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Street trees provide essential ecosystem services and are subject to large inputs of anthropogenic-sourced ele-
ments and frequent management operations. However, a systematic understanding of the elemental composition
in street tree leaves and topsoil is still lacking. Based on a field survey across urban-rural gradients in a sub-
tropical city (Chengdu) of China, we explored the spatial patterns of ten elements (i.e., nitrogen (N), phosphorus
(P), potassium (K), calcium (Ca), magnesium (Mg), aluminum (Al), iron (Fe), zinc (Zn), copper (Cu) and chro-
mium (Cr)) in street tree leaves and in topsoil (0-10 cm) as well as their key drivers. Our results indicate that leaf
N, P, K, and Al contents as well as topsoil N, P, and Al contents showed a significant increase toward the central
urban area. In contrast, no significant spatial trends were found for other elements across the urban-rural gra-
dients. The first principal component of leaf elemental composition (mainly explained by N, K, Mg, Fe, Cu, and Al
contents) and the second principal component of topsoil elemental composition (mainly explained by P, K, Mg,
Fe, and Al contents) both increased significantly toward the central urban area. Unexpectedly, leaf and topsoil
elemental composition showed no significant correlations with each other. Our findings demonstrate distinctive
spatial patterns of the elemental composition of leaf and topsoil for street trees across urban-rural gradients and
highlight a decoupling between leaf and topsoil element composition in the street tree systems. These results
improve our understanding of how urbanization reshapes the pattern of biogeochemical cycling and provide a
baseline for better nutrient management in the street tree systems.

1. Introduction Mullaney et al., 2015; McPherson et al., 2016; Willis and Petrokofsky,

2017; Liu et al., 2023). However, the urban-rural shifts in multiple el-

Biogeochemical cycles in urban forests are intensively altered by
anthropogenic activities (Lorenz and Lal, 2009; Kaushal et al., 2014;
Shurpali, 2023). Street trees, growing in tree pits along roads, are an
important component of urban forests (Mullaney et al., 2015).
Compared to natural forests or trees growing in urban parks, street trees
are generally subjected to more air pollutants, especially from
transportation-related sources (Dan-Badjo et al., 2008; Bettez et al.,
2013). Road air quality often is the worst within urban areas due to high
vehicular emissions of pollutants (Bettez et al., 2013). Previous studies
mainly focused on the ecosystem services provided by street trees, such
as filtering air pollutants, storing carbon, providing shade, reducing
noise, and ameliorating the urban heat-island effect (Janhall, 2015;

ements in street trees along with changes in the inputs of the air pol-
lutants remain largely unknown. Moreover, street trees generally grow
in isolated tree pits where element cycling is blocked by management
operations (e.g., litter removal) and impervious surrounding surfaces
(Fig. 1a). These characteristics of element cycling in street tree systems
(including street trees and the underlying soil) likely shape distinctive
elemental composition of street trees and underlying topsoil which
remain poorly understood.

Street tree systems receive chronic inputs of various anthropogenic-
sourced elements (Fig. 1a). Specifically, traffic-sourced elements are
mainly from gasoline combustion process, gasoline additives, catalytic
converters (e.g., NOx reduction agent, and tricresyl phosphate), metal
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containers, pipes and devices used in gasoline production, storage and
transportation, as well as the wear of tyre and engine components and
lubricating oil (Miller et al., 2007; Ministry of Ecology and Environment
of the People’s Republic of China, 2013; Wild et al., 2017; Wang et al.,
2017a; Coufalik et al., 2019; Indris et al., 2020). Generally, non-heavy
metal elements (e.g., Ca, Mg, Fe, and Al) are found to account for
~80 % of the metal elements in the diesel fuel and the remaining ~20 %
are heavy metal elements (e.g., Cr, Zn, and Cu) (Wang et al., 2003).
Additionally, street tree pits receive element inputs from other occa-
sional anthropogenic sources, such as occasional fertilization, dumping
of household waste or building materials, although they are hard to be
quantified (Nielsen., 2019; Kaushal et al., 2020; Xiong et al., 2020;
Fig. 1a). Overall, the abovementioned human activities are generally
more intensive in urban areas, likely shaping a decrease in the magni-
tude of their impacts on the elemental composition of street tree systems
across the urban-rural gradients.

