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Abstract

To investigate plant responses to atmospheric nitrogen deposition and the indica-
tive role of this nitrogen source, this study collected leaf samples from typical
deciduous broadleaf tree species Populus and Salix at 198 sampling sites in the
Beijing area, and measured their nitrogen content and 15N values. The results
showed that leaf nitrogen content of Populus in Beijing ranged from 16.5-38.6
g/kg, with an average of (24.0+4.0) g/kg; leaf nitrogen content of Salix ranged
from 17.2-36.2 g/kg, with an average of (25.9+4.1) g/kg. Within the study area,
leaf nitrogen content of both Populus and Salix exhibited a diagonal distribution
pattern of low in the northwest and high in the southeast, which aligns with the
spatial variation of atmospheric nitrogen deposition in this region. Since there
was no significant variation in climatic factors within the study area, the changes
in leaf nitrogen content reflected the influence of atmospheric nitrogen deposi-
tion on plant elemental stoichiometric characteristics and plant responses to
atmospheric nitrogen deposition. Leaf 15N values of Populus in Beijing ranged
from -3.95%0 to 8.10%0, with an average of (1.15+£2.48)%o; leaf 15N values of
Salix ranged from -3.04%o to 9.73%o0, with an average of (2.314+2.60)%o. Leaf
15N values of both Populus and Salix exhibited a spatial distribution pattern
of high in the northwest, high in the central region, and low in the southeast,
which is opposite to the spatial distribution trend of leaf nitrogen content. The
relatively high 15N values in the central urban area reflected the impact of traf-
fic pollution on the increase of atmospheric nitrogen compounds; the relatively
high 15N values in the northwest indicated that this region was less affected by
anthropogenic emission sources, with natural nitrogen cycling being the main
reason for its higher 15N values; the relatively low 15N values in the southeast
were likely the result of combined effects from agricultural activities and traffic.
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Abstract

To investigate plant responses to atmospheric nitrogen deposition and their
indication of nitrogen sources, we collected and analyzed leaf samples of typical
deciduous broadleaf trees (Populus and Saliz) across the Beijing area. Foliar
nitrogen contents and 15N values were measured to assess spatial patterns and
their relationship with atmospheric nitrogen deposition.

The foliar nitrogen content of Populus species in Beijing ranged from 16.5 to 38.6
g/kg, with a mean of (24.0 + 4.0) g/kg. Saliz species showed a similar range
of 17.2-36.2 g/kg, with a mean of (25.9 + 4.1) g/keg. Both genera exhibited a
distinct spatial pattern of lower nitrogen contents in the northwest and higher
contents in the southeast, forming a diagonal gradient that corresponds to the
spatial variation of atmospheric nitrogen deposition in the region. Climate
factors showed no significant variation across the study area, indicating that the
observed changes in foliar nitrogen content reflect the influence of atmospheric
nitrogen deposition on plant elemental stoichiometry and demonstrate plant
responses to this external nitrogen input.

For 15N values, Populus leaves ranged from -3.95%0 to 8.10%0, with a mean of
(1.15 £ 2.48)%o, while Saliz leaves ranged from -3.04%o to 9.73%o, with a mean
of (2.31 4+ 2.60)%o. In contrast to the nitrogen content patterns, 15N values
showed higher values in the city center and northwest, and lower values in the
southeast. The elevated 15N values in central urban areas reflect the impact of
traffic pollution on atmospheric nitrogen compounds, while the higher values in
the northwest indicate minimal influence from anthropogenic emission sources,
where natural nitrogen cycling is the primary driver of the enriched isotopic
signature. The lower 15N values in the southeast likely result from combined
effects of agricultural activities and traffic emissions.

Keywords: Deciduous broadleaf trees; foliar nitrogen content; 15N; atmo-
spheric nitrogen deposition; Beijing area
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Introduction

Atmospheric nitrogen deposition refers to the process by which reactive nitrogen
compounds return from the atmosphere to terrestrial or aquatic surfaces [1]. Hu-
man activities have dramatically increased emissions of nitrogenous compounds
to the atmosphere, leading to elevated nitrogen deposition globally [1-3]. East-
ern China has become one of the regions with the highest atmospheric nitrogen
deposition in the world since the mid-20th century, alongside the central-eastern
United States and western Europe [4-5]. This reactive nitrogen deposited on
Earth’ s surface may profoundly affect terrestrial and aquatic ecosystems [6-8].
For terrestrial vegetation, 50%-70% of atmospheric deposition is absorbed by
plant canopies [9], and most plants can directly absorb nitrogen oxides through
leaf stomata, exhibiting corresponding increases in foliar nitrogen content [10-
12]. Thus, foliar nitrogen levels can serve as a biological indicator of atmospheric
nitrogen deposition [13-14].

Liu et al. [15] demonstrated that increased atmospheric nitrogen deposition in
China has led to higher foliar nitrogen contents in plants, though climate factors
such as precipitation also influence leaf nitrogen content at large scales [16-17].
However, changes in foliar nitrogen content show significant positive correlations
with corresponding increases in atmospheric nitrogen deposition [15]. Stable iso-
tope techniques are indispensable in modern ecological research, particularly for
studying ecosystem biogeochemical cycles [18-19]. Different sources of reactive
nitrogen exhibit distinct 15N signatures. Ammonia volatilization (NH3) from
fertilizer application and livestock excreta typically shows 15N values between
-48%0 and -36.3%o [20-21], while NOx emissions from fossil fuel combustion and
vehicle exhaust show different isotopic compositions. Felix et al. [21] reported

15N values of -56%o to -23.1%o for ammonia volatilization samples from fer-
tilizer use collected with passive samplers in the United States. Atmospheric
particulate matter sampled near livestock sources showed 15N values of -4%q
to 22%o0 [22-23]. Coal combustion emissions typically have 15N values of 2%o-
15%o [22-23], while vehicle exhaust emissions show a wider range. Ye et al. [24]
found that 15N-NO3- from vehicle emissions ranges from -13%o to -2%¢ un-
der high-speed driving with complete fuel combustion, but from 3.9%o to 12%¢
under low-speed driving with incomplete combustion [25].

Since plant leaves can intercept and absorb most atmospheric nitrogen deposi-
tion [14], their 15N values have biological significance for indicating both the
flux and sources of atmospheric nitrogen deposition [26-27]. In principle, foliar
15N can be used to identify and distinguish nitrogen sources in atmospheric
deposition [28-29].

Approximately 60% of Beijing’ s area lies in the North China Plain, a region
of globally typical high nitrogen deposition, with total deposition reaching 100
kg N hm 2, including both organic and inorganic nitrogen species from wet and
dry deposition [30]. Due to its relatively small latitudinal and longitudinal
range, Beijing’ s multi-year average precipitation and temperature show little
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variation, but atmospheric nitrogen deposition exhibits a clear pattern of lower
values in the north and northwest, and higher values in the south and southeast
[31]. This study conducted grid-based sampling of typical deciduous broadleaf
trees (Populus and Salir) in Beijing to measure foliar nitrogen content and 15N
values, thereby verifying the response of foliar nitrogen content to atmospheric
nitrogen deposition independent of climate factors, and assessing its indication
of nitrogen deposition sources.

1 Study Area

Beijing is located on the northern edge of the North China Plain (39°28 -41°05 N,
115°25 -117°30 E), characterized by a warm temperate semi-humid and semi-
arid monsoon continental climate. The terrain extends from northeast to south-
west in a diagonal distribution of mountainous and plain areas. The western
region comprises the Taihang Mountains, the north features the Yanshan Moun-
tains, and the central and southeastern areas belong to the North China Plain.
Land use in the northwestern mountainous area is dominated by forests with
some grasslands, while the southern region is primarily farmland. Influenced by
the southern North China Plain, the wet nitrogen deposition brought by precipi-
tation in the plain area averages 34 kg N hm 2, with organic nitrogen deposition
of about 7 kg N hm 2, and dry nitrogen deposition also reaching high levels
[26,27]. Areas dominated by urban and agricultural land show higher atmo-
spheric nitrogen deposition, while regions with forest and grassland distribution
in the north and northwest exhibit lower deposition [29].

Zhang et al. [31] simulated nitrogen deposition in the North China Plain using
the FRAME model, showing that areas with high atmospheric nitrogen deposi-
tion are primarily distributed in the southern and southeastern parts of Beijing,
with total deposition up to 50 kg N hm 2, including approximately 27 kg N
hm 2 of inorganic nitrogen. The spatial distribution of atmospheric nitrogen
deposition in Beijing shows significant variation [29].

[Figure 1: see original paper] Land-use map and 5 km atmospheric N deposition
map of Beijing area

2 Plant Sample Collection and Processing

A 5 x5 latitude-longitude grid was used to divide the study area, with sam-
ples collected near grid intersections in topographically suitable locations. Due
to mountainous terrain, some points were inaccessible. Leaf sampling was con-
ducted in late August during peak vegetation growth and maximum biomass. At
each sampling site, five mature, healthy leaves were collected from sun-exposed
branches of five Populus and Saliz individuals. When insufficient trees were
available, the number of sampled individuals was reduced accordingly, but suf-
ficient leaf material was ensured for analysis. After collection, samples were
transported to the laboratory on the same day, oven-dried at 105°C for 30 min-
utes for enzyme deactivation, then dried at 65°C for 48 hours to constant weight.
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Samples of each species at each site were combined and ground to pass a 1-mm
sieve for analysis.

Nitrogen content was determined using the Kjeldahl digestion method, and 15N
values were measured using a continuous-flow isotope ratio mass spectrometer
(Thermo MAT253). Sample masses of 0.4-0.5 g were used for nitrogen content
analysis, and 1.5-2 mg for stable isotope analysis.

3 Data Analysis

Statistical analysis was performed using SigmaPlot 10.0. Spatial distributions
of foliar nitrogen content and 15N values were interpolated using the Inverse
Distance Weighted (IDW) method in ArcGIS 10.0 (ArcMap) to generate distri-
bution maps for the study area.

[Figure 2: see original paper] Location of sampling sites of typical deciduous
broadleaf trees, Populus and Saliz, in Beijing area

1 Overall Characteristics of Foliar Nitrogen Content and
15N Values in Populus and Salixz in Beijing

Foliar nitrogen content in Populus ranged from 16.5 to 38.6 g/kg, with a mean
of (24.0 &+ 4.0) g/kg. Saliz showed a range of 17.2-36.2 g/kg, with a mean of
(25.9 £+ 4.1) g/kg, significantly higher than Populus. For 15N values, Populus
ranged from -3.95%0 to 8.10%o, with a mean of (1.15 £+ 2.48)%o, while Saliz
ranged from -3.04%o to 9.73%o, with a mean of (2.31 + 2.60)%o, significantly
higher than Populus.

Combined across both genera, foliar nitrogen content ranged from 16.5 to 38.6
g/kg with a mean of (24.7 4+ 4.1) g/kg, while 15N values ranged from -3.95%
t0 9.73%0 with a mean of (1.56 £ 2.57)%e.

Foliar nitrogen contents and 15N values of Populus and Saliz in Beijing area

Genus  Sample size (n) N content (g/kg) Range 15N (%) Range

Populus 240+ 40a 16.5- 1.15 + -3.95-
38.6 2.48 a 8.10

Saliz 259+41b 17.2- 2.31 + -3.04-
36.2 2.60 b 9.73

Total 247 £ 4.1 16.5- 1.56 £ -3.95-
38.6 2.57 9.73

Note: Different letters within the same column indicate significant differences
in foliar nitrogen content or 15N values between genera (P < 0.01).
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2 Spatial Distribution of Foliar Nitrogen Content and 15N
Natural Abundance in Populus and Saliz in Beijing

IDW interpolation revealed that foliar nitrogen content in both genera showed
an overall diagonal distribution pattern of low values in the northwest and high
values in the southeast. For Populus, higher nitrogen contents were found in the
northeast and south, while lower contents occurred in the west and southwest.
Saliz showed a similar northwest-to-southeast gradient, but with higher nitrogen
contents primarily in the east and south, and lower contents in the west, north,
and northeast. The spatial distribution of foliar nitrogen content across both
genera demonstrated higher values in the east and south, and lower values in
the west and north.

In contrast, spatial interpolation of 15N values showed an opposite trend.
Higher 15N values were distributed in the north, city center, and southwest,
while lower values occurred in the northeast and southeast. Both Populus and
Saliz exhibited this northwest-high, southeast-low pattern, which is opposite to
the spatial distribution of foliar nitrogen content.

[Figure 3: see original paper] Spatial distribution of foliar N contents of Populus
and Saliz in Beijing area
[Figure 4: see original paper] Spatial distribution of foliar 15N values of Populus
and Saliz in Beijing area

1 Plant Foliar Nitrogen Content Response to and Indication
of Atmospheric Nitrogen Deposition

The mean foliar nitrogen content across all sampling points was (24.7 £ 4.1)
g/kg, similar to values reported in other multi-species studies in Beijing and
surrounding areas [32], but significantly higher than the national average for
deciduous woody and broadleaf woody plants [16,33]. At large scales, foliar
nitrogen content is inversely proportional to mean annual temperature and pre-
cipitation, and directly proportional to latitude [17,33]. Beijing lies in the mid-
high latitude zone of China, where typical deciduous broadleaf species have
higher foliar nitrogen contents than the national average, consistent with zonal
characteristics.

While climate and soil factors also influence foliar nitrogen content [16-17],
these show little variation across Beijing’ s relatively small geographic range.
The significant spatial variation in foliar nitrogen content is therefore likely as-
sociated with external nitrogen input from atmospheric deposition [13,27]. Ap-
proximately 60% of Beijing’ s area lies within the North China Plain, a region
of globally typical high nitrogen deposition with total deposition up to 100 kg
N hm 2 [28-30]. Simulations show that areas outside the plain, influenced by
mountainous terrain and covered by forests and grasslands, have significantly
lower nitrogen deposition than the eastern and southern parts of the city [31].
The spatial distribution of foliar nitrogen content in Populus and Saliz aligns
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well with this pattern of atmospheric nitrogen deposition, indicating that plant
leaves are sensitive to external nitrogen from atmospheric deposition and can
indicate atmospheric nitrogen compound concentrations.

2 Plant Foliar 15N Values as Indicators of Atmospheric
Nitrogen Deposition Sources

Lower 15N values in Populus and Salix leaves occurred in the northeastern and
southeastern regions, which are also areas of high nitrogen deposition. These
15N signatures indicate major sources of atmospheric nitrogen compounds.
When 15N-NH is negative, it is primarily associated with ammonia volatiliza-
tion from fertilizer application [34-35]. In the North China Plain’ s major agri-
cultural areas, 15N-NH and 15N-NO in wet nitrogen deposition average (-1.2
+ 4.5)%0 and (-2.5 £ 3.7)%q, respectively, particularly during the fertilization
season [28]. Although 15N-NO is also a nitrogen source, negative 15N-NO
values are mainly related to emissions from high-speed vehicle traffic [24].

The northeastern and southeastern regions are Beijing’ s primary agricultural
areas. Despite higher elevation in the northeast, the Pinggu area’ s fruit and
forestry industry makes it an important agricultural zone. The negative 15N
values in these regions are therefore closely related to agricultural activities.
The eastern and southern areas, with flat terrain, serve as major traffic corri-
dors into Beijing. Traffic pollution emissions contribute to the negative 15N
values observed. Walter et al. [24,36] showed that three-way catalytic convert-
ers in vehicle exhaust systems significantly reduce and fractionate 15N-NO .
Their research indicated that vehicles with catalytic converters emit NO with
significantly higher 15N values than those without. Due to logistics supply and
restrictions on freight trucks entering the 5th Ring Road, suburban areas be-
come primary routes for vehicles lacking catalytic converters. The negative 15N
values in eastern and southern Beijing are thus closely related to emissions from
these vehicles. Additionally, the region around Capital Airport shows negative
15N values from both ground transportation connections and aircraft emissions,
with aircraft NO 15N ranging from -7.7%0 to 0.6%0 [36].

Higher 15N values in Populus and Saliz leaves appeared in urban areas, the
north, and southwest. These elevated values may relate to livestock farming,
low-speed vehicle traffic, and coal combustion emissions [21-23]. While some
studies show positive 15N values from livestock farms [21], most indicate that
15N-NH from animal waste is negative [20,37], though values become more
positive with longer manure storage time as lighter isotopes volatilize first [38].
Beijing’ s urban area currently has no crop cultivation or large coal-burning in-
dustries. According to Beijing’ s land use characteristics, the higher 15N values
in urban areas mainly reflect contributions from incomplete fuel combustion
emissions under traffic congestion conditions [25]. Notably, while traditional
views hold that vehicle emissions are primarily nitrogen oxides, studies show
ammonia (NH ) is also emitted during low-speed driving with incomplete com-
bustion [39-40]. Whether nitrogen oxides or ammonia, traffic emissions are
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major pollution sources in Beijing.

In northwestern and southwestern Beijing, lower atmospheric nitrogen deposi-
tion coincides with higher 15N values, indicating both lower atmospheric ni-
trogen compound levels and minimal influence from anthropogenic emission
sources. In these forest-covered areas with less human disturbance, leaf litter
decomposition through soil nitrogen cycling may contribute to plant nitrogen
sources. This factor was not considered for urban and plain areas, where mu-
nicipal leaf removal and recycling prevent litter accumulation. Although soil
samples were not collected due to management restrictions, under high atmo-
spheric nitrogen deposition, plant uptake and utilization of deposited nitrogen
is the primary nitrogen source when no other external sources exist.

4 Conclusions

1. Foliar nitrogen contents of typical deciduous broadleaf species Populus and
Saliz in Beijing averaged (24.0 + 4.0) g/kg and (25.9 + 4.1) g/kg, respec-
tively. These values are similar to those reported in other regional stud-
ies but significantly higher than national averages for deciduous broadleaf
trees, consistent with zonal characteristics of plant elemental composition.

2. Within the study area, foliar nitrogen content in both genera showed a di-
agonal distribution pattern of low values in the northwest and high values
in the southeast, consistent with spatial variation in atmospheric nitro-
gen deposition. With no significant climate variation across the region,
changes in foliar nitrogen content reflect the influence of atmospheric ni-
trogen deposition on plant elemental stoichiometry and demonstrate plant
responses to atmospheric nitrogen input.

3. Foliar 15N values in both Populus and Salix showed a spatial pattern
of high values in the northwest and urban center, and low values in the
southeast. Higher 15N values in central urban areas reflect traffic pollu-
tion impacts on atmospheric nitrogen compounds, while higher values in
the northwest indicate minimal anthropogenic influence and dominance of
natural nitrogen cycling. Lower 15N values in the southeast likely result
from combined effects of agricultural activities and traffic emissions.
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