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Abstract
Urbanization implies a dramatic impact on ecosystems, which may lead to drastic 
phenotypic differences between urban and nonurban individuals. For instance, ur-
banization is associated with increased metabolic costs, which may constrain body 
size, but urbanization also leads to habitat fragmentation, which may favor increases 
in body mass when for instance it correlates with dispersal capacity. However, this 
apparent contradiction has rarely been studied. This is particularly evident in China 
where the urbanization process is currently occurring at an unprecedented scale. 
Moreover, no study has addressed this issue across large geographical areas encom-
passing locations in different climates. In this regard, Barn Swallows (Hirundo rustica) 
are a suitable model to study the impact of urbanization on wild animals because 
they are a widely distributed species tightly associated with humans. Here, we col-
lected body mass and wing length data for 359 breeding individuals of Barn Swallow 
(H.  r. gutturalis) from 128 sites showing different levels of urbanization around the 
whole China. Using a set of linear mixed-effects models, we assessed how urbaniza-
tion and geography influenced body size measured using body mass, wing length, 
and their regression residuals. Interestingly, we found that the impact of urbanization 
was sex-dependent, negatively affecting males’ body mass, its regression residuals, 
and females’ wing length. We also found that northern and western individuals were 
larger, regarding both body mass and wing length, than southern and eastern indi-
viduals. Females were heavier than males, yet males had slightly longer wings than fe-
males. Overall, our results showed that body mass of males was particularly sensitive 
trait to urbanization, latitude, and longitude, while it only showed a weak response 
to latitude in females. Conversely, while wing length showed a similar geographical 
pattern, it was only affected by urbanization in the case of females. Further research 
is needed to determine whether these phenotypic differences are associated with 
negative effects of urbanization or potential selective advantages.
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1  | INTRODUC TION

Urbanization drives a dramatic change in environmental conditions, 
eliciting a broad variety of phenotypic and genetic responses by liv-
ing organisms (Alberti, 2015; Johnson & Munshi-South, 2017). Among 
these responses, body size variation is particularly important. Recent 
research using a relatively large number of ectotherm arthropod 
taxa has shown that, according to Atkinson's temperature-size rule 
(Atkinson, 1994), urbanization drives an overall reduction in body size 
for most species (Merckx et al., 2018). This change was attributed to 
the urban heat-island effect and to a decrease in available resources. 
Yet, different species showed divergent patterns, with some species 
decreasing and others increasing in body size. This variability in spe-
cies responses may be linked to life-history traits. Species showing 
high dispersal capacity and large body size are able to cope with the 
negative effects of urbanization and, thus, can maintain or increase 
their body size in urbanized habitats (Merckx et  al.,  2018; Santini 
et al., 2019; but see Evans et al., 2011, Sol et al., 2014). This suggests 
that different factors linked to species’ ecology and evolutionary his-
tory may result in divergent patterns of body size change across ur-
banization gradients. However, evidence from these processes is still 
scarce and more research needs to be done in order to understand 
how urbanization influences body size variation in wild organisms.

In animals, changes in body size at contemporary scales are commonly 
linked to biotic interactions, biogeographical constraints, and to changes 
in habitat structure (Allen et al., 2006). Additionally, Bergmann's rule pre-
dicts a negative relationship between body size and temperature, which 
is often manifested as a latitudinal pattern (Ashton, 2002). Urbanization, 
which drives a drastic transformation in environmental conditions—usu-
ally resulting in decreased food availability and increased temperature 
and habitat patchiness—may constrain body size. In birds, it has been 
shown that urbanization negatively impacts body size, nestling devel-
opment, and condition measurements (e.g., Heiss et al., 2009; Herrera-
Dueñas et  al.,  2017; Jiménez-Peñuela et  al.,  2019; Liker et  al.,  2008; 
Ruiz et al., 2002). Most works regard short-term variation in body size 
as mostly dependent on resource availability and, therefore, interpreted 
it as phenotypic plasticity (Hendry et  al.,  2008; Lima,  1986; Pollock 
et al., 2017; Seress et al., 2020). Liker et al. (2008), however, showed in a 
common garden experiment that this difference probably was the result 
of adaptive divergence. Other studies have shown no evidence of such 
impact (Bókony et al., 2012; Chamberlain et al., 2009; see also Giraudeau 
et al., 2014, Salmón et al., 2018). Moreover, previous studies have mostly 
assessed this question at relatively small spatial scales. Thus, there is a 
need for more studies analyzing the effects of urbanization on body size 
using a comparative framework across different populations and broader 
spatial scales, incorporating a biogeographical perspective.

