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Abstract. Acceleration of anthropogenic emissions in China
has substantially increased nitrogen (N) deposition dur-
ing the last 3 decades and may result in an imbalance
of atmospheric N and phosphorus (P) inputs in terrestrial
ecosystems. However, the status of P deposition in China
is poorly understood. This study synthesized data on to-
tal P and total N concentrations in bulk precipitation and
throughfall from published literature to assess the charac-
teristics of P deposition, N deposition and N : P deposi-
tion ratio in China’s forests. Our results show relatively
high mean rates of bulk P deposition (0.38 kg P ha−1 yr−1)

and total P deposition (0.69 kg P ha−1 yr−1), but they
were accompanied by even more elevated N inputs via
bulk deposition (16.5 kg N ha−1 yr−1) and total deposition
(21.6 kg N ha−1 yr−1), resulting in high N : P ratios in bulk
deposition (44.4) and total deposition (32.8). Based on the
difference between total deposition and bulk deposition,
canopy-captured dry P and N deposition was estimated to be
0.31 kg P ha−1 yr−1 and 5.1 kg N ha−1 yr−1, respectively. We
found significantly higher P deposition and lower N : P ra-
tios at sites nearby than those far from semiarid regions. The
estimated bulk and total deposition of P and N both showed
a significant power-law increase with decreasing distance to
the nearest large cities either in the areas nearby or far from
semiarid regions. Our results suggest an anthropogenic alter-
nation of regional P and N cycling, which may shift large
areas of China’s forests towards human-induced P limitation
especially in southern China.

1 Introduction

Nitrogen (N) and phosphorus (P) are essential macronutri-
ents, both of which widely limit primary productivity across
terrestrial ecosystems (Elser et al., 2007; Vitousek et al.,
2010). External N inputs to terrestrial ecosystems are driven
by biological N fixation and atmospheric deposition, the lat-
ter being increasingly important (Cleveland et al., 2013). Ac-
celeration of anthropogenic N emissions has substantially in-
creased N deposition in China during the last 3 decades and
aroused widespread concerns about the consequent impacts
on various ecosystems (Liu et al., 2011, 2013; Cui et al.,
2013). Enhanced N deposition often stimulates forest growth
and hence carbon sequestration (Högberg, 2007; De Vries et
al., 2009; Thomas et al., 2010), but the expected growth ac-
celeration may be diminished when the accompanied P sup-
ply is deficient (Braun et al., 2010; Li et al., 2016). Soil P
availability in terrestrial ecosystems is primarily driven by
mineral weathering and atmospheric deposition (Vitousek et
al., 2010; Cleveland et al., 2013). Newman (1995) reviewed
P deposition and weathering in global terrestrial ecosystems
and estimated a range of 0.07–1.7 kg P ha−1 yr−1 for P de-
position and 0.01–1.0 kg P ha−1 yr−1 for P weathering, indi-
cating that both fluxes are in the same order of magnitude.
More recent assessment of observed and modelled P deposi-
tion rates on a global scale (Mahowald et al., 2008; Wang
et al., 2015) shows a range of 0.01–1.0 kg P ha−1 yr−1 on
land. Despite the significant role of P deposition, its status
and characteristics are poorly understood in China.

Published by Copernicus Publications on behalf of the European Geosciences Union.



8572 E. Du et al.: Imbalanced phosphorus and nitrogen deposition in China’s forests

Considering the importance of atmospheric deposition for
N and P availability, the variation in N and P deposition may
make a difference in N- or P-limited ecosystems (Peñuelas
et al., 2013). Spatial patterns and temporal trends of N de-
position have recently been well characterized in China (Liu
et al., 2013; Du and Liu, 2014; Lu and Tian, 2014; Jia et
al., 2014; Du et al., 2014; Xu et al., 2015; Zhu et al., 2015).
However, most assessments of N deposition in China have
been based on measurements of bulk deposition (Liu et al.,
2013), which substantially underestimates the levels of to-
tal deposition because it consists mainly of wet deposition
(Kulshrestha et al., 1995; Staelens et al., 2005; Chantara and
Chunsuk, 2008). The N flux in throughfall has been used as
a more precise estimate of total deposition (Du et al., 2014,
2015), although it is still an underestimate due to the neglect
of N input by stemflow and the occurrence of canopy N up-
take, especially at lower N deposition levels (Draaijers et al.,
1996; Sparks, 2009). Unlike N, there is a lack of evaluation of
P deposition across China. Furthermore, global-scale P depo-
sition data, including scarce measurements in China, are lim-
ited to open-field sites, thus including bulk deposition only
(Tipping et al., 2014). Forest canopies increase atmospheric
deposition inputs of nutrients to forest ecosystems by trap-
ping dust and particulates (e.g. DeLonge et al., 2008; Das et
al., 2011). In the context of low soil P contents in terrestrial
ecosystems across most areas of China (Jiang et al., 1986;
Han et al., 2005), the role of P deposition is relevant because
high-level N deposition, initially stimulating forest growth,
is likely shifting large areas of China’s forests towards P lim-
itation.