The elemental composition of topsoil in street tree pits is strongly
reshaped by human activities compared to that in the natural forests
(Kaye et al., 2006; Lorenz and Lal, 2009; Dynarski et al., 2023). For
instance, vehicular emission, mostly deposited within a distance of
20 m, is an important source for the topsoil element inputs (Trombulak
and Frissell, 2000; Dan-Badjo et al., 2008; De Silva et al., 2016; Fig. 1a).
The bulk deposition of K, Ca, and Mg in large cities is high and shows a
significant decrease with the distance to the city (Du et al., 2018).
Additionally, non-exhaust emissions (e.g., particles from brake pads,
tires, belts, road paint) as well as some occasional anthropogenic sources
(e.g., pet dogs, occasional fertilization) are also important sources for
topsoil elements (Nielsen, 2019; Jeong et al., 2022). Moreover,
compared to natural ecosystems, nutrient inputs from litterfall and
consequent decomposition are largely blocked in the street tree systems
due to impervious surface and litter removal, resulting in a significant
element loss over time (Bradford et al., 2016; Chen et al., 2018; Fig. 1a).
In view of urban-rural changes in anthropogenic-sourced inputs, topsoil
elemental contents in street tree pits likely show an increase toward the
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urban core (Fig. 1b).

Street trees may adjust their leaf elemental composition in response
to changes in external element inputs and soil nutrient availability (Kaye
et al., 2006; Cobley and Pataki, 2019). Street trees take up nutrients
from soils through a combination of pathways, including direct root
absorption and associations with mycorrhizal fungi (Day et al., 2010;
Anbarasan and Ramesh, 2021). In addition to root nutrient uptake from
soils (Olowoyo et al., 2010; Przybysz et al., 2014; Fig. 1a), street trees
can also assimilate vehicular-emitted elements through leaf stomata and
cuticles (Oliva and Espinosa, 2007; Fig. 1a). The magnitudes of nutrient
assimilation by these two pathways depend on the soil nutrient avail-
ability in tree pits and on the air concentrations of vehicular-emitted
gases (e.g., NOx) or the solubility of deposited particles, respectively
(Sanchez-Lopez et al., 2015; Song et al., 2015; Rai, 2016). Moreover, the
capacity of leaf nutrient assimilation varies among tree species with
different nutrient demands (Xu et al.,, 2018). In view of a potential
decrease in the nutrient inputs from human activities across urban-rural
gradients, the leaf elements of street trees may decrease from central
urban area to rural area (Du et al., 2022a; Fig. 1c).

The elemental composition of street tree leaf and topsoil may thus
show a significant change across urban-rural gradients, while such a
hypothesized spatial pattern remains unexplored. The urbanization of
Chengdu, a subtropical large city in Sichuan province of China, is
characterized by periodic expansion: initially concentrated within the
first ring road before 1970s, and concentrically expanded to the second
ring road during 1980s-1990s and then concentrically expanded to the
third ring road after 1990s (Fig. 2¢; Wang et al., 2017b). By systemically
sampling street tree leaves and topsoil (0-10 cm) across urban-rural
gradients in Chengdu, we explored the spatial patterns and main
drivers of ten element contents (N, P, K, Ca, Mg, Al, Fe, Zn, Cu, and Cr) in
leaf and topsoil samples. Specifically, we tested the following hypothe-
ses: (i) leaf and topsoil contents of anthropogenic derived elements in
street tree systems both increase significantly towards the urban core
due to more intensive inputs via human activities (urban hotspot
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Fig. 1. Conceptual diagram of element cycling in the street tree system (a), and the hypothesized changes in traffic-sourced element contents of tree pit topsoil (b)

and street tree leaves (c) across the urban-rural gradients.
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Fig. 2. The study area (Chengdu, China) (a-b), the locations of the sampling sites (25 sites across seven directions) (c), and photos of an example street tree (d) and
street tree pit (e). Land use information (2022) was derived from Yang and Huang (2023).

hypothesis); (ii) leaf and topsoil elemental composition are coupled due
to the urban-rural gradients of anthropogenic element inputs into the
street tree systems and the elemental uptake of street trees from topsoil
(plant-soil coupling hypothesis).

2. Materials and methods
2.1. Study area

Chengdu city, located in Chengdu Plain in the southwest of China
(Fig. 2a, b), is one of the largest cities in China. Chengdu is featured with
a subtropical humid monsoon climate with mean annual temperature
(MAT) of 17.3 °C and annual precipitation (AP) of 984 mm, respectively
(Chengdu Municipal Bureau of Statistics, 2023). The urban area in
Chengdu has expanded continuously in recent decades and the urban
resident population has grown to over 16 million with the land area of
over 14,000 km? (Chengdu Municipal Bureau of Statistics, 2023).
Chengdu’s central areas (i.e., residential and commercial areas) with

high population density are primarily concentered within the first ring
road, and its rural areas (i.e., industrial and ecological areas) are mainly
located beyond the third ring road (Fig. 2c; Wang et al., 2017b). The
road network has a total length of more than 9400 km and the density of
road network generally decreases from central urban areas to peri-urban
and rural areas. Street trees in Chengdu are dominated by weeping fig
tree (Ficus concinna Miq.), ginkgo tree (Ginkgo biloba L), and white fig
tree (Ficus virens Aiton) (Zong et al., 2020). Among these three species,
ginkgo tree, and white fig tree are two native species, while weeping fig
tree is an introduced species (Zong et al., 2020; Table S1).

2.2. Field sampling

Field sampling was conducted from 2 August to 12 August 2022
following a stratified random sampling approach (Tang et al., 2016).
The stratified random sampling approach is a high-efficiency method of
sample selection that first divides into smaller strata based on shared
characteristics of the samples and then randomly selects among each
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stratum to form the final sample (Nickolas, 2021). Here, the sampling
roads (i.e., strata) were selected based on the locations of ring roads and
street tree species, and then street trees were randomly selected on each
sampling road (i.e., stratum)..

Specifically, we selected one sampling site at the urban core (i.e.,
Tianfu Square) and 24 sampling sites along eight directions from the
central urban area to the rural areas (i.e., north, northeast, east, south-
east, south, southwest, west, and northwest) (Fig. 2c, Table S1). At each
sampling site, three street trees were randomly selected (see a photo of
an example street tree in Fig. 2d and e) and mature leaves were sampled
from street tree crowns using a high branch scissor. Topsoil samples
were randomly collected from street tree pits at a depth of 0-10 cm
using an auger (diameter = 5 cm) (Fig. 2e). Our sampling focused on
topsoil because (i) anthropogenic-sourced element inputs mostly accu-
mulate in topsoil (De Vries et al., 1994; Serbula et al., 2012; Fantozzi
et al., 2013; Cetin et al., 2022), (ii) a major proportion of the nutrient
uptake takes place in topsoil layer (Jobbagy and Jackson, 2001), and
(iii) it is difficult to collect samples of deep soils in street tree pits.
Diameter at breast height (DBH), life form (evergreen or deciduous), and
the street tree species were recorded.

2.3. Laboratory measurement

Leaf samples were carefully rinsed using deionized water to remove
dust-borne particles and then dried at 65 °C for 48 hours (Xia et al.,
2023). Dried leaf samples were ground using a mill (NM200, Retsch,
Germany), and passed through a 0.149 mm mesh (Xia et al. 2023).
Topsoil samples were air-dried at room temperature and sieved through
a 2-mm mesh to remove coarse organic debris and small gravels (Xia
et al.,, 2022; Guo et al., 2024). Small visible roots were picked out
manually (Guo et al., 2024). For each topsoil sample, a subsample was
used to measure topsoil pH, and the remaining part was milled and
sieved through a 0.149 mm mesh for the measurement of element
contents. Topsoil pH was measured using a pH meter (soil:water ratio
1:2.5) (PB-10, Sartorius, Germany) (Soil Survey Staff, 2014). The C and
N contents in leaf and topsoil were measured using an isotope ratio mass
spectrometer (Thermo Delta V, Thermo Fisher Scientific Inc, Newton
Drive, Carlsbad, USA). Table S2

Leaf and topsoil samples were completely digested with nitric, hy-
drofluoric, and perchloric acids with a ratio of 3:2:1 in a microwave
digestion system (MARS 6 Xpress, CEM, Mattews, North Carolina, USA)
(Douvris et al., 2023). The contents of P, K, Ca, Mg, Al, Fe, Zn, Cu, and Cr
in the leaf and topsoil samples were then measured using an inductively
coupled plasma optical emission spectrometer (ICP-OES, Optima 8000,
PerkinElmer, USA) (Douvris et al., 2023). https://jjg.spc.org.cn Before
our formal sample test, we used a mixed multi-element standard solution
(GBW€081531) to ensure the accuracy and precision of measurement.
The correlation coefficient between mixed multi-element standard so-
lution concentrations and spectral intensity exceeded 0.999. We made
calibration every two hours during our measurement. Moreover, the
relative standard deviation of corrected spectral intensities shows the
fluctuation of spectral intensity, reflecting the stability of emission
spectrometer (i.e., precision of instrument). The relative standard de-
viation of concentration in calibration units shows the fluctuation of the
calculation of elemental concentration using calibration standard curve,
reflecting the accuracy and precision of elemental concentration mea-
surements. In this study, the mean relative standard deviation of cor-
rected spectral intensities and concentration in calibration units for the
sample element analysis (i.e., P, K, Ca, Mg, Al, Fe, Zn, Cu, and Cr) ranged
from 1.7 % to 2.8 %, and 1.7 % to 6.0 %, respectively, implying a good
accuracy and precision of measurements (Table S2).

2.4. Data on potential drivers

To identity the key drivers of the spatially varying elemental
composition in street tree leaves and topsoil, we collected data on
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anthropogenic (road network density, RD; road width, RW; road age,
RA;), climatic (MAT and AP), edaphic (topsoil pH and topsoil C: N), and
tree specific variables (DBH and life form) (Table S1). Specifically, road
network density (km km'z) was calculated as the total length of the main
roads (i.e., primary and secondary roads) in an area with a radius of
1 km from each sampling site (Cobley and Pataki, 2019; Du et al.,
2022b). The length of the main road in Chengdu was derived from the
National Catalogue Service for Geographic Information (https://www.
webmap.cn/). Road width was derived from Baidu Map (https://map.
baidu.com/). Road age was derived from Chengdu Transport Bureau
(http://jtys.chengdu.gov.cn/). Data on MAT and AP of the sampling
year were derived from the National Tibetan Plateau Data Center with a
spatial resolution of 1 km (http://data.tpdc.ac.cn/). Information on the
DBH, life form, topsoil pH, and topsoil C:N were measured and recorded
in this study (See Sections 2.2 and 2.3). The distance to the urban core
was defined as the distance from each sampling site to Tianfu Square and
was derived using Arc GIS 10.7 (ESRI, Redlands, CA, USA).

2.5. Statistical analysis

Data on topsoil and leaf element contents were log;o-transformed to
a normal distribution for further analysis. The Lilliefors test was con-
ducted to test the normality of logjo-transformed leaf and topsoil
element contents, as well as the principal components of leaf and topsoil
elements (Lilliefors., 1967). Lilliefors test is a nonparametric statistical
approach to test the normality of data distribution particularly powerful
for data with sample sizes (n < 30) (Lilliefors, 1967). We conducted
regression analysis to explore the spatial trends in element contents in
street tree leaves and topsoil (i.e., N, P, K, Ca, Mg, Al, Fe, Zn, Cu, and Cr)
with the distance to the urban core. To analyze the characteristics of leaf
and topsoil elemental composition, principal component analysis (PCA)
was conducted using ‘stats’ package (Venables and Ripley, 2002). To do
so, original data of leaf and topsoil element contents were first log;o--
transformed and normalized. Regression analysis was then conducted to
demonstrate the changes of the first two principal components (PC1 and
PC2) of elemental composition with the distance to the urban core.
Finally, correlation analysis was conducted to test the correlations be-
tween leaf and topsoil elemental compositions.

To identify key drivers explaining the spatial patterns of leaf and
topsoil element contents, redundancy analysis (RDA) and hierarchical
partitioning analysis were conducted using the ‘vegan’ and ‘rdacca.hp’
packages (Lai et al., 2022). Redundancy analysis was used to show
general relationships between all the potential drivers and leaf and
topsoil element contents. The variance inflation factor (VIF) was
calculated and used to distinguish the multicollinearity (VIF < 3 in-
dicates weak collinearity) of the potential drivers (Zuur et al., 2010).
Then, hierarchical partitioning analysis was used to estimate the inde-
pendent variance explained by each driver (Table S2 and Table S3; Lai
et al., 2022). Moreover, redundancy analsysis and hierarchical parti-
tioning analysis were also used to explore the key drivers to shape the
spatial patterns of leaf and topsoil PC1 and PC2. All statistical analyses
were conducted using R software (version 4.0.0, R Development Core
Team, http://www.r—project.org/) with a significance level at p < 0.05.

3. Results
3.1. Urban-rural gradients and drivers of topsoil element contents

Logjo-transformed data on topsoil elements generally followed a
normal distribution (Lilliefors test: p > 0.05; Table S3). The logio-
transformed values of N, P, and Al contents in tree pit topsoil exhibited a
decrease with a larger distance to the urban core (N: ? = 0.16,
p = 0.049; P: r> = 0.52, p < 0.0001; Al: 12 = 0.16, p = 0.047; Fig. 3a, b,
and f). However, other elements (i.e., K, Ca, Mg, Fe, Zn Cu, and Cr)
showed no significant trends across the urban-rural gradients (K:
p = 0.533; Ca: p = 0.782; Mg: p = 0.147; Fe: p = 0.719; Zn: p = 0.278;


https://jjg.spc.org.cn
https://www.webmap.cn/
https://www.webmap.cn/
https://map.baidu.com/
https://map.baidu.com/
http://jtys.chengdu.gov.cn/
http://data.tpdc.ac.cn/
http://www.r

T. He et al.

O

1.0 y=-0.042 x+0.43

y=-0.034 x +0.27
r?=0.16, p =0.049

0.4{ r?=052, p <0.001

0.2

0.0

Lg [Topsoil N content (mg g‘1)]
: < o e
o
Lg [Topsoil P content (mg g™")] &

0 2 4 6 8 10 0 2 4 6 8 10
Distance to urban core (km) Distance to urban core (km)

C)

20{ p=0782

Lg [Topsoil K content (mg g™")]
)
1
1
T
Lg [Topsoil Ca content (mg g™")] &
>

0 2 4 6 8 10
Distance to urban core (km)

0 2 4 6 8 10
Distance to urban core (km)

©
S

2.0 y=-0013x+1.6
r?=0.16, p =0.047

0.8 5i

0.6

Lg [Topsoil Mg content (mg g‘1)]
Lg [Topsoil Al content (mg g™ ")]
>
k
i
I

0 2 4 6 8 10
Distance to urban core (km)

0 2 4 6 8 10
Distance to urban core (km)

g
s

)
2

o 171 p=0719 o p=0278

i 2 0.0 .

g E

Z £ -0.2 .
5 2

S 16 - ° S -

8 1o LIz e s 0%, g -04

(] S S
2 : N -0.6
= 3 v an

2 . g -08) e

g 15 E

= 5 -1.0

9 -

0 2 4 6 8 10
Distance to urban core (km)

0 2 4 6 8 10
Distance to urban core (km)

(i) ()]

2 081 p=0363 08 150

E o8] ° g 07 N

5 e 5 08 J
2
§ 1o o 5 00 g

] T-69-9--_1_ P 5,—"

O 12 " [ = O 107 ¢

= =

1723 172

2 2

0 2 4 6 8 10

Distance to urban core (km)

0 2 4 6 8 10

Distance to urban core (km)

Fig. 3. Changes in topsoil contents(log;o-transformed) of N (a), P (b), K (¢), Ca
(d), Mg (e), Al (f), Fe (g), Zn (h), Cu (i) and Cr (j) with the distance to the urban
core. The error bar indicates the standard error of repeated samples. The shaded
areas indicate the 95 % confidence intervals of the curve fit.

Cu: p = 0.363; Cr: p = 0.150; Fig. 3c—e and Fig. 3g—j). The hierarchical
partitioning analysis of variance showed that the seven drivers (road
age, road width, road density, AP, MAT, topsoil pH, and diameter at
breast height) jointly explained 32 %, 40 %, and 39 % of the spatial
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variation in topsoil N, P, and Al contents, respectively (Fig. S1). Spe-
cifically, road age accounted for 72 %, 54 %, and 41 % of the total
variance explained by all the seven drivers for topsoil N, P, and Al,
respectively (Fig. S1). Higher topsoil contents of N, P, and Al were found
for tree pits along older roads (N: variance explained = 24 %, p < 0.01;
P: variance explained = 22 %, p < 0.01; Al: variance explained = 16 %,
p < 0.05; Fig. S1d-f, Table S4).

3.2. Urban-rural gradients and drivers of leaf element contents

Logjo-transformed data on leaf elements generally followed a normal
distribution (Lilliefors test: p > 0.05; Table S3). The log;o-transformed
values of N, P, K, and Al contents in street tree leaves showed significant
trends across the urban-rural gradients (p < 0.05) (Fig. 4). Specifically,
leaf N content exhibited a nonlinear pattern across urban-rural gradients
(r> = 0.32,p = 0.014), and decreased significantly with a distance larger
than 4 km to the urban core (Fig. 4a). The log;o-transformed values of P,
K, Ca, and Al contents in street tree leaves showed a significant decrease
with increasing distance to the urban core (P: r2 = 0.30, p = 0.004; K: r?
=0.35,p = 0.002, Al: = 0.20, p = 0.026; Fig. 4b, c, and f). In contrast,
the contents of Ca, Mg, Fe, Zn, Cu, and Cr in leaf samples showed no
significant variations across urban-rural gradients (Ca: p = 0.140; Mg:
p = 0.976; Fe: p=0.108, Zn: p = 0.464; Cu: p = 0.107; Cr: p = 0.567;
Fig. 4d, e, g-j). Redundancy analysis indicated that road age, MAT, and
AP were three key predictors of the spatial trends of leaf element con-
tents (Fig. S2a). Hierarchical partitioning analysis of variance showed
that the nine drivers (road age, road width, road density, AP, MAT,
topsoil pH, topsoil C: N, life form, and diameter at breast height) jointly
explained 69 %, 62 %, 54 %, and 42 % of the spatial variations in leaf N,
P, K, and Al contents, respectively (Fig. S2b-S2c). Specifically, leaf P and
K contents were positively correlated with MAT and AP, respectively (P:
variance explained = 14 %, p < 0.05; K: variance explained = 20 %,
p < 0.05; Fig. S2e & S2f, Table S5). Leaf N and Al contents were higher
for street trees of the older roads (N: variance explained = 14 %,
p = 0.14; Al: variance explained = 11 %, p = 0.097; Fig. S2d & S2g,
Table S5). Moreover, the contents of leaf N and P in the deciduous leaves
showed a significant higher value than these in evergreen leaves (N:
variance explained = 12 %, p < 0.05; P: variance explained = 14 %,
p < 0.001; Fig. S3, Table S5).

3.3. Urban-rural shifts and drivers of leaf and topsoil elemental
composition

Principal component analysis indicated that the first two principal
components explained 51 % and 58 % of the total variance in the topsoil
and leaf elemental composition, respectively (Fig. 5a and b; Table S6).
Specifically, topsoil and leaf PC1 and PC2 both followed a normal dis-
tribution (Lilliefors test: p > 0.05; Table S3). PC1 and PC2 explained
29 % and 22 % of the total variance of the topsoil elemental composi-
tion, respectively (Fig. 5a). N, Ca, Zn, Cu, and Cr showed higher loading
values on PC1, and the other five elements had higher loading values on
PC2 (Table S6). Topsoil PC2 increased significantly towards the urban
core (p =0.025), while topsoil PC1 showed no significant variation
across the urban-rural gradients (p = 0.679) (Fig. 5c and d). The hier-
archical partitioning analysis of variance showed that only 27 % of the
spatial pattern of topsoil PC2 was explained by the seven predictors
(road age, road width, road density, AP, MAT, topsoil pH, and diameter
at breast height) (Fig. 6b). Meanwhile, correlation analysis indicated
that topsoil PC2 increased significantly with higher MAT (variance
explained = 10 %; p < 0.05; Fig. 6¢).

The first principal component (PC1) explained 37 % of the total
variation of the leaf elemental composition with higher loadings of leaf
N, K, Mg, Fe, Cu, and Al contents (Fig. 5b; Table S6). The second prin-
cipal component (PC2) explained 21 % of the total variation of the leaf
elemental composition, and leaf P, Ca, Zn, and Cr contents had a higher
loading on it (Fig. 5b; Table S6). Leaf PC1 showed a significant increase
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core. The error bar indicates the standard error of repeated samples. The shaded
areas indicate the 95 % confidence intervals of the curve fit.

toward the urban core (p = 0.029; Fig. 5e), while no significant spatial
variation was found for leaf PC2 across urban-rural gradients
(p = 0.373; Fig. 5f). The hierarchical partitioning analysis of variance
showed that nine drivers (road age, road width, road density, AP, MAT,
topsoil pH, topsoil C: N, life form, and diameter at breast height)
explained 61 % of the spatial pattern of leaf PC1 (Fig. 6b). Specifically,
road age and life form were two most important drivers, jointly
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accounting for 55 % of the total explained variance (Fig. 6b). Leaf PC1 of
street trees was significantly higher along older roads (variance
explained = 20 %, p = 0.017; Fig. 6d; Table S5) and in deciduous species
(variance explained = 4 %, p < 0.01; Fig. S3; Table S5). Further analysis
showed no significant correlation between leaf and topsoil content for
each element, with the exception of P (Fig. S4). No significant correla-
tions were found between elemental compositions of leaf and topsoil
(leaf PC1 vs topsoil PC1: p = 0.36; leaf PC2 vs topsoil PC2: p = 0.60; leaf
PC1 vs topsoil PC2: p = 0.76; leaf PC2 vs topsoil PC1: p = 0.39; Fig. 7),
suggesting a decoupling of leaf and topsoil elemental compositions in
street tree systems.

4. Discussion
4.1. Urban-rural gradients in tree pit topsoil elemental composition

Partially in line with our urban hotspot hypothesis, the contents of N,
P, and Al in tree pit topsoil showed a significant increase towards the
urban core. The higher topsoil contents of N and P in central urban areas
are likely attributable to a hotspot effect of intensive anthropogenic
inputs via traffic-sourced emission and deposition as well as other
sources such as pet dogs, occasional fertilization and dumping of
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scattered household waste (Nielsen., 2019; Fabianska et al., 2019; Xiong
et al., 2020; Du et al., 2016, 2022a; Xia et al., 2022). Non-exhaust
emissions (e.g., particles from brake pads, tires, belts, road paint,
asphalt) are also important sources for Al (Gonzalez et al., 2017; Jeong
et al., 2022). ). Overall, there is thus an accumulation of anthropogenic
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N, P, and Al inputs over time which shape significant urban-rural gra-
dients. Anthropogenic N and P inputs to tree pit topsoil are important for
street trees because they can partially compensate the nutrient loss
caused by litter removal. However, the long-term accumulation of
topsoil Al may have a negative effect on root nutrient uptake and
transport, interfering with membrane-localized solute transporter (Lazof
et al., 1994; Bojorquez-Quintal et al., 2017; Kar et al., 2021).

Unexpectedly, other nutrients (e.g., K, Ca, Mg, Zn, Fe, Cu, and Cr)
showed no significant urban-rural gradients in tree pit topsoil likely
attributable to relatively limited anthropogenic inputs. The strict stan-
dards for Fe, Cu, and Cr in gasoline or gasoline additives largely limited
the input and accumulation of topsoil Fe, Cu, and Cr (Ministry of Ecol-
ogy and Environment of the People’s Republic of China, 2011). The
inputs of K, Ca, Mg, and Zn into street tree pit topsoil are limited because
they are mainly from some gasoline additive, and meanwhile, the small
area of street tree pit further limits the amounts of potential inputs
(Ministry of Ecology and Environment of the People’s Republic of China,
2013). Moreover, some of these elements (e.g., K, Ca, Mg, and Zn) are
easily leached from surface soils (Lucas et al., 2011; Tian and Niu, 2015)
and this may partially violate the hypothesized urban-rural gradients.

Topsoil elemental composition in tree pits were featured by two
principal components (Table S4) and the second principal component
(PC2, mainly consist of P, K, Mg, Fe, and Al) increased significantly
toward the urban core, being in line with the urban-rural gradients of
topsoil P and Al (see discussion above). Our analysis further indicates
that the seven potential drivers only explained a relatively low propor-
tion (27 %) of the spatial variation in topsoil elemental composition,
implying that other important drivers were not considered in our anal-
ysis due to a lack of corresponding data (Fig. 6b). For instance, soil
elemental composition is strongly determined by parent material, the
related physical and biochemical processes (e.g., mineralization of soil
organic matter, mineral weathering, adsorption-desorption, and
precipitation-dissolution reaction) and the conditions of soil develop-
ment (Brady and Weil, 2019; Du et al., 2020; Sparks et al., 2024).
Moreover, soil microorganisms play a vital role in element cycling and
organic matter transformations, and thus information on soil microor-
ganisms will further help us better uderstand the soil elemental cycles
(Philippot et al., 2024). The accumulation of anthropogenic-sourced
inputs (e.g., pet dogs, non-exhaust emissions, household waste and oc-
casional fertilization) might theoretically shape an urban-rural gradient
of corresponding topsoil element content over time, while in many cases
(e.g., K, Ca, Mg, Zn, Fe, Cu, and Cr) such an effect is not significant
because of relatively low inputs of traffic sourced elements due to the
sealed impervious surface and large spatial heterogeneity of ambient
topsoil conditions.

4.2. Urban-rural gradients in street tree leaf elemental composition

The contents of N, P, K, and Al in street tree leaves showed an in-
crease from rural areas toward the central urban areas, partially sup-
porting our urban hotspot hypothesis. Previous studies also found higher
leaf N and P contents of trees growing in the urban areas in other large
cities or regions, such as the Campania Region of Italy (Maisto et al.,
2013), Guiyang of China (Xu et al., 2018), and Salt Lake Valley of USA
(Cobley and Pataki, 2019). Our analysis indicates that leaf contents of N
and Al increased with older road age, being a surrogate of the accu-
mulation effect of element inputs from human activities (Baum et al.,
2000; Liang et al., 2020; Du et al., 2022a). Similar to those in tree pit
topsoil, the contents of Ca, Mg, Fe, Zn, Cu, and Cr in street tree leaves
also showed no significant trend across the urban-rural gradients. This is
likely attributable to low inputs of these elements which are not able to
shape strong urban-rural trends in the street tree systems (Ministry of
Ecology and Environment of the People’s Republic of China, 2013;
Coufalik et al., 2019).

Leaf elemental composition of street trees was reduced into two
principal components with first principal component (PC1, mainly
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dominated by N, K, Mg, Fe, Cu, and Al) exhibiting a significant linear
increase toward the central urban area. Compared with rural areas,
traffic emissions are more intensive in urban areas and thus are a
stronger source of various elements for street tree systems. Street trees
can either take up nutrients from tree pit soils via roots or assimilate
vehicular-emitted elements via stomata on the leaf surface (Oliva and
Espinosa, 2007; Fig. 1a), potentially shaping significant spatial patterns
along urban-rural gradients. Moreover, pet dogs, occasional fertilization
and household waste around street trees may also improve soil nutrient
contents and tree leaf nutrition in urban areas (Przybysz et al., 2014;
Nielsen, 2019; Xiong et al., 2020; Kaushal et al., 2020). Our analysis also
shows that leaf PC1 increased significantly with road age (Fig. 6d),
implying an accumulating effect of human activities on the leaf
elemental composition over time.

4.3. Decoupling between elemental composition of street tree leaves and
topsoil

In contrast to our plant-soil coupling hypothesis, elemental compo-
sition of street tree leaves and topsoil were not significantly correlated.
In natural forests, nutrients are recycled by root uptake and litterfall
return and thus shape strong coupled elemental composition between
tree leaves and topsoil (Bradford et al., 2016; Chen et al., 2018). How-
ever, the recycling of nutrients is largely blocked in street tree systems
due to the removal of litterfall and the impervious surface (Kaye et al.,
2006; Lorenz and Lal, 2009; Nowak and Greenfield, 2012; Fig. 1a),
weakening the linkages between elemental composition of street tree
leaves and topsoil. Moreover, our results showed that the drivers in
shaping the spatial patterns of leaf and topsoil elemental compositions
were different. Specifically, leaf elemental composition was strongly
influenced by the accumulating effect of human activities over time, but
the topsoil elemental composition was minorly explained by road age.
Meanwhile, previous studies indicated that soil elemental availability
was not necessarily determined by total soil concentrations but by
amounts of available nutrients in soluble forms (Sauve et al., 1996). The
assimilated nutrients by street tree leaves only are a part of total ele-
ments in soil, thus not necessarily guaranteeing significant correlations
between leaf and topsoil elemental compositions.

Our analysis of soil is limited to the surface layer (i.e., 0-10 cm),
although street trees also take up nutrients from deeper soil layers. Deep
soils below impervious pavements are, however, hardly altered by
anthropogenic-sourced elements and management operations after their
establishment. For instance, the transfer of anthropogenic-sourced ele-
ments from topsoil to deeper layers is commonly blocked in street tree
systems due to litter removal and impervious pavements. Overall, our
findings of urban-rural shifts in the topsoil and leaf elemental compo-
sition provide a baseline for nutrient management and pollutant
assessment in the street tree systems.

5. Conclusion

By sampling the street tree leaves and topsoil across urban-rural
gradients, we elucidated the spatial patterns of street tree leaf and
topsoil elemental composition and their key drivers in a typical large
city in the subtropical region of China. Our results demonstrate that leaf
N, P, K, and Al as well as topsoil N, P, and Al contents exhibited an in-
crease toward central urban area, being in line with an urban hotspot
hypothesis. However, no significant spatial pattern was found for the
contents of leaf Ca, Mg, Fe, Zn, Cu, and Cr as well as topsoil K, Ca, Mg,
Fe, Zn, Cu, and Cr. Road age was identified as a key driver in shaping the
spatial pattern of leaf elemental composition. It’s worth noting that
there was a significant accumulation of Al in both street tree leaves and
topsoil over time, which may become a threat to street tree ecosystem
health in the future. Moreover, there was a decoupling between leaf and
topsoil elemental composition in the street tree system. In recent years,
the standards of vehicular emissions in China have become increasingly
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stricter to guarantee better air quality, especially in large cities (Ministry
of Ecology and Environment of the People’s Republic of China, 2011).
Further studies are needed to understand the long-term changes in
spatial patterns of leaf and topsoil elemental compositions in street tree
systems over time and how such changes correlate to the health and
function of street trees.
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