Barn Swallows Hirundo rustica are an ideal model organism to 
study urbanization. They are well adapted to human disturbance, 

similar to other human commensals, such as the House Sparrow Passer 
domesticus (Riyahi et  al.,  2013) and the Tree Sparrow Passer monta-
nus (Zhang et al., 2011). They inhabit both urban and rural areas and 
are widely distributed around the world. In China, Barn Swallows are 
found in both temperate and tropical environments, making them 
particularly suitable to examine the biogeographical component of 
body size variation. There are two main subspecies, H. r. rustica, in the 
extremely northwest China (Xinjiang and NW Gansu province), and 
H. r. gutturalis, widely distributed in the east China (Dor et al., 2010; Liu 
et al., 2020; Scordato & Safran, 2014). Moreover, there is significant 
variation in urbanization rates across the country (Lin et al., 2015), so 
that individuals in developed regions may experience a stronger influ-
ence of urbanization than individuals in more remote areas (e.g., East 
China's urbanized coast vs. West China's sparsely populated areas). 
Finally, male and female Barn Swallows may show contrasting patterns 
of body size variation due to sex-differential responses to urbaniza-
tion. In this species, sexual dimorphism is apparent, with males usually 
showing smaller body size than females, and sexual selection operates 
with more intensity on the former (Liu et al., 2018; Safran et al., 2016).

Here, after controlling for the effect of geography, we assessed 
the influence of urbanization on body size variation in the subspecies 
gutturalis of Barn Swallow in China. We used several traits that may 
potentially be affected by urbanization to assess body size variation 
(see, e.g., Caizergues et al., 2018; Saccavino et al., 2018): body mass, 
wing length, and their regression residuals (hereinafter body size 
index). First, due to food and habitat constraints (Pollock et al., 2017; 
Seress et al., 2020) and to the heat-island effect (Andrew et al., 2018; 
Scheffers et al., 2016), we predicted that urbanization would have a 
negative influence in body size. Second, in line with Bergmann's rule 
and due to the potential negative effect of high temperature on nest-
ling development (Andrew et al., 2018; Ashton, 2002), we predicted a 
positive relationship between latitude and body size. These patterns, 
namely a decrease in body size toward highly urbanized and hot areas, 
could also be promoted by geographical variation in the urban heat-is-
land effect, which in China is stronger in southern than in northern 
cities (Zhou et al., 2004, 2016), and by the relatively high degree of 
urbanization of East China compared to West China. Finally, given that 
males experience stronger sexual selection and thus may have higher 
energetic demands than females, the negative effect of urbanization 
on body size could be more intense in males than in females.

2  | METHODS

2.1 | Study area

We selected 128 sites within 13 provinces of China across a broad 
geographical and urbanization gradient and in different climatic 
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regions—from subtropical in the south to humid continental in the 
east and dry continental in the west (Domrös & Peng, 2012). All the 
sites were clustered around 15 main urban areas, hereafter simply 
labeled as cities (SYS: Shuangyashan; QQHE: Qiqihar; HEB: Harbin; 
CC: Changchun; SY: Shenyang; QHD: Qinhaungdao; BJ: Beijing; BT: 
Baotou; YC: Yinchuan; LZ: Lanzhou; XA: Xi'an; ZZ: Zhengzhou; CS: 
Changsha; NN: Nanning; HK: Haikou) (Figure 1). The built-up area 
within a 1-km pixel grid around the nest was extracted for each 
individual bird using ArcGIS 10.1 from the dataset of Global 1-km 
Consensus Land Cover (http://www.earth​env.org/) (Tuanmu & 
Jetz, 2014).

2.2 | Data collection

We captured adult Barn Swallows during the breeding season from 
April to June 2014 and May to June 2015 by installing mist nets close 
to their nests after the first-brood nestlings hatched, and banded 
them in order to avoid duplicates. We recorded body mass of 359 
breeding adult individuals using a digital scale to the nearest 0.01 g 
(Pesola) and maximum-chord wing length using a metal ruler with an 
end stop to the nearest mm, including 184 males and 175 females 
of H. r. gutturalis. See Liu et al.  (2020) for more details on the field 
procedure and Table A1 for detailed information on sample size. A 
single person (E.S.C.S.) collected all data. We also collected a small 
amount of data on H. r. rustica and rustica—gutturalis hybrids, which 
were excluded from this study to avoid the influence of subspecies 
differences on body size (Liu et al., 2020).

2.3 | Statistical analysis

We applied Moran's I test to assess the degree of spatial autocorrela-
tion among our study sites. We found that these sites were not ran-
domly distributed across our study area (Moran's I = 0.23, p < .001), 
so that we included study area (“city”) as random factor in all models. 

Furthermore, since urbanization can be rather heterogeneous across 
time and space, showing complex relationships with habitat fea-
tures, species richness, and species’ traits (e.g., McKinney,  2008; 
Szulkin et al., 2020), we constructed two sets of models with built-up 
area data as a continuous variable and as a categorical factor. Based 
on data distribution and sample size, we classified these 128 sites 
into four levels of urbanization. We did this according to the pro-
portion of built-up areas in the 1-square-kilometer area where they 
were breeding (L: low, 0%–20%, 43 sites, N = 94; ML: mid-low, 21%–
40%, 17 sites, N = 29; MH: mid-high, 41%–60%, 35 sites, N = 79; H: 
high, 61%–100%, 33 sites, N = 157). This is a common and effective 
method to evaluate urbanized level in the study on the impact of 
urbanization (Newbold et al., 2015; Sol et al., 2020).

We used a linear mixed-effect model fit by restricted maximum 
likelihood to assess the impact of urbanization on body size of Barn 
Swallows, controlling for geography, date, and sex differences. We 
ran three sets of models using body mass (g) (including and excluding 
wing length), wing length (mm), and the body size index as depen-
dent variables. We log-transformed body mass and wing length to 
approximate normality. We included latitude, longitude, and sam-
pling date (N days from April 1st), which were scale-transformed to 
operate with comparable values, as explanatory variables. We also 
included sex (male or female) as categorical factor in the full models 
including both sexes. We carried out a Levene's test to assess the ho-
mogeneity of variance assumption and found that sex did not violate 
the homoscedasticity assumption. We estimated p-values using the 
normal approximation given the relatively large sample size of our 
sample (Barr et al., 2013).

Furthermore, as previously stated, we ran these three sets of 
models alternatively including urbanization as a continuous variable 
and as a categorical factor. In the latter, we included four categories 
of urbanization (low, mid-low, mid-high, and high; see previous sec-
tion) as a fixed effect. We used the different levels as reference in 
a sequence of models to assess all the potential combinations. The 
effects for the rest of explanatory variables remained the same, and 
we display the results for all the combinations of urbanization levels 

F I G U R E  1   Map showing the 
sampling sites across 13 provinces of 
China (from North to South and East 
to West: Heilongjiang, Jilin, Liaoning, 
Hebei, Beijing, Henan, Inner Mongolia, 
Shaanxi, Ningxia, Gansu, Hunan, 
Guangxi and Hainan). All the sample 
points are clustered into 15 cities (SYS: 
Shuangyashan; QQHE: Qiqihar; HEB: 
Harbin; CC: Changchun; SY: Shenyang; 
QHD: Qinhuangdao; BJ: Beijing; ZZ: 
Zhengzhou; BT: Baotou; XA: Xi'an; YC: 
Yinchuan; LZ: Lanzhou; CS: Changsha; 
NN: Nanning; HK: Haikou)
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in the tables. Finally, given that sampling was conducted across 
2 years, year was included as random factor. We considered includ-
ing climatic variables—average annual temperature and precipitation 
from 2011 to 2015 as explanatory variables, which were obtained 
from Loess plateau science data center, National Earth System 
Science Data Sharing Infrastructure, National Science & Technology 
Infrastructure of China (http://loess.geoda​ta.cn) (Peng et al., 2019). 
However, we finally excluded these climatic variables due to their 
high correlation with latitude and longitude (Table A2).

For each dependent variable, and because we were interested in as-
sessing differential responses to urbanization between the sexes with-
out overloading the models with an excessive number of interaction 
factors, we ran a full model and then one separate model for each sex.

All analyses were carried out in R 4.0.2 (R Core Team,  2020) 
using the packages spdep 1.1-5 (Bivand & Wong, 2018), lme4 1.1-21 
(Bates et al., 2015), and car 3.0-4 (Fox & Weisberg, 2018).

3  | RESULTS

3.1 | Body mass

The full model including both sexes showed no significant effect of 
urbanization on body mass, coded either as a continuous variable 

or as a categorical factor and regardless of whether we included 
wing length in the models or not (Table  1, Table  A3). Body mass 
decreased significantly toward the south and the east, yet the re-
lationship between body mass and longitude became nonsignifi-
cant in the models including wing length (Table A3). Females were 
on average significantly heavier than males (over 7%; Females, 
Mean ± SD = 16.58 ± 1.76 g; Males, Mean ± SD = 15.39 ± 1.10 g) 
(Figure 2a,b).

In the model only including males, urbanization coded as a con-
tinuous variable correlated negatively with body mass (yet margin-
ally significant, p = .05) (Table 2, Figure 2a). This relationship became 
significant in the model including wing length (p =  .03) (Table A3). 
When urbanization was coded as a categorical factor, males in highly 
urbanized sites showed the lowest body mass. More specifically, 
males in highly urbanized sites showed lower body mass than in-
dividuals in low and mid-high urbanized sites, and a nonsignificant 
tendency to have lower body mass than individuals in mid-low ur-
banized sites (Figure 2b). The difference between mid-low and highly 
urbanized sites became significant in the model including wing length 
(Table A4). As in the full model, males showed decreasing body mass 
toward the south and the east and, according to t-values, these pat-
terns were of similar magnitude to those related to urbanization. The 
models for females showed, conversely, no significant effects on 
body mass in any model (Table A5, Figure 2a,b). We only recorded a 
nonsignificant tendency of body mass to decrease with latitude in all 
models. Wing length and body mass correlated positively in all the 
previous models, while sampling date showed no significant effects 
in any model.

3.2 | Wing length

The full model including both sexes showed no significant effect of urban-
ization (either coded as continuous variable or categorical factor) on wing 
length. As with body mass, wing length decreased significantly toward 
south and east, yet in this case males had slightly longer wings on aver-
age than females (over 1.5%; Females, Mean ± SD = 115.96 ± 3.14 mm; 
Males, Mean ± SD = 117.79 ± 2.99 mm) (Table 3, Figure 2c,d).

The model only including males showed the same patterns than the 
full model (Table A6). Females had shorter wings in highly urbanized than 
low urbanized sites, yet this effect was not apparent when coding urban-
ization as a continuous variable (Table 4, Figure 2c,d). Regarding latitude 
and longitude, females showed the same patterns as for males and the 
full model. Sampling date showed no significant effect in any model.

3.3 | Body size index

The full model including both sexes showed no effects of urbaniza-
tion on the body size index, coded either as continuous variable or 
as categorical factor (Table A7). This proxy of body size decreased 
toward the south, yet showed no relationship with longitude, and 
was higher for females than for males.

TA B L E  1   Results of two linear mixed-effect models fit by 
restricted maximum likelihood using log-transformed body mass 
as a response variable, urbanization level, latitude, longitude, 
sampling date (N days from April 1st), and sex (female and male) as 
explanatory variables, and city and year as random factors

Estimate SE t p

Intercept 2.80 0.02 135.18 <.001

Urbanization −0.004 0.008 −0.49 .63

Latitude 0.05 0.02 2.25 .02

Longitude −0.04 0.02 −2.21 .03

Sampling date −0.02 0.02 −1.19 .23

Sex (female vs. male) −0.08 0.008 −9.98 <.001

Intercept 2.81 0.02 120.39 <.001

Low vs. Mid-low −0.005 0.03 −0.18 .85

Low vs. Mid-high <0.001 0.02 0.03 .98

Low vs. High −0.01 0.02 −0.50 .62

Mid-low vs. Mid-high 0.005 0.02 0.23 .82

Mid-low vs. High −0.005 0.02 −0.23 .82

Mid-high vs. High −0.01 0.02 −0.58 .56

Latitude 0.05 0.02 2.28 .02

Longitude −0.04 0.02 −2.17 .03

Sampling date −0.03 0.02 −1.30 .19

Sex (female vs. male) −0.08 0.01 −9.93 <.001

Note: We characterized urbanization as a continuous variable (up) and a 
categorical variable (Low, Mid-low, Mid-high, High) (down), respectively.
Significant effects are marked with bold. 
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The model including only males showed a similar pattern to that 
using body mass as dependent variable. Urbanization and the body 
size index correlated negatively (Table  5, Figure  2e). Furthermore, 
the body size index had the lowest scores in highly urbanized sites 
and this difference was significant with the rest of urbanization lev-
els (Figure 2f). Males’ body size index decreased significantly toward 
the south and the east. Conversely, the model for females showed 
no significant effects (Table A8). Sampling date showed no signifi-
cant effect in any model.

4  | DISCUSSION

In this study, after controlling for the effect of latitude and longi-
tude across a very large geographical range (27.48° in longitude and 

28.36° in latitude), we found that urbanization exerted a negative 
impact on body size of Barn Swallows. Nevertheless, this effect was 
only apparent when considering the sexes separately and affected 
different traits in males and females—body mass and wing length, 
respectively. This means that morphological divergence associated 
with urbanization acted in the same direction yet on different mor-
phological traits in males and females (Caizergues et al., 2018; see 
also Przybylo et  al., 2000, Millet et  al., 2015). Urbanization drives 
considerable changes in many biotic and abiotic factors, which can 
affect both adults and their offspring (Heiss et al., 2009; Herrera-
Dueñas et al., 2017; Jiménez-Peñuela et al., 2019; Liker et al., 2008; 
Ruiz et al., 2002), even at the embryonic stage (Bailly et al., 2016). In 
birds, these negative effects have been related to the heat-island ef-
fect, habitat fragmentation and transformation, interspecific compe-
tition, and to the lack and low quality of food resources within urban 

F I G U R E  2   Differences in the body mass (a, b), wing length (c, d), and body size index (residuals from the regression between body mass 
and wing length) (e, f) of male (red color) and female (blue color) Barn Swallows H. r. gutturalis quantifying urbanization either as a continuous 
variable or categorical factor. In the scatter plots quantifying urbanization as a continuous variable (a, c, e), a local polynomial regression 
method (loess) was followed and 95% confidence intervals are represented as shaded areas. In the box plots quantifying urbanization as a 
categorical factor (Low, 0%–20%, 43 sites, N = 94; Mid-low, 21%–40%, 17 sites, N = 29; Mid-high, 41%–60%, 35 sites, N = 79; High, 61%–
100%, 33 sites, N = 157) (b, d, f), central horizontal lines represent the median, thin horizontal lines represent the upper and lower quartiles, 
and vertical lines represent the maximum and minimum values. Outliers are shown in filled circles
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areas (Heiss et al., 2009; Liker et al., 2008; Ruiz et al., 2002; Seress 
et  al.,  2020). However, these negative effects are not widespread 
among bird species (Bókony et al., 2012; Chamberlain et al., 2009; 
Giraudeau et al., 2014; Salmón et al., 2018) and, for instance, previ-
ous research has suggested that species with high dispersal capacity 
can evade the negative effects of urbanization (Merckx et al., 2018; 
Møller, 2009; Santini et al., 2019). Our results illustrated, therefore, 
several new facets of this issue. First, we found that urbanization 
seemed to exacerbate a natural geographical pattern of reduction 
in body size toward southern latitudes. Second, we found that these 
negative effects could also be apparent in species with very high 
mobility, such as Barn Swallows. Finally, we found that urbanization 
and geographical variation could have sex-dependent effects, since 
in our sample different traits were affected to a different extent by 
urbanization, latitude, and longitude in each sex.

We also recorded a strong impact of geography on body size vari-
ation, with similar patterns, yet also sex-dependent, for body mass 
and wing length. Western and Northern males were heavier than 
Eastern and Southern ones, either considering body mass or the body 
size index, which seems consistent across life stages (Pagani-Núñez 
et al., 2016). The same pattern was apparent for both sexes regard-
ing wing length. Latitudinal variation in body size is often interpreted 
as a manifestation of Bergmann's rule, which is a classic and popular 
theory that explains spatial variation in body size across species and 
populations (Ashton,  2002). Animals in cold areas at high latitudes 
or altitudes are usually larger than individuals of the same species in 

warmer areas (Meiri & Dayan, 2003). Although this effect could have 
been ameliorated in Barn Swallows, which are a migratory species 
and thus may not necessarily experience strong climatic constraints 
to body size development (Olson et  al.,  2009), we recorded a clear 
pattern of decreasing body size toward warmer geographical areas. 
In China, there is significant climatic variation across geographical re-
gions, with increasing temperature and humidity from West to East 
and North to South (Domrös & Peng, 2012). The combined effect of 
climatic variation and high urbanization levels in East and South China, 
which has likely fostered the urban heat-island effect in those areas, 
contributed to a similar extent that urbanization to shape body size 
variation of male Barn Swallows across this broad country.

Interestingly, females showed a slightly different pattern than males. 
Females were heavier and had shorter wings than males. Moreover, fe-
male wing length rather than body mass responded to urbanization. 
A combination of factors may be required to explain this sexual dif-
ference. On the one hand, males usually have to spend more energy 
on sexual displays and nest defense, so particularly the smallest indi-
viduals from southern populations could be more sensitive to the typ-
ically adverse environmental conditions associated with urbanization 

TA B L E  2   Results of two linear mixed-effect models fit by 
restricted maximum likelihood using log-transformed male body 
mass as a response variable, urbanization level, latitude, longitude, 
sampling date (N days from April 1st), and sex (female and male) as 
explanatory variables, and city and year as random factors

Estimate SE t p

Intercept 2.73 0.02 176.73 <.001

Urbanization −0.01 0.007 −1.96 .05

Latitude 0.04 0.01 2.51 .01

Longitude −0.04 0.01 −3.61 <.001

Sampling date −0.01 0.01 −0.73 .47

Intercept 2.74 0.01 203.58 <.001

Low vs. Mid-low −0.005 0.02 −0.22 .82

Low vs. Mid-high 0.007 0.01 0.47 .64

Low vs. High −0.04 0.02 −2.49 .01

Mid-low vs. 
Mid-high

0.01 0.02 0.57 .57

Mid-low vs. High −0.04 0.02 −1.77 .08

Mid-high vs. High −0.05 0.02 −3.04 .002

Latitude 0.04 0.01 2.86 .004

Longitude −0.04 0.01 −3.40 <.001

Sampling date −0.02 0.01 −1.45 .15

Note: We characterized urbanization as a continuous variable (up) and a 
categorical variable (Low, Mid-low, Mid-high, High) (down), respectively.
Significant effects are marked with bold. 

TA B L E  3   Results of two linear mixed-effect models fit by 
restricted maximum likelihood using log-transformed wing length 
as a response variable, urbanization level, latitude, longitude, 
sampling date (N days from April 1st), and sex (female and male) as 
explanatory variables, and city and year as random factors

Estimate SE t p

Intercept 4.75 0.002 2,130.71 <.001

Urbanization −0.001 0.002 −0.76 .45

Latitude 0.01 0.004 2.93 .003

Longitude −0.02 0.003 −6.59 <.001

Sampling date −0.002 0.003 −0.78 .43

Sex (female vs. 
male)

0.01 0.002 5.92 <.001

Intercept 4.76 0.004 1,247.21 <.001

Low vs. Mid-low −0.01 0.006 −1.63 .10

Low vs. 
Mid-high

−0.002 0.004 −0.56 .58

Low vs. High −0.006 0.005 −1.26 .20

Mid-low vs. 
Mid-high

0.008 0.006 1.31 .19

Mid-low vs. 
High

0.004 0.006 0.73 .46

Mid-high vs. 
High

−0.003 0.004 −0.80 .43

Latitude 0.01 0.004 3.03 .002

Longitude −0.02 0.003 −6.18 <.001

Sampling date −0.003 0.004 −0.88 .38

Sex (female vs. 
male)

0.01 0.002 5.91 <.001

Note: We characterized urbanization as a continuous variable (up) and a 
categorical variable (Low, Mid-low, Mid-high, High) (down), respectively.
Significant effects are marked with bold. 
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(Møller & Szép, 2002; Saino et al., 2003). On the other hand, females 
in southern populations could display shorter migrations as, for exam-
ple, in Common Chiffchaffs Phylloscopus collybita (Catry et al., 2005), 
particularly in urban areas, which could influence wing morphology. 
This link between migratory behavior and wing morphology is usually 
referred to as Seebohm's rule. This rule has been broadly discussed 
using Blackbirds Turdus merula as model, with such research obtaining 
conflictive results (see, e.g., Evans et al., 2009; Saccavino et al., 2018). 
Constraints to development associated with an urban lifestyle, or 
any potential advantages of having a reduced body size (Caizergues 
et al., 2018), acted here on different traits. To what extent body size 
variation can be associated to either negative effects of urbanization, or 
potential selective advantages, remains to be explored.

To conclude, body size is an important trait in birds, being di-
rectly related to survival and fitness (Liu et al., 2018; Møller & Szép, 
2002; Moreno-Rueda, 2011; Price & Liou, 1989; Saether, 1989). As 
the result of the trade-off between predation and starvation risk 
(Lima, 1986), body size can be affected by various biotic and abiotic 
factors. Here we found that Barn Swallow in urban areas of East and 
South China showed the lowest body size across a vast geographical 
area, suggesting that urbanization may make these populations the 
most vulnerable in face of current landscape and climate change.
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TA B L E  A 1   Number of sampling sites and individuals across the different urbanization levels

Urbanization level Sampling sites
Average built-up 
proportion Females Males

Low 43 0.35 39 55

Mid-low 17 23.06 14 15

Mid-high 35 54.63 42 37

High 33 94.12 80 77

Note: Numbers for males and females separately is also provided.

APPENDIX 

Latitude Longitude
Annual 
temperature

Annual 
precipitation

Latitude 1

Longitude −0.865 1

Annual temperature 0.715 −0.362 1

Annual precipitation 0.845 −0.919 0.302 1

TA B L E  A 2   Pearson correlation of 
geographic and climatic variables
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TA B L E  A 3   Results of two linear mixed-effect models fit by restricted maximum likelihood using log-transformed body mass as a 
response variable, urbanization level, log-transformed wing length, latitude, longitude, sampling date (N days from April 1st), and sex (female 
and male) as explanatory variables, and city and year as random factors

Estimate SE t p

Intercept 0.16 0.86 0.18 .86

Urbanization −0.004 0.008 −0.58 .56

Wing length 1.28 0.42 3.06 002

Latitude 0.04 0.02 2.17 .03

Longitude −0.03 0.02 −1.76 .08

Sampling date −0.02 0.02 −1.20 .23

Sex (female vs. male) −0.09 0.008 −10.51 <.001

Intercept 0.18 0.87 0.21 .83

Low vs. Mid-low −0.001 0.02 −0.03 .98

Low vs. Mid-high −0.001 0.02 −0.05 .96

Low vs. High −0.009 0.02 −0.48 .63

Mid-low vs. Mid-high <0.001 0.02 −0.002 .99

Mid-low vs. High −0.008 0.02 −0.38 .70

Mid-high vs. High −0.008 0.02 −0.48 .63

Wing length 1.27 0.42 3.02 .003

Latitude 0.04 0.02 2.15 .03

Longitude −0.03 0.02 −1.69 .09

Sampling date −0.02 0.02 −1.28 .20

Sex (female vs. male) −0.09 0.008 −10.46 <.001

Note: The two models used urbanization level as a continuous variable and a categorical variable (Low, Mid-low, Mid-high, High), respectively.
Significant effects are marked with bold. 
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TA B L E  A 4   Results of two linear mixed-effect models fit by 
restricted maximum likelihood using log-transformed male body 
mass as a response variable, urbanization level, log-transformed 
wing length, latitude, longitude, sampling date (N days from April 
1st), and sex (female and male) as explanatory variables, and city 
and year as random factors

Estimate SE t p

Intercept 0.58 0.91 0.64 .52

Urbanization −0.02 0.007 −2.22 .03

Wing length 1.04 0.44 2.36 .02

Latitude 0.03 0.01 2.29 .02

Longitude −0.03 0.01 −2.95 .003

Sampling date −0.008 0.01 −0.58 .56

Intercept 0.48 0.90 0.53 .60

Low vs. Mid-low −0.001 0.02 −0.05 .96

Low vs. Mid-high 0.007 0.01 0.49 .62

Low vs. High −0.04 0.02 −2.72 .007

Mid-low vs. 
Mid-high

0.008 0.02 0.4 .69

Mid-low vs. High −0.04 0.02 −2.08 .04

Mid-high vs. High −0.05 0.02 −3.28 .001

Wing length 1.10 0.44 2.51 .01

Latitude 0.04 0.01 2.59 .009

Longitude −0.03 0.01 −2.60 .009

Sampling date −0.02 0.01 −1.30 .19

Note: The two models used urbanization level as a continuous variable 
and a categorical variable (Low, Mid-low, Mid-high, High), respectively.
Significant effects are marked with bold. 

TA B L E  A 5   Results of four linear mixed-effect models fit by 
restricted maximum likelihood using log-transformed female body 
mass as a response variable, urbanization level, latitude, longitude, 
sampling date (N days from April 1st), and sex (female and male) as 
explanatory variables, and city and year as random factors

Estimate SE t p

Intercept 2.80 0.02 121.25 <.001

Urbanization 0.001 0.01 0.06 .95

Latitude 0.06 0.03 1.82 .07

Longitude −0.03 0.02 −1.24 .21

Sampling date −0.04 0.03 −1.29 .20

Intercept 2.80 0.03 84.02 <.001

Low vs. Mid-low −0.01 0.04 −0.35 .72

Low vs. 
Mid-high

−0.01 0.03 −0.38 .72

Low vs. High −0.003 0.03 0.11 .91

Mid-low vs. 
Mid-high

0.004 0.04 0.10 .92

Mid-low vs. 
High

0.02 0.04 0.50 .62

Mid-high vs. 
High

0.01 0.03 0.54 .59

Latitude 0.06 0.03 1.76 .08

Longitude −0.03 0.02 −1.30 .19

Sampling date −0.03 0.03 −1.15 .25

Intercept −0.48 1.40 −0.34 .73

Urbanization 0.002 0.01 0.19 .85

Wing length 1.59 0.68 2.34 .02

Latitude 0.05 0.03 1.78 .07

Longitude −0.02 0.02 −0.83 .41

Sampling date −0.04 0.03 −1.46 .14

Intercept −0.58 1.42 −0.41 .68

Low vs. Mid-low −0.01 0.04 −0.24 .81

Low vs. 
Mid-high

−0.01 0.03 −0.44 .66

Low vs. High 0.01 0.03 0.32 .75

Mid-low vs. 
Mid-high

−0.003 0.04 −0.08 .94

Mid-low vs. 
High

0.02 0.04 0.55 .58

Mid-high vs. 
High

0.02 0.03 0.85 .40

Wing length 1.64 0.69 2.39 .02

Latitude 0.05 0.03 1.65 .10

Longitude −0.02 0.02 −0.89 .37

Sampling date −0.03 0.03 −1.22 .22

Note: The two models including or not including log-transformed wing 
length as another explanatory variable both included urbanization level 
as a continuous variable and a categorical variable (Low, Mid-low, Mid-
high, High), respectively.
Significant effects are marked with bold. 
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TA B L E  A 6   Results of two linear mixed-effect models fit by 
restricted maximum likelihood using log-transformed male wing 
length as a response variable, urbanization level, latitude, longitude, 
sampling date (N days from April 1st), and sex (female and male) as 
explanatory variables, and city and year as random factors

Estimate SE t p

Intercept 4.77 0.002 2,823.23 <.001

Urbanization <0.001 0.002 0.05 .96

Latitude 0.01 0.003 3.44 .001

Longitude −0.02 0.002 −7.75 <.001

Sampling date −0.004 0.003 −1.30 .20

Intercept 4.77 0.004 1,316.87 <.001

Low vs. Mid-low −0.007 0.007 −0.96 .34

Low vs. Mid-high −0.004 0.005 −0.79 .43

Low vs. High <0.001 0.005 −0.04 .97

Mid-low vs. 
Mid-high

0.003 0.007 0.37 .71

Mid-low vs. High 0.007 0.007 0.90 .37

Mid-high vs. High 0.004 0.005 0.75 .45

Latitude 0.01 0.004 3.20 .001

Longitude −0.02 0.003 −6.91 <.001

Sampling date −0.004 0.004 −1.17 .24

Note: The two models used urbanization level as a continuous variable 
and a categorical variable (Low, Mid-low, Mid-high, High), respectively.
Significant effects are marked with bold. 

TA B L E  A 7   Results of two linear mixed-effect models fit by 
restricted maximum likelihood using body size index (body mass/
wing length residual) as a response variable, urbanization level, 
latitude, longitude, sampling date (N days from April 1st), and sex 
(female and male) as explanatory variables, and city and year as 
random factors

Estimate SE t p

Intercept 0.24 0.17 1.38 .17

Urbanization <0.001 <0.001 −0.64 .52

Latitude 0.005 0.002 2.14 .03

Longitude −0.003 0.002 −1.57 .12

Sampling date −0.001 0.001 −1.19 .23

Sex (female vs. 
male)

−0.09 0.008 −11.41 <.001

Intercept 0.046 0.02 2.10 .04

Low vs. Mid-low 0.001 0.02 0.02 .98

Low vs. 
Mid-high

−0.002 0.02 −0.10 .92

Low vs. High −0.009 0.02 −0.49 .63

Mid-low vs. 
Mid-high

−0.002 0.02 −0.10 .92

Mid-low vs. 
High

−0.01 0.02 −0.45 .65

Mid-high vs. 
High

−0.008 0.02 −0.45 .65

Latitude 0.04 0.02 2.09 .04

Longitude −0.02 0.02 −1.49 .14

Sampling date −0.02 0.02 −1.25 .21

Sex (female vs. 
male)

−0.09 0.008 −11.37 <.001

Note: The two models used urbanization level as a continuous variable 
and a categorical variable (Low, Mid-low, Mid-high, High), respectively. 
Significant effects are marked with bold.
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TA B L E  A 8   Results of two linear mixed-effect models fit by 
restricted maximum likelihood using body size index (body mass/
wing length residual) of females as a response variable, urbanization 
level, latitude, longitude, sampling date (N days from April 1st), and 
sex (female and male) as explanatory variables, and city and year as 
random factors

Estimate SE t p

Intercept 0.04 0.02 2.30 .02

Urbanization 0.002 0.01 0.21 .84

Latitude 0.05 0.03 1.79 .07

Longitude −0.02 0.02 −0.79 .43

Sampling date −0.04 0.03 −1.49 .14

Intercept 0.04 0.03 1.32 .19

Low vs. Mid-low −0.009 0.04 −0.22 .83

Low vs. Mid-high −0.01 0.03 −0.45 .65

Low vs. High 0.01 0.03 0.36 .72

Mid-low vs. 
Mid-high

−0.004 0.04 −0.10 .92

Mid-low vs. High 0.02 0.04 0.55 .58

Mid-high vs. High 0.02 0.03 0.90 .37

Latitude 0.05 0.03 1.64 .10

Longitude −0.02 0.02 −0.86 .39

Sampling date −0.03 0.03 −1.23 .22

Note: The two models used urbanization level as a continuous variable 
and a categorical variable (Low, Mid-low, Mid-high, High), respectively.
Significant effects are marked with bold.
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