Previous studies have indicated that large cities in China
are hotspots of N deposition (Du et al., 2014, 2015) because
the enhancement of N deposition is primarily driven by an-
thropogenic emissions from power generation, motor traffic
and agricultural activities near urban areas (Liu et al., 2013;
Jia et al., 2014). Unlike reactive N, which can form stable
gaseous compounds (e.g. NOx and NH3), atmospheric P oc-
curs primarily in the form of coarse particles and is domi-
nantly derived from mineral dust in natural conditions (Ma-
howald et al., 2008; Vet et al., 2014). Higher P deposition
is thus expected nearby the semiarid regions, which receive
large amounts of P-containing particulates transported from
neighbouring deserts or barren lands due to the effect of
wind erosion (Okin et al., 2004; Mahowald et al., 2008).
Based on assumptions of P partitioning during combustion
processes and local deposition, a recent assessment hypothe-
sizes that anthropogenic sources, such as combustion-related
emissions, can contribute to over 50 % of the global at-
mospheric P budget and make a substantial contribution to
global P deposition (Wang et al., 2015), although this re-
sult is very sensitive to assumptions about size distribution
(Brahney et al., 2015). We can potentially expect higher P
deposition nearby large cities with intensive anthropogenic P
emissions, although the transportation of P-containing dust
may lead to distinct urban hotspots of P deposition nearby

and far from the semiarid regions. Here we synthesized data
on total P and total N concentrations in bulk precipitation
and throughfall from published literature to assess the status
and characteristics of P deposition, N deposition and N : P
deposition ratios in China’s forests. Moreover, we also tested
whether spatial patterns of P deposition showed an increase
with decreasing distance to large cities.

2 Data and methods

In terms of physics, total atmospheric deposition of elements
is divided into (i) wet deposition, being their deposition in
rain and snow, and (ii) dry deposition, being their deposi-
tion in gases, aerosols and particles. However, most assess-
ments in China have been based on measurements of bulk
deposition, which refers to precipitation samples collected
by continuously open funnels and includes wet deposition
and part of dry deposition because some dry-deposited com-
pounds are inevitably collected during intervening dry peri-
ods. In this study, we synthesized data on total P and total
N concentrations in bulk precipitation and throughfall from
published literature to assess the status and characteristics of
P deposition and N deposition, as discussed in detail below
(Sect. 2.2).

2.1 Datasets

We collected data from published literature on total P and to-
tal N concentrations in bulk precipitation and throughfall for
typical forests in China, as well as information on site loca-
tion (latitude and longitude) and annual precipitation. Water
samples of bulk precipitation and throughfall were collected
by using continuously open funnels and digested to measure
total P and total N concentrations, which represent the sum
of dissolved inorganic forms, dissolved organic forms and
insoluble particulate forms. Data were selected only when P
and/or N concentrations in bulk precipitation and through-
fall were measured simultaneously. Data on P and N concen-
trations for each sampling period were either taken directly
from tables or digitized from figures using a GetData Graph
Digitizer (Version 2.25, http://www.getdata-graph-digitizer.
com). If concentration data at one site were measured for
more than one forest stand or available for more than 1 year,
a volume-weighted mean was calculated and used for fur-
ther analysis. The distance between the sampling site and the
geometric centre of the nearest large city (non-agricultural
population > 0.5 million) was derived using Google Earth for
Microsoft Windows (Version 7.1.5.1557, Google Inc., USA).

