribution crossing zero; Table S4; Figure 3C). There
350 was no clear evidence that these differences were maintained in the common garden (credible
351  overlapping zero; Table 3.2C; Figure 2C), and exploration of common garden birds did not

352  increase clearly with proportion ISA of the origin habitat (Table S4; Figure 3C). Individual ID
353  explained 17% of the variation in common garden exploration behaviours while origin nest (7%),

354  foster nest (10%), and housing aviary (2%) explained less variation in this trait (Table 3.2C).
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355  Tarsuslength: We found clear evidence that tarsus length was significantly shorter in wild urban
356  birds than wild forest conspecifics (Table 3.1D; Figure 2D) and with increasing urbanization in
357  the wild (Table S4; Figure 3D). In the common garden experiment, this phenotypic divergence
358  was in the same direction and had similar effect sizes as in the wild, with birds from urban

359  origins tending to have shorter tarsi than birds from forest origins (CG: Brabitat = -0.22 vs. wild:
360  PBravitat = -0.29; Table 3D) and tarsus length decreasing with increasing ISA (CG: Bisa = -0.29 vs.
361  wild: Bisa =-0.20, Table S4). The large credible intervals in the common garden context

362  however reduced certainty and suggests the smaller common garden sample size may limit the
363  ability to detect statistical differences for this trait (Cl overlapping zero, but note 91% of ISA ClI
364  excludes 0). Out of the random effects considered, individual ID explained 46% of the variation
365 in tarsus in the common garden, followed by origin nest and foster nest which explained 25%
366  and 7% of the variation, respectively (Table 3.2D).

367 Body mass. We found weak evidence that wild urban birds were lighter than wild forest birds
368 (7% posterior crossing zero; Table 3.1E; Figure 2E), but clear evidence that body mass decreased
369  with increasing urbanization (credible interval excluded zero, Table S4; Figure 3E). We found
370 clear evidence that common garden birds from urban origins were lighter than birds from forest
371  origins (Table 3.2E; Figure 2E). Results in the common garden across the urban gradient were
372  consistent with this conclusion where the weight of common garden birds decreased with

373  increasing urbanization of the origin habitat (Table S4; Figure 3E). Individual 1D explained 28%
374  variation in common garden body mass, followed by origin nest which explained 12% variation,
375 and foster nest effects which explained 4% (Table 3.2E). On average common garden birds were
376  significantly lighter than wild birds, reflecting an experimental effect on body mass (Welch’s t-

377  test:t=-22.30, df =272, P <0.001, Figure 2E; Figure 3E).

17


https://doi.org/10.1101/2024.08.27.609854
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.27.609854; this version posted January 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Running head: Thecity and forest bird in a common garden

378  Additive genetic variance and heritability of common garden traits: The complementary

379  quantitative genetic models (Table S3) revealed that breath rate index, tarsus length, and body
380  mass measured in common garden birds were moderately heritable (breath rate: Va = 1.53, h* =
381  0.23[0.001 - 0.57]; tarsus length: VA = 0.16, h* = 0.33 [0.003 — 0.72]; body mass: V4 = 0.28, h?
382 =0.28[0.01 - 0.49]), while aggression in hand and exploration were lowly heritable (aggression:
383 VA =0.07, h* = 0.05 [<0.001- 0.28]; exploration: V = 0.43, h* = 0.02 [<0.001 — 0.06]).

384  Although there was uncertainty around variance estimates in these models (i.e., credible intervals
385  close to zero), estimates of Vo were low across all traits (Table S3) providing additional insight
386  into the minimal contributions from early maternal effects in the experiment.

387  Discussion

388 We found evidence that both genetic and plastic changes have contributed to phenotypic
389  shifts in wild urban tits, but the relative contributions of these drivers depend on the trait (aim 1).
390  Specifically, our results provide evidence that genetic differences between populations have

391  strongly driven the divergence observed in breath rate and body mass, while plasticity to urban
392  conditions predominately contributes to divergences in aggression and exploration. Further, we
393  found that individual differences tended to explain the most trait variation in the experiment,
394  whereas nest of origin and foster nest variation had minimal contributions (aim 2).

395 We found support that genetic change or very early maternal investment in eggs has

396  driven population divergences in breath rate index as phenotypic differences between birds from
397  urban and forest origins were clearly maintained in our experiment (but note difference not

398 statistically supported along gradient). In line with findings in the wild populations (Caizergues
399 etal. 2022), birds from urban origins had faster breath rates than birds from forest origins. As

400  breath rate index correlates with heart rate under constraint (Dubuc-Messier et al. 2016) and has
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401  previously been associated with physiological stress responses in this species (Carere and van
402  Oers 2004; Krams et al. 2014), our results could indicate that genetic change in urban

403  populations has contributed to a more proactive coping style in urban environments (Koolhaas et
404  al. 2010; Koolhaas et al. 2011). Our results differ from those in urban European blackbirds

405  (Turdus merula; Partecke et al. 2006) and juncos (Junco hyemalis; Atwell et al. 2012) where
406  lower stress responses of urban birds were maintained when individuals were reared under

407  common conditions. Indeed, there is no general consensus on how urbanization impacts stress
408  responses in birds (reviewed in Bonier 2012) and so our results make a useful contribution

409  towards understanding how physiology might impact adaptation to urban contexts.

410 We also found support that being smaller may have a genetic basis in cities. Specifically,
411  birds from urban origins were lighter than birds from forest origins, despite being fed the same
412  diet ad libitum. This habitat difference in body mass was statistically clear and higher in the

413  common garden than the wild supporting a genetic basis for shifts to smaller urban body mass,
414  rather than plasticity which could possibly reduce this wild phenotypic difference. Lighter urban
415  body mass in the experiment could also be explained by early maternal investment in the egg,
416  especially since the urban eggs collected for the experiment were on average lighter than forest
417  eggs. Since egg size is highly heritable (e.g., egg volume h? = 0.6 — 0.8, VVan Noordwijk et al.
418  1981; Horak et al. 1995; see also Christians 2002) and female body size can positively correlate
419  with their egg size in this species (Horak et al. 1995) it is possible that genetic differences

420  between females in maternal egg investment could shape body mass variation in the wild.

421 Birds from urban origins also tended to have smaller tarsi than birds from forest origins
422 in line with the phenotypic shift from the wild (Caizergues et al. 2018) but this was not supported

423  statistically. We could lack statistical power to make firm conclusions on whether this difference
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424 intarsus length was maintained in the common garden, especially since the wild phenotypic
425  difference in tarsus length is small and would require large samples to detect. The habitat

426  difference for tarsus length was weaker in the common garden than the wild (i.e., difference of
427  0.22 mm in common garden vs 0.29 mm in wild) which may indicate that a combination of

428  plastic and genetic effects explain the tarsus length difference. Tarsus length and body mass are
429  heritable traits and tend to strongly correlate with each other in this species (Gebhardt-Henrich
430 and Van Noordwijk 1991; Horak 1994; Gosler and Harper 2000; Young and Postma 2023),

431  suggesting that parallel genetic change for tarsus alongside body mass is possible. However,
432  tarsus development is also strongly influenced by environmental conditions in early life (Dhondt
433  1982; Merild and Fry 1998; Talloen et al. 2010; Seress et al. 2020), and so we hypothesize that
434  genetic and plastic effects both contribute to smaller tarsus lengths in urban birds. Further

435  quantitative genetic approaches using long-term datasets on wild populations, and observed or
436  genetically reconstructed pedigrees, will provide a useful complementary exploration on the
437  underlying drivers behind shifts to smaller urban tarsus lengths in tits.

438 Decreases in traits associated with body size are documented across diverse taxa in cities
439  (Merckx et al. 2018; Hahs et al. 2023) and this phenotypic shift is hypothesized to facilitate heat
440  dissipation and be an adaptive response to rising global temperatures that are pronounced in
441  urban areas via the heat island effect (Youngflesh et al. 2022; Sumasgutner et al. 2023). For
442  example, Daphnia from urban origins had smaller body sizes and higher heat tolerance in a

443  common garden experiment than those from nonurban origins, and there was evidence that

444 smaller urban body sizes could indirectly increase heat tolerance in this species (Brans et al.
445  2017). Further, city great tits tend to be lighter than forest tits across Europe (Thompson et al.

446  2022) and, in Veszprém, reproduction of city tits is less affected by extreme temperature than

20


https://doi.org/10.1101/2024.08.27.609854
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.27.609854; this version posted January 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Running head: Thecity and forest bird in a common garden

447  their forest counterparts (Pipoly et al. 2022). These results suggest that city great tits could be
448  adapted to warming conditions and our results could imply that decreases in urban body size are
449  an adaptive response to heat island effects (but see Playal 'Montmany et al. 2021). Smaller body
450  size does not appear to afford urban great tits in Montpellier reproductive benefits (Caizergues et
451  al. 2018), hence further work will be needed to evaluate whether smaller body sizes, or other
452  correlated traits, are associated with higher survival in urban habitats.

453 Genetic change between populations that contribute to phenotypic differences can also
454 arise via neutral evolutionary processes like genetic drift or founder effects (Leinonen et al.

455  2013), and differentiating these processes from local adaptation is informative to evaluate

456  whether populations are adapting in pace with environmental change (de Villemereuil et al.

457  2020). We found evidence that breath rate and body mass differences are likely driven by genetic
458  change or very early maternal investment, but we are unable to completely dismiss the role of
459  neutral evolutionary processes towards genetic differences between populations. Using a

460 complementary quantitative genetics approach, we estimated higher genetic differences

461  underlying these traits (computed Qst values in Table S3: 0.06 and 0.08) than would be expected
462 by neutral genetic variation between these populations (Fst values between 0.006 — 0.008;

463  Perrier et al. 2018). However, the uncertainty around these Qst estimates (credible intervals

464  crossed 0.006) prevent us from completely excluding neutral evolutionary processes here. In
465  future, rearing individuals from multiple city and forest comparisons in a common garden

466  experiment would further strengthen our evidence against processes of neutral evolution and
467  possibly demonstrate parallel evolutionary trajectories across multiple city populations.

468 We did not find evidence that genetic change has considerably contributed to urban

469  behavioural shifts as birds from urban and forest origins did not clearly differ in their aggressive
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470  or exploratory behaviours in the experiment. It is commonly assumed that urban populations are
471  evolving and adapting to novel urban conditions (Lambert et al. 2021), and behavioural

472  adaptations may be particularly important in this process (Miranda et al. 2013). Alternatively, it
473  has been argued that phenotypic adjustments through plasticity are probably more frequent

474  (Hendry et al. 2008), especially for behavioural traits (Sol et al. 2013; Caspi et al. 2022). Our
475  results provide support for the latter argument and contrast findings in urban blackbirds and
476  juncos where behavioural differences were assumed to be a result of local adaptation (Atwell et
477  al. 2012; Miranda et al. 2013). We therefore conclude that more aggressive and exploratory
478  Dbehaviours of wild urban great tits are most strongly driven by plastic adjustments to life in

479  cities. Habitat matching behaviours (Edelaar et al. 2008; Camacho et al. 2020) could contribute
480  to these urban differences in the wild, whereby more aggressive and exploratory individuals
481  disperse and settle in more urbanized habitats, if these behaviours provide them an advantage in
482  urban habitats. However, these behaviors were not found to covary at the individual level in an
483  urban behavioral syndrome and do not seem to afford reproductive or survival benefits in the
484  urban population (Caizergues, Grégoire, et al. 2022). Dispersal dynamics and habitat matching
485  behaviours in an urban context are still poorly understood but, as these behaviors do not covary
486  or improve fitness, we so far have limited evidence that habitat matching contributes to these
487  urban phenotypic shifts.

488 Our second aim was to investigate how different sources of environmental and genetic
489  variation contributed to repeatable individual differences across traits in our experimental

490  context. The estimated among-individual variance and repeatability of traits in the common
491  garden were remarkably similar to those estimated in the wild (i.e., similar estimates and

492  overlapping credible intervals). Trait variation in the experiment tended to be shaped
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493  predominately by differences between individuals (i.e., Individual ID). Individual ID in the

494  experiment could comprise both individual-specific genetic and environmentally induced

495 individual differences, and our complementary quantitative genetic analysis suggested that

496 individual genetic variation explains between 23 — 33% of the variation across breath rate, tarsus
497  length and body mass, but only 2 — 5% for aggression and exploration behaviours (i.e., estimates
498  of Vain Table S3, but note wide credible intervals). Variation attributed to foster nest and

499  aviary, likely related to brood and social environmental conditions respectively, remained low
500 across traits (3 — 14%). Specifically, early environmental conditions can affect tarsus

501 development and growth (e.g., Seress et al. 2020), but we found limited support that foster

502  parents and nests contributed to individual differences in tarsus. Overall, estimated individual
503 differences were similar between common garden and wild contexts, especially in those traits
504  where we find evidence for underlying genetic differences between populations.

505 Finally, a few caveats should be considered when interpreting our results. First, we are
506  unable to fully discount the contribution of very early maternal effects towards the maintained
507  Dbreath rate and body mass differences in the common garden. By collecting unincubated eggs we
508 limited maternal contributions to egg investment, which could influence morphological traits like
509  body mass (Horak et al. 1995). Although we found limited (but unclear) support for maternal
510 effects in our experiment (i.e., negligible Vno; Table S3), our results should be interpreted with
511  thisin mind. Second, birds in our experiment were assayed at a relatively young age (between 38
512 - 261 days old) compared to when they are usually assayed in the wild (73% observations at 1
513  year old), which may affect how our common garden estimates compare to our wild populations.
514  However, measuring phenotypic traits earlier in our experiment seemed to have limited impact

515  on results as most common garden phenotypes were similar to wild phenotypes. Body mass in
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516  the common garden was the only trait that seemed to differ from the wild. Wild juvenile birds (1
517  year of age) tend to be on average 0.3 g lighter than wild adults in this population, so this may
518 indicate that age could at least partially contribute to the observed difference in mass between
519  contexts. Third, we monitor forest great tits in one larger study site and, although this nonurban
520  area contains different forest types, we lack replication to draw broad inferences on the

521  phenotypes of forest great tits more generally. Fourth, although the effects of urbanization on
522  wild trait divergences were in the same direction and of similar magnitude to what has been

523  previously reported in these populations, there were three cases in this study where statistical
524  support varied (statistically unclear effect of habitat on breath rate and body mass, and ISA on
525  exploration). In all these cases >93% of the posterior was negative (positive for exploration)
526  indicating weak tendencies, which were likely driven by methodological differences between this
527  and previous studies (i.e., different subset of data, additional years of data, Bayesian approach).
528  Finally, rearing individuals under the same restricted and benign conditions (e.g. ad libitum food
529  supply) may have prevented us from detecting phenotypic differences if they are impacted by
530 genetic and environmental interactions (G x E; Conover et al. 2009). Although difficult to

531  conduct, multi-treatment common gardens where food or temperature are manipulated could be
532  especially valuable for teasing apart genetic and environmental interactions acting on phenotypic
533  shifts in urban great tits.

534 In conclusion, our survey of the literature for urban common garden experiments

535 indicates that both plastic and genetic divergences between urban and nonurban populations are
536  common. In our study we find evidence that urban phenotypic divergences in stress physiology
537 and morphology are mainly driven by genetic change or very early maternal investment in eggs.

538  Common gardens are not able to affirm local adaptation, unless realistic multi-treatment or
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539 reciprocal transplant approaches are used (e.g., Gorton et al. 2018; Tlzin and Stoks 2021), and
540 evaluating reproductive and survival benefits of our common garden birds in aviaries would not
541  be appropriate. Thus, investigating whether these genetic differences between populations are
542  adaptive remains an avenue for future research. We did not find evidence that genetic change
543  strongly drives urban behavioural shifts, which provides contrary evidence to urban common
544  garden studies in other bird species (Atwell et al. 2012; Miranda et al. 2013). Further work will
545  be needed to uncover whether plasticity predominantly drives other urban behaviours in great tits
546  (e.g., neophilia or boldness) and determine the mechanisms underlying discrepancies with other
547  studies. Our results highlight that phenotypic shifts in urban populations can be impacted by both
548  genetic and plastic changes and make a valuable contribution in filling a fundamental gap

549  concerning the urban evolution of a model species. Examining how evolutionary processes in
550 urban contexts impact phenotypic and genetic variation will have important applications for

551  conserving urban wildlife populations and their ecological roles in communities (Lambert and
552  Donihue 2020; Des Roches et al. 2021), but will also improve our fundamental understanding of
553  ecology and evolution in wild systems more broadly, especially in light of global environmental
554  change.
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Running head: Thecity and forest bird in a common garden

Table 1 Synthesis of studies (N = 77) that have used a common garden approach to compare the phenotypes of urban and nonurban populations
(e.g., rural, forest, mountain, agricultural) across a variety of different groups (amphibians, birds, invertebrates, fish, plants, reptiles) and traits
(physiology, behaviour, morphology, life history, phenology). Information concerning the traits measured, approach taken, results, conclusions,
and other notes are shown for each study. Studies were collated from Lambert et al. 2021 (Table 1) and from a literature search using Google

Scholar for articles since 2020 that included both “common garden” and “urban” (conducted March 22 2024).

Group ‘ Urban vs. ‘ Traits Approach® Urban results® ‘ Conclusion® ‘ Notes Ref
AMPHIBIANS
Agile frog . Difference in common garden (Bdkony et al.
(Rana dalmatina) Woodland Physiology Eggs Lower heat tolerance E (& G) opposite to wild divergence 2024)
Common toads Agricultural - - No difference in toxicity and potency Urban and agricultural higher (Bokony et al.
(Bufo bufo) & natural Physmlogy “““““““ Fl generatlon ““““ (or in opposite directions) E toxicity and potency in wild 2019)
. . . . Urban and agricultural higher (Bokony et al.
Physiology F1 generation No difference in stress E stress response in wild 2021)
Guttural Toad . . . . . . (Mihlenhaupt et al.
(Slerophrys gutturalis) Natural Behaviour F1 generation No difference in boldness E Higher urban boldness in wild 2022)
[ BIRDS
Dark-eyed juncos . Behaviour . Higher boldness and lower stress Lo
A . Atwell et al. 2012
(Junco hymemalis) Mountain _ Physiology Fledglmgs “““““ response G Same results in wild (Arell et )
Nestlings Urban birds have shorter wing and tail Lo (Rasner et al. 2004;
Morphology lengths, and whiter tails G Same results in wild Yeh 2004)
Physiology Fledglings No difference in testosterone E Lower urban peak testosterone  (Atwell et al. 2014)
. . Higher minimum frequency, no P (Reichard et al.
Behaviour Fledglings difference in peak or max frequency G Same results in wild 2020)
Physiology Fledglings Higher gonadal sensitivity G Advanced reproduction in wild (F”d'zcl;(f;)e‘a"
European blackbirds . . More neophobic and seasonally less - o (Miranda et al.
(Turdus mula) Rural BEha\”Our .......... NEStIIngS lllllllll neophl“c G ngher urban repeatablllty 2013)
Forest Physiology Nestlings Attenuated stress responses G Trends varied seasonally (Panzeg'ag)er al.
" Behaviour Nestln ngs ““““““ Lower migratory disposition and G Loss of migration in wild (Partecke and
Physiology earlier gonadal development Observed in males only Gwinner 2007)
[ INVERTEBRATES
Water fleas . F2 generation Higher thermal tolerance, Higher thermal tolerance at
; ; . - I
(Daphnia magna) Rural Physiology 2 temperature treatments haemoglobin, and smaller body size C&E warmer rearing temperature (Brans et al. 2017)
Morphology F2 generation Smaller body size G&E Smaller _body Sizes at warmer (Brans et al. 2017)
2 temperature treatments rearing temperatures
Rearing temperature affected
Physiology F3 generation Higher energy reserves and lower some traits
Life-history 2 temperature treatments enzyme activity C&E Pace of life syndrome in urban (Brans et al. 2015)
““““““““““““““““““““““““““““““ fleas
Trait changes in response to
rearing temperature in same
Life-history F2 generation Faster maturation, smaller, increased direction (B d D
- , y - - rans an e
Morphology 2 temperature treatments fecundity, early release of progeny C&E Faster paceﬂ(;fa!slfe in urban Meester 2018)
Some evidence of G x E for
fecundity
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Running head: Thecity and forest bird in a common garden

Physiology

F2 generation
2 temperature treatments

Higher survival

No differential impacts of

(Brans et al. 2021)

e temperature
Toxicity treatment
Water fleas River / Life-history F2 generation Reduced dietary tolerance to GxE Genomic differentiation (Zhang et al. 2022)
(Ceriodaphnia cornuta) Lake Morphology Food treatments cyanobacteria between populations )
Mosquito . Agricultural sites higher tolerance to (Antonio-Nkondjio
(Anopheles gambiae) Rural Physiology Larvae carbamates G etal. 2011)
Physiology Larvae Higher tolerance to ammonia G (Tene ;gisé;g etal.
Physiology Larvae Agricultural sne; Bl'?her tolerance to (Tene ;(c;is;;g etal.
Asian tiger mosquito F1 generation . - . Diapause lower and more (Westby and
(Aedes albopictus) Rural Phenology Light and dark treatment No difference in diapause incidence E variable under light treatment Medley 2020)
Blowfly F2 and F3 generation Smaller and faster growth rates at Sex difference across (Hwang and Turner
(Calliphora vicina) Rural Morphology 4 temperature treatments higher temperatures GxE temperatures 2009)
Wormlion fly . Higher foraging investment and more (Samocha and
(Vermileonidae sp.) Natural Behaviour Larvae selective habitat choice G Scharf 2020)
Larvae with immune No difference in survival, growth
. e rates, immune response, or Heat wave experiment .
Damselflies Life-history challenge . ] S P : (Tiiziin and Stoks
. Rural - bioenergetics. No reduction in energy GXE significantly influenced all
(Coenagrion puella) Physiology Control and heat wave - - 2021)
budgets when exposed to a simulated traits measured
treatments
heat wave.
No large difference across
Life-history Larvae Lower growth rates and higher G temperatures -
. . . (Tuziin et al. 2017)
Physiology 5 temperature treatments survival Some evidence for
countergradient variation
Larvae Less active, bolder, and have slower
Behaviour Control and pesticide growth rates when exposed to GXxE (Tuzin etal. 2017)
treatments pesticides
2 temperfli_tirr\éat?eatmen ts More active when exposed to
treatments P
(Ischnura elegans) F1 generation Central an;]oglugigtliitrléude origin R
Life-history 3 temperature treatments Lighter and slower growth rate GXE Different responses across 2023)
2 predator treatments -
latitudes
. F1 generation Higher encounter and predation rates, Daphnia prey also reared in
LS B 1. 2022
Behaviour 2 temperature treatments but only on prey from rural origins GXE common garden (Branseta )
Spindle ermine moths e . . Males more likely to be (Altermatt and
(Yponomeuta cagnagella) Pristine Behaviour Larvae Urban moths less attracted to light G attracted to light than females Ebert 2016)
Smaller wings and less attracted to Van de Schoot et
Morphology Larvae 9 light G ( a”al_e20§4‘;° €
Parallel patterns across three
Latticed heath moth Rural Physiolo F2 and F3 generation Higher heat tolerance in adults G countries (Merckx et al.
(Chiasmia clathrate) ystology g 9 Divergence not evidence in 2024)
““““““““““““““““““““““““““““““ larval stage
F3 generation Light increases direct Merclo et al
Phenology 9 Reduced diapause induction G&E development and reduces ( egcozé)e‘a'

Light treatments

development time
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Running head: Thecity and forest bird in a common garden

& green-veined white

F1 generation

Lower day length threshold for direct

2 replicate cities
(Merckx et al.

butterfly (Pieris napi) Life-history Photoperiod treatments development_and rgduced diapause GXE Longer apd [ater urbz?\n flight 2021)
induction period in the wild
Urban males who were more
Speckled WOOd. Rural Behaviour Eggs No difference in personality E active as larvae were more (Kaiser et al. 2018)
(Pararge aegeria)
__________________________ exploratory as adults
Agricultural Covariation between boldness
& Behaviour F1 generation No difference in boldness or activity E and activity existed in urban (Kaiser et al. 2020)
woodland butterflies
Earlier reproduction in colonies
Acorn ants F1 generation from lower latitudes and those
(Temnothorax Rural Phenology 9 Urban earlier reproduction G&E dund (Chick et al. 2019)
CUrvispinosus) 5 temperature treatments reared under warmer
temperatures
Higher fitness under treatment
Physiolo F1 generations — 3 cities Higher heat tolerance (2 out of 3 G&E like source environment (Diamond et al.
4 oy 5 temperature treatments cities) Higher heat tolerance under 2018)
warmer rearing temperatures
F1 generation Higher plasticity in heat tolerance )
Physiology 9 when reared under warmer GxE (Diamond et .
2 temperature treatments 2018)
temperature
. F1 generation Higher heat tolerance and lower cold (Diamond et al.
Physiology 2 temperature treatments tolerance GxE 2017)
- Maintained over F1 and F2 so
Physiology F1 and F2 generations Higher heat totlglr:rr;%i:nd lower cold G likely not transgenerational (Martin et al. 2019)
plasticity
Phy5|ol_ogy F1 generation Higher metabo!lsm, and faster running GxE (Chick etal. 2021)
Behaviour speed at higher temperatures
Ant Life-history F1 generation . . . Difference not observed in (Jacquier etal.
(Temnothorax nylanderi) Forest  Morphology  Cadmium treatment Higher cadmium resistance G&E field 2021)
Life-history F1 generation Higher emergence rate and larger Cadmium negatively affected (Jacquier etal.
: worker size when exposed do G&E e .
Morphology Cadmium treatment ) life-history traits 2021)
cadmium
Common woodlouse F1 generation Higher heat tolerance, but no Tolerance varies between
) Rural Physiology g difference in cold or desiccation G&E (Yilmaz etal. 2021)
(Oniscus asellus) 2 temperature treatments tolerance temperature treatments
. F1 generation . . Reduced running speed when )
. I I,
Behaviour 2 temperature treatments Higher running speed GXE reared at higher temperatures (Vilmaz etal. 2021)
Grasshopper - Longer femur and wing lengths Rearing temperature affected
(Chorthippus brunneus) Rural Morphology FL generation Higher body mass and growth rate in G&E measured traits, but generally &/ Gomezand van
Life-history 2 temperature treatments Dyck 2012)
females only sex dependent
(Chorthippus biguttulus) Non_- Behaviour _Nymphs H_|gher frequency vocal signals fand G&E Higher f(equency signals in (Lampe etal. 2014)
roadside 2 noise treatments increased syllable to pause ratio noisy treatment
Bend-legged ground F2 generation . . . Light and noise treatments )
cricket (Dianemobius Rural Life-history Light and noise Higher survival and smaller body size, G&E affected growth, diapause, and (Ichikawa and
] . but no other difference Kuriwada 2023)
nigrofasciatus) treatments number of progeny
Behaviour F1 generation Higher frequency a_md shorter chirp G Vocal difference not more (Kuriwada 2023)
vocal signal preferred by females
Synanthropic spider Rural Behaviour Egg-sacs Lower avoidance of light G (Caczkes et al.

(Seatoda triangulosa)

2018)
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Running head: Thecity and forest bird in a common garden

Fruit flies

Higher heat tolerance and lower cold

Sex difference

(Diamond et al.

X
=5
=X
. . ) =<
(Drosophilia tripunctata) Rural Physiology F2+ generation tolerance G Compare mld fand low 2022) 2o
urbanization >0
. . : . Lower thermal limit tolerance, but no ; o wi (Sato and 23
(Drosophilia suzukii) Rural Physiology F3 generation difference in heat tolerance G Difference not found in wild Takahashi 2022) (3 2
[ FISH | E35)
- TR @
Atlantic killifish s - o=z
. . . . Transcriptional mechanism (Whitehead et al. s
(Fundulus heteroclitus) Clean Physiology F2 generation Higher tolerance to pollutants G underlies divergence 2012) : 5
oS
Creek chub Fry Same results in wild @ 5
(Semotilus atromacul atus) Rural Behaviour 2 water velocity Higher swimming efficiency G&E Marginal support for G x E for Lang;ﬂ;‘nznzdmg) 39
treatments one urban location %-‘%
Juvenile Marginal support for G x E for (K d = S
H H ern an —
Morphology 2 water velocity More streamlined body shape G one urban location Langerhans 2018) e
treatments e
[ MAMMALS | 2p §
Egyptian fruitbat Cross-fostering revealed that R=IEN
(Rousettus aegyptiacus) Rural Behaviour Pups Bolder, faster learners, and less E maternal rather than genetic (Harten et al. 2021) 298
exploratory . . SRS
effects may drive difference RN
[ PLANTS | 332
Holy hawksbeard e Higher number of non-dispersing P (Cheptou et al. @ ©
(Crepis sancta) Rural Life-history Seeds seeds G Same results in wild 2008) % gg
Phenology Later phenology, larger, and higher . 02
Morphology Seeds water-use efficiency and G Most patterns same dl_rectlc_)n as  (Lambrecht etal. % 33
- - selection in urban field site 2016) PR
Physiology photosynthesis ~es
Common ragweed Phenolo Seeds Reciprocal transplant o8 g
| ragweed Rural nenology Urban and rural Earlier phenology and lower fitness G&E Trend for G x E for life-history  (Gorton etal. 2018) 539
(Ambrosia artemisiifolia) Life-history . T
treatments traits, but not phenology 253
Phenolo Seeds Higher percent germination, smaller Other traits, including ) % @
oy - . height, and higher leaf desiccation G&E flowering time, showed no (Kostanecki et al. o8
Morphology Germination experiment g - 2021) 330
index difference Lo5
. . . Heritable genetic variation and . 55 2
Common milkweed Rural Life-history Seeds Limited support for difference E weak phenotypic divergences (Breitoart etal. 2o
(Asclepias syriaca) Phenology inwild 2023) 2 2 f;
White clover Phenology Later phenology, larger flowers and Some difference may be driven (Thompson et al. 6“:
(Trifolium repens) Nonurban Morphology F1 generation biomass, thinner stolons, reduced G by pollinators along urban 2016; Santangelo et % S
&P Life-history cyanogenesis, and greater seed set gradient al. 2020) oo
Virginia pepperweed Phenology Seeds Earlier phenology, taller, and higher City populations more (Yakub and Tiffin =3
. o S Rural Morphology - - G ! 5o
(Lepidium virginicum) - 5 cities fecundity genetically related 2017) ® 5
Fecundity =K
Chitinolytic fungi 3=
(Chrysosporium . . . Evidence for cogredient or 52
pannorum, Trichoderma Rural Physiology 5 temF:rgfLTrZr?rtclag?ments Higher ?;%V\';T;Sfezt higher GXE countergradient variation in (Mc'igg’;)e‘a" aad
koningii, Torulmocyes P P growth rate -2
lagena, Penicillium bilaii) Ze
Southern crabgrass Seeds More shoots, shorter, and higher (Fukano et al g’ g
. ; P b ukano et al. c =
(digitaria ciliaris) Farmland Life-history 2 competition treatments growth rates in high competition GxE 2020) 2=
treatment _®
-
Yellow jessamine Wild Morphology F1 generation Larger floral traits G Patterns in same and opposite (Irwin etal. 2014) 2]
378
2=
(0]
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Running head: Thecity and forest bird in a common garden

(Gelsemium sempervirens)

direction to those observed in

wild
Asian dayflower . Lower leaf number and specific leaf Different patterns observed in (Taichi and
(Commelina communis) Rural Morphology Seedlings area, no difference in other traits C&E the wild Ushimaru 2024)
Pineanpleweed Life-histor Seeds Reciprocal common garden as
ppleweed Rural y Temperature treatments Limited support for differences E treatments mimicked urban (Géron et al. 2022)
(matricaria discoidea) Morphology - L
Soil treatments conditions
. Phenology . . .
Common dandelion Suburban Seeds Reduced early seed production Increased herbivory resistance )
. Morphology . ] - GxE . (Pisman et al. 2020)
(taraxacum officinale) Rural Physiology Herbivore treatment following herbivory after exposure to herbivores
Thale cress Morphology Seeds & F1 generation Larger and higher tolerance to G No wild size difference and (Quetal, 2022)
(Arabidopsis thaliana) Physiology Herbivory treatments caterpillars, but not aphids higher urban aphid herbivory ]
Phenology FL gr:zneratlon Several differences including earlier Genomics identifies set of (Schmitz etal.
Life-history Growth treatments flowering time G clonal lineages 2024)
Indoor & Outdoor
Reed canary grass Physiology Seeds L Some traits adaptive in (Weston et al.
(Phalaris arundinacea) Natural Morphology Stress treatments Greater stress tolerance characteristics GxE treatments 2021)
| REPTILES
. Semi- . . . )
Australian water drag_ons natural & Behaviour F1 generation Higher boldnes_s, but no dlffgrence in G Boldness only repeatable trait (Baxter-Gilbert et
(Intellagama lesueurii) natural exploration or neophilia al. 2019)
Higher urban heat tolerance in
Crested anole Forest Physiolo F1 generation No difference in heat tolerance E Higher urbanWicIe?\e expression ~ (Camebell-Staton
(Anolis cristatellus) Y 9y 3 temperature treatments Y g P etal. 2021)
change after exposed to heat
challenge
Natural Morpholo F1 generation Longer limbs and more lamellae G Same results in wild (Winchell et al.
pnhology g g 2016)

AGeneration measured in the common garden (F1 — F3) and, in cases where the FO generation was used, the life stage individuals were brought to common conditions is shown. In the case of multi-
treatment common garden approaches, details on the rearing treatments are also shown.
BComparitive results using the urban group as the reference category. In the study listed last, urban anoles were found to have longer limbs and more lamellae than natural anoles.
Conclusion of underlying mechanisms responsible for phenotypic difference between populations recorded as either G = genetic differentiation between populations, E = plasticity to environment, G &
differentiation and

E = both

genetic

plasticity, and G

X E = genetic

differentiation

plastic

responses to

environment.
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Running head: Thecity and forest bird in a common garden

2o
2S
572  Table 2 Summary of 1) wild and 2) common garden model structures that account for different fixed and random effects. Ranges for continuous g%’
573 fixed effects and number (N) of random effect levels for each trait are shown. Note that urbanization was also examined as a continuous effect in §§
574  additional models (see model results in Table S4). g,g
1) WILD MODELS Sa
A) Aggression B) Breath rate C) Exploration D) Tarsus length E) Body mass ‘_3“%
Range: 0 — 3 score Range: 7.7 — 21.7 sec Range: 0 — 320 hops | Range: 17.32 —21.70 mm Range: 14 -20.4 g g
Fixed effects B §
Habitat forest vs. urban forest vs. urban forest vs. urban forest vs. urban forest vs. urban S0
Sex female vs. male female vs. male female vs. male female vs. male female vs. male 5<
Age adult vs. yearling adult vs. yearling adult vs. yearling - adult vs. yearling £°
Time of day Range: 7.16 — 17.13 - Range: 6.47 — 16.67 - Range: 7.17 - 17.13 298
Date of measure Range: 101 - 196 Range: 108 — 190 Range: 109 — 190 - Range: 101 — 197 oo
Protocol - new vs. old new vs. old - - RSN
Temperature - Range: 8 — 33.7 - - - S35
Random effects c3
Individual 1D (Vnp) N=772 N =531 N =472 N =837 N =810 223
Site ID (Vs7e) N=5 N=5 N=5 N=5 N=5 ggg
Year ID (Vvear) N=12 N=9 N=9 N=12 N=12 O5=
Observer ID (Vogs) N =29 N =12 - N =27 - 26
2) COMMON GARDEN MODELS o83
A) Aggression B) Breath rate C) Exploration D) Tarsus length E) Body mass 2 3§
Range= 0 — 3 score Range: 8.7 — 22.3 sec Range: 0 — 253 hops Range: 17.99 — 21 mm Range: 12.9-19.3 ¢ 3 %’@
Fixed effects 528
Habitat forest vs. urban forest vs. urban forest vs. urban forest vs. urban forest vs. urban 2o
Sex female vs. male female vs. male female vs. male female vs. male female vs. male 3 §§
Time of day Range: 7.42 - 11.67 Range: 7.60 — 11.97 Range: 7.67 — 12.02 - Range: 8.22 — 11.53 225
Assay number 1 — 4 (categorical) 1 - 4 (categorical) 1 - 3 (categorical) - 1 - 3 (categorical) g’:
Observer ID - - 1 - 2 (categorical) - g'§
Random effects 25
Individual ID (Vp) N=73 N=73 N =70 N=72 N=71 g’f
Origin nest ID (Von) N =23 N =23 N =23 N =23 N =23 EE
Foster nest ID (Vr) N=11 N=11 N=11 N=11 N=11 =E
Aviary 1D (Vay) N=8 N=8 N=8 N=8 N=8 z2
Eg
<3
)
=3
3=
23

(0]
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Running head: Thecity and forest bird in a common garden

Table 3 Fixed and random effect estimates and credible intervals (CI) for 1) wild and 2) common garden contexts across phenotypic traits (A: handling

aggression, B: breath rate index, C: exploration, D: tarsus length, and E: body mass). Exploration estimates are from a Poisson generalized mixed-effect model,

while all other traits were fit with Gaussian mixed-effect models. Common garden models estimated Individual ID (Vp), origin nest ID (Vno), foster nest ID (Vng),
aviary ID (Vav), and residual variance (V). The number of observations (obs) and individuals (ind) for each trait and context are shown. Shown in bold are fixed

effects whose credible intervals exclude zero or random effects whose lower Cl is >0.001. Computed among-individual variance (Vinp= Vip+VsitetVsextVhas, Vi
=V p+VnotVNetVav+Vsex+Viuag; equations 2&5) and repeatability (R) are shown for both contexts for comparison.

1) WILD
A) Aggression B) Breath rate C) Exploration D) Tarsus length E) Body mass

N = 1308 obs, 772 ind N =702 obs, 531 ind N =581 obs, 472 ind N = 1437 obs, 837 ind N = 1375 obs, 810 ind
Fixed effects Est | Cl Est | Cl Est | Cl Est [ Cl Est | Cl
Intercept 2.29 1.68 - 2.84 12.74 10.53 - 15.19 3.32 0.78-5.97 19.42 19.25-19.58 15.99 15.35 - 16.65
Habitat (urban) 0.03 -0.3-0.46 -0.70 -1.71-0.35 1.60 0.84-22 -0.29 -0.48--0.11 -0.41 -1.14-0.18
Sex (male) 0.13 -0.04-0.3 0.06 -0.3-04 -0.06 -0.47 - 0.32 0.54 0.48 - 0.62 0.60 05-07
Age (yearling) -0.09 -0.2-0.02 -0.008 -0.32-0.29 0.13 -0.19-0.48 -0.31 -0.39--0.24
Time of day -0.04 -0.06 - -0.01 -0.01 -0.1-0.07 0.04 0.02 - 0.06
Date of measure -0.001 -0.003 - 0.001 -0.003 -0.02 - 0.01 -0.01 -0.03 - 0.01 0.003 0.001 - 0.005
Protocol (old) 0.16 -0.39-0.71 0.16 -0.35-0.63
Temperature 0.09 0.06-0.13
Habitat * Sex 0.28 0.03-0.53
Random effects
Individual ID (Vinp) 0.43 0.34-052 261 2.06-3.19 2.73 1.99-35 0.28 0.25-0.31 0.39 0.33-0.45
Site ID (Vsie) 0.02 <0.001 - 0.08 0.25 <0.001 - 0.74 0.08 <0.001-0.3 0.008 <0.001 - 0.02 0.09 0.001-0.3
Year ID (Vyear) 0.03 <0.001 - 0.07 0.05 <0.001 - 0.19 0.06 <0.001 - 0.22 0.002 <0.001 - 0.004 0.06 0.01-0.13
Observer ID (Vogs) 0.04 0.01-0.08 0.52 0.1-1.26 0.005 0.001-0.01
Residual variance (V) 0.55 0.48 - 0.62 175 14-21 161 1.08-2.14 0.02 0.02 - 0.02 0.27 0.24-031
Vinp 0.48 0.38-0.70 2.89 2.28-4.36 344 257-461 0.38 0.34-0.44 0.57 0.47-1.15
Rwio 0.45 0.37-0.56 0.62 0.52-0.73 0.13 0.06 —0.20 0.94 0.93-0.95 0.62 0.53-0.78

2) COMMON GARDEN

A) Aggression
N =285 obs, 73 ind

B) Breath rate
N =283 obs, 73 ind

C) Exploration
N =203 obs, 70 ind

D) Tarsus length
N =211 obs, 72 ind

E) Body mass
N =210 obs, 71 ind

Fixed effects Est | Cl Est | Cl Est | Cl Est | Cl Est | Cl
Intercept 1.40 0.23 -2.59 9.43 7.21-11.62 4.02 191-6.07 19.43 19.1-19.76 15.84 14.71 - 16.98
Habitat (urban) 0.12 -0.2-0.45 -1.16 -2.32--0.02 -0.05 -1.06 - 0.81 -0.22 -0.64-0.17 -0.50 -0.96 - -0.03
Sex (male) -0.23 -0.5-0.05 0.81 0.03-1.6 -0.36 -0.84-0.14 0.46 0.24 - 0.67 1.03 0.75-1.33
Time of day 0.04 -0.07 - 0.16 0.47 0.27 - 0.67 -0.05 -0.24-0.12 -0.10 -0.2-0.02
Measurement (2) -0.17 -0.44 - 0.12 0.94 05-137 -0.18 -0.67-0.24 0.12 -0.04-0.28
Measurement (3) -0.25 -0.52 - 0.01 0.50 0.04-09 -0.13 -0.58- 0.3 0.50 0.37-0.67
Measurement (4) -0.38 -0.62 - -0.12 -0.38 -0.8-0.02

Observer (2) 0.07 0.04-0.11

Random effects

Individual ID (Vip) 0.19 0.08-0.32 215 11-318 0.47 <0.001- 0.98 0.18 0.11-0.27 0.26 0.13- 041
Origin nest 1D (Vo) 0.02 <0.001 - 0.06 0.58 <0.001 - 1.66 0.20 <0.001-0.71 0.10 <0.001-0.22 0.12 <0.001-0.3
Foster nest ID (Vng) 0.01 <0.001 - 0.05 0.15 <0.001 - 0.68 0.28 <0.001-11 0.03 <0.001-0.1 0.04 <0.001-0.13
Aviary ID (Vav) 0.01 <0.001 - 0.05 0.14 <0.001 - 0.62 0.05 <0.001-0.21

Residual variance (Vr) 0.56 0.46 - 0.67 158 1.29-187 1.66 122-217 0.01 0.01-0.02 0.18 0.14-0.23
V, 0.25 0.14-0.45 3.74 2.54-5.83 1.01 0.39-2.49 0.38 0.26—0.60 0.74 0.53-1.11
Ree 0.30 0.17-0.44 0.68 0.54-0.78 0.10 0.03-0.17 0.97 0.95-0.98 0.80 0.73-0.87
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Egg collection B Wild foster
& transfer parents

D Phenotyping

i) Aggression & ii) Breath rate

C Handrearing

Transferred to nursery

Modified from
Caizergues et al. 2022

and reared under
common conditions
(N = 41 urban & 32 forest birds)

i) Captive nest boxes

= until fledgin
Urban environment Eine

(N = 50 eggs from 4 sites)
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Figure 1 Procedure of common garden experiment including (A) egg collection, (B) transfer of eggs to wild foster parents, (C)
transfer of nestlings to nursery for hand rearing under common conditions, and (D) phenotyping of common garden birds across i)
handling aggression, ii) breath rate index, iii) exploration in a novel environment, iv) tarsus length, and v) body mass traits.
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Figure 2 Habitat type model estimate and 95% credible intervals (CI) on phenotypic traits of wild (brown) and common garden birds

(blue) across A) aggression in hand, B) breath rate index, C) exploration score, D) tarsus length, and E) body mass. Habitat differences

varied clearly by sex only in one case (A: aggression in wild birds) and these sex differences are shown (wild males: squares, wild

females: triangles); aggression did not differ clearly by sex in the common garden. Phenotypes were measured in the wild annually

during the breeding season between 2011- 2022, whereas we measured phenotypes in the common garden between 06 June 2022 - 31

January 2023. See also Figure S1 for plots that show raw data.
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Figure 3 Proportion of impervious surface area (ISA) model estimate and 95% credible intervals (CI) on phenotypic traits of wild
(brown) and common garden (blue) birds across A) aggression in hand, B) breath rate index, C) exploration score, D) tarsus length,
and E) body mass. ISA effects varied clearly by sex only in one case (A: aggression in wild birds) and these sex differences are shown
(wild males: orange, wild females: red); aggression over the ISA gradient in the common garden did not differ clearly by sex.
Phenotypes were measured in the wild annually during the breeding season between 2011- 2022, whereas we measured phenotypes in

the common garden between 06 June 2022 - 31 January 2023. See also Figure S2 for plots that show raw data.
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