Our database consisted of 33 sites, which were distributed
across the main forest biomes in China (see Fig. S1 and
Table S1 in the Supplement for detailed information). An-
nual precipitation ranged from 500 to 2900 mm. The distance
from the sampling sites to the nearest large cities ranged from
5 to 465 km. Using a criterion of a distance of 400 km to the
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semiarid regions (e.g. grassland), we grouped our datasets
into sites nearby semiarid regions (n= 11) and sites far from
the semiarid regions (n= 22) (Fig. S1).

2.2 Calculation of bulk deposition, total deposition and
canopy-captured dry deposition

Bulk deposition of total P and total N was calculated by
multiplying the volume-weighted mean concentration in bulk
precipitation with annual precipitation. Canopy-captured dry
deposition accumulates during periods without precipitation,
and it is washed down during precipitation events. On an an-
nual basis, total deposition equals the sum of N or P fluxes
in throughfall, stemflow and canopy exchange (Fig. S2). Due
to a lack of measured data on canopy exchange and stemflow
concentrations, we approximate total deposition by multiply-
ing the volume-weighted mean concentration in throughfall
with the sum of throughfall and stemflow water fluxes. To
estimate the sum of throughfall and stemflow water fluxes,
we establish a database of observed throughfall and stem-
flow (including data from 28 forested stands from 26 sites;
Fig. S3) and explored an empirical equation between precip-
itation and the sum of throughfall and stemflow (Fig. S4).
The sum of throughfall and stemflow water fluxes for each
forested site was then estimated from the available bulk pre-
cipitation data based on this empirical equation. This method
generally underestimates the factual total deposition. First,
tree foliage can take up a small proportion of soluble N and
P in rainwater and gaseous N (part of dry deposition) (Reddy
and Majmudar, 1983; Draaijers et al., 1996; Sparks, 2009).
Moreover, P and N fluxes in stemflow were underestimated
because throughfall concentrations of N or P are generally
lower than those in stemflow. However, the total element in-
put by stemflow is mostly less than 5 % of that by throughfall
(e.g. Talkner et al., 2010), and thus it only introduces a small
error to the overall estimate.

Canopy-captured dry deposition, defined as the amounts
of dry deposition captured and accumulated in forest canopy
during the period without precipitation events, was calcu-
lated as the difference between the estimated total deposition
and bulk deposition. Our estimate of canopy-captured dry de-
position is lower than total dry deposition because a propor-
tion of dry deposition is already included in bulk deposition
and the total deposition is likely underestimated.

2.3 Statistical analysis

A Shapiro–Wilk normality test was used to test whether data
were normally distributed. Data ranges were indicated by
the first and third quantile. We used a paired sample t test
to test the differences of concentrations and N : P ratios be-
tween bulk precipitation and throughfall. A Student’s t test
was used to test the difference of N deposition levels between
sites nearby the semiarid regions (n= 11) and far from the
semiarid regions (n= 22).

Previous studies have indicated that N deposition shows
a power-law increase with decreasing distance to the near-
est large cities (Du et al., 2014, 2015). To test the urban
hotspot hypothesis of P deposition, we also used a power-
law model to explore changes in concentrations and fluxes
of total P with the distance between the sampling site and
the nearest large city. The analysis was conducted separately
for sites nearby the semiarid regions (n= 11) and far from
the semiarid regions (n= 22). Spatial patterns of P deposi-
tion, N deposition and N : P ratios were illustrated using Ar-
cGIS Desktop (version 9.3, ESRI, USA). All statistical anal-
ysis was performed using R software (version 3.1.0; R De-
velopment Core Team, 2014, http://www.r-project.org/) with
a significance level of p < 0.05.

3 Results

3.1 Concentrations and deposition of total phosphorus

Phosphorus concentrations in bulk precipitation and through-
fall were characterized by a log-normal distribution
(Shapiro–Wilk normality test, p > 0.10). The geometric
mean of P concentration in throughfall (0.068, ranging from
0.041 to 0.138 mg P L−1) was significantly higher (paired
sample t test, df = 32, p < 0.01), being, on average, 2.18
(1.40–3.11) times of that in bulk precipitation (0.031, rang-
ing from 0.017 to 0.050 mg P L−1). Similarly, bulk P de-
position and total P deposition were also characterized
by a log-normal distribution (Shapiro–Wilk normality test,
p > 0.10), showing geometric means at 0.38 (0.21–0.57) and
0.69 (0.40–1.20) kg P ha−1 yr−1, respectively. The canopy-
captured dry P deposition, calculated as the difference be-
tween total deposition and bulk deposition, was estimated at
0.31 kg P ha−1 yr−1, being comparable to bulk P deposition
(paired sample t test, df = 32, p = 0.36).

Spatial patterns of bulk P deposition and total P deposi-
tion showed remarkable heterogeneity, varying by a factor
exceeding 4 (Fig. 1a and b). Specifically, geometric means
of bulk P deposition and total P deposition were estimated to
be 0.54 (0.39–0.98) and 0.97 (0.74–1.27) kg P ha−1 yr−1 at
the 11 sites nearby the semiarid regions. At the other 22 sites
far from the semiarid regions, geometric means of bulk P de-
position and total P deposition were significantly lower (Stu-
dent’s t test, df = 31, p < 0.01), being 0.31 (0.20–0.50) and
0.57 (0.26–1.05) kg P ha−1 yr−1, respectively.

3.2 Concentrations and deposition of total nitrogen

Concentrations and fluxes of total N were also log-normally
distributed (Shapiro–Wilk normality test, p > 0.10). The ge-
ometric mean of total N concentration in bulk precipitation
were 1.34 (0.88–2.19) mg N L−1 and increased significantly
(paired sample t test, df = 31, p < 0.01) to 2.13 (1.23–
3.87) mg N L−1 in throughfall. Geometric means of bulk N
deposition and total N deposition were 16.5 (9.9–24.2) and
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Figure 1. Spatial patterns of (a) bulk P deposition (kg ha−1 yr−1)

and (b) total P deposition (kg ha−1 yr−1) in China’s forests. The
background shading in light green, light yellow, light purple and
light grey indicates the distribution of forest, grassland (semiarid
region), cropland and non-vegetated land, respectively.

Figure 2. Spatial patterns of (a) bulk N deposition (kg ha−1 yr−1)

and (b) total N deposition (kg ha−1 yr−1) in China’s forests. The
background shading in light green, light yellow, light purple and
light grey indicates the distribution of forest, grassland (semiarid
region), cropland and non-vegetated land, respectively.

21.6 (15.0–31.2) kg N ha−1 yr−1, leading to an estimate of
canopy-captured dry N deposition of 5.1 kg N ha−1 yr−1. The
ratio of total deposition vs. bulk deposition was 1.31 (0.98–
1.60) for N, which was significantly lower than that (1.80,
1.19–2.56) for P (paired sample t test, df = 31, p < 0.01).
Spatial patterns of bulk N deposition and total N deposition
showed several regional hotspots near large city clusters in
central, eastern and southern China (Fig. 2a and b).

3.3 Ratios of nitrogen deposition vs. phosphorus
deposition

The N : P ratios in bulk precipitation and throughfall were
also characterized by a log-normal distribution (Shapiro–
Wilk normality test, p > 0.10). The geometric mean of the
N : P ratio was 44.4 (23.1–97.6) in bulk precipitation and de-
creased to 32.8 (18.7–63.6) in throughfall. At the 11 sites
nearby the semiarid regions, the geometric mean of the
N : P ratio in bulk precipitation and throughfall was esti-
mated at 19.3 (9.1–39.9) and 16.2 (10.9–28.6), respectively.
However, the N : P ratios in bulk precipitation (geometric
mean= 64.0, ranging from 40.9 to 116.7) and throughfall
(geometric mean= 45.3, ranging from 25.8 to 74.6) were sig-
nificantly higher (Student’s t test, df = 31, p < 0.01) at the

Figure 3. Spatial patterns of N : P ratios in (a) bulk precipitation
(BP) and (b) throughfall (TF) in China’s forests. The background
shading in light green, light yellow, light purple and light grey indi-
cates the distribution of forest, grassland (semiarid region), cropland
and non-vegetated land, respectively.

other 22 sites far from the semiarid regions, most of which
were located in southern China (Fig. 3a and b).

3.4 Urban hotspots of phosphorus and nitrogen
deposition

Bulk P deposition and total P deposition both showed a sig-
nificant power-law increase with decreasing distance to the
nearest large cities, either nearby or far from the semiarid
regions (Figs. 4a, d, 5a, d). In line with the urban hotspot
hypothesis, bulk N deposition and total N deposition also
showed a significant power-law increase with decreasing dis-
tance to the nearest large cities (Figs. 4b, e, 5b, e). At sites
far from semiarid regions, N : P ratios in bulk precipitation
and throughfall both showed no significant trend with chang-
ing distance to the nearest large cities (Fig. 4c, f). However,
the N : P ratios in throughfall at sites nearby semiarid regions
showed a significant power-law increase with decreasing dis-
tance to the nearest large cities, while no such trend was
found for N : P ratios in bulk precipitation (Fig. 5c, f).

4 Discussion

4.1 Phosphorus deposition in China’s forests

Atmospheric P-containing aerosols are either scavenged by
precipitation or gravitationally deposited to the ground sur-
face during dry weather. Based on very limited measure-
ments of wet deposition around the world, Vet et al. (2014)
summarized that total P fluxes in wet deposition range from
0.04 to 0.32 kg P ha−1 yr−1. However, most reported mea-
surements are based on bulk deposition, which includes
wet deposition plus a fraction of dry deposition. A recent
synthesis of global datasets with 246 sites indicates that
bulk deposition of total P is log-normally distributed and
showed a geometric mean of 0.27 kg P ha−1 yr−1, with to-
tal P being nearly double the amount of inorganic P, which
equalled 0.14 kg P ha−1 yr−1 (Tipping et al., 2014). How-
ever, large uncertainties remain in regional estimates due
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Figure 4. Changes in bulk deposition of P and N (kg ha−1 yr−1), total deposition of P and N (kg ha−1 yr−1), and N : P ratios in bulk
precipitation (BP) and throughfall (TF), with the distance to the nearest large cities based on datasets of forested sites far from semiarid
regions in China.

to the scarcity of observational data and unevenness of site
distribution. For instance, mean bulk deposition of total P
was estimated at 0.12 kg P ha−1 yr−1 in Asia based on mea-
surements from only 7 sites (Tipping et al., 2014). Using
observed data from 33 sites in China’s forests, here we
show much higher bulk deposition of total P, with a geo-
metric mean of 0.38 kg P ha−1 yr−1. Overall, our estimate of
bulk P deposition in China is higher than the estimates for
Europe (0.22 kg P ha−1 yr−1), Oceania (0.24 kg P ha−1 yr−1)

and North America (0.29 kg P ha−1 yr−1) by Tipping et
al. (2014), while it is lower than those in South America
(0.43 kg P ha−1 yr−1) and Africa (0.62 kg P ha−1 yr−1).

Measurements of dry P deposition are rather scarce. By
using limited data of aerosol concentrations and the referen-
tial dry-deposition velocity, Vet et al. (2014) estimated that
annual dry deposition of total P on land ranges from 0.01
to 0.62 kg P ha−1 yr−1. Based on the difference between to-
tal deposition and bulk deposition, here we estimated that
the mean canopy-captured dry P deposition was as high
as 0.31 kg P ha−1 yr−1 in China’s forests. Although canopy-
captured dry P deposition underestimates dry deposition be-
cause a proportion of dry deposition is already included in
bulk deposition and the total N deposition was likely under-
estimated in this study, it was comparable to bulk deposition
(0.38 kg P ha−1 yr−1) (paired t test, df = 32, p = 0.36). This
result implies that dry deposition is an important pathway of
atmospheric P deposition.

Our assessment shows that the geometric mean of
total P deposition in China’s forests was 0.69 (0.40–
1.20) kg P ha−1 yr−1, being comparable to the modelling re-
sults ranging from 0.4 to 1.0 kg P ha−1 yr−1 in the forested
areas in China (Wang et al., 2015). Using the mean to-

tal deposition of 0.69 kg P ha−1 yr−1 and a forested area of
1.76× 108 ha (Zhang et al., 2010), we further estimated a to-
tal atmospheric P input of 0.12 Tg P yr−1 in China’s forests.

Previous assessments have suggested that large-scale gra-
dients of P deposition are dust dominated because min-
eral dust from neighbouring deserts contributes substantially
to atmospheric P deposition in semiarid regions (Okin et
al., 2004; Mahowald et al., 2008). Accordingly, our results
also show that P deposition tended to be higher nearby the
semiarid regions (Fig. 1a, b). Geometric means of bulk P
deposition and total P deposition were estimated to be as
high as 0.54 (0.39–0.98) and 0.97 (0.74–1.27) kg P ha−1 yr−1

nearby the semiarid regions, while the values were signifi-
cantly lower (Student’s t test, df = 31, p < 0.01) far from
the semiarid regions, being 0.31 (0.20–0.50) and 0.57 (0.26–
1.05) kg P ha−1 yr−1, respectively. This indicates a signifi-
cant contribution of dust-borne sources to atmospheric P de-
position in forest ecosystems nearby the semiarid regions.

4.2 Nitrogen deposition in China’s forests

Our results show high levels of bulk N deposition and to-
tal N deposition in China’s forests, being, on average, 16.5
and 21.6 kg N ha−1 yr−1, respectively. Most previous assess-
ments of N deposition in China were either based on bulk
deposition or wet deposition (Liu et al., 2013; Du and
Liu, 2014; Jia et al., 2014; Du et al., 2014; Zhu et al.,
2015; Xu et al., 2015), showing similar values (13.7 to
19.3 kg N ha−1 yr−1) to our estimates based on bulk deposi-
tion in China’s forests. Although our estimate based on total
N concentrations in throughfall and annual sum of through-
fall and stemflow water fluxes is still lower than the factual
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Figure 5. Changes in bulk deposition of P and N (kg ha−1 yr−1), total deposition of P and N (kg ha−1 yr−1), and N : P ratios in bulk
precipitation (BP) and throughfall (TF), with the distance to the nearest large cities based on datasets of forested sites nearby semiarid
regions in China.

total deposition because tree foliage can take up a small pro-
portion of gaseous N (part of dry deposition) and soluble N
in rainwater (Draaijers et al., 1996; Sparks, 2009) and the
stemflow N flux is likely underestimated, it is a better proxy
of total N deposition than bulk deposition. Bulk deposition
(16.5 kg N ha−1 yr−1) only accounts for 76 % of our estimate
of total deposition (21.6 kg N ha−1 yr−1) in China’s forests.
This difference leads to an estimate of canopy-captured dry
N deposition of at least 5.1 kg ha−1 yr−1, which is equivalent
to 31 % of bulk deposition. The likely underestimation of this
value is confirmed by a recent estimate based on airborne
concentration measurements via a nationwide N deposition
monitoring network and inferential dry-deposition velocity,
which indicated that on average dry N deposition even ex-
ceeded wet/bulk deposition across China (Xu et al., 2015).
Based on the mean total N deposition of 21.6 kg N ha−1 yr−1

and a forested area of 1.76× 108 ha (Zhang et al., 2010), to-
tal N input via atmospheric deposition was thus estimated to
be 3.8 Tg N yr−1 in China’s forests.

4.3 Urban hotspots of phosphorus and nitrogen
deposition

Bulk P deposition and total P deposition both showed a sig-
nificant power-law increase with decreasing distance to the
nearest large cities, either far from (Fig. 4a, d) or nearby
(Fig. 5a, d) the semiarid regions. Anthropogenic sources have
been traditionally thought to make only a small contribution
to P deposition (Okin et al., 2004; Mahowald et al., 2008),
and yet can result in local hotspots of deposition (e.g. Ma-
howald et al., 2008; Wang et al., 2015). This is in accordance
with our study, which indicates that anthropogenic sources

near large cities can have significant impacts on the spatial
patterns of regional P deposition. The urban hotspot of P de-
position may be derived from intensive combustion-related
emissions near urban areas (Wang et al., 2015) and a short-
distance transfer of P-containing aerosols from P-rich farm-
land soils (Anderson and Downing, 2006).

Spatial patterns of bulk N deposition and total N deposi-
tion showed several regional hotspots near large city clusters
in central, eastern and southern China (Fig. 2a and b). In line
with our previous assessments of inorganic N deposition (Du
et al., 2014, 2015), bulk N deposition and total N deposition
were also in accordance with the urban hotspot hypothesis
(Figs. 4b, e, 5b, e). This spatial pattern has been attributed
to intensive motor traffic, energy production, waste treat-
ment and agricultural activities (mainly N-fertilizer applica-
tion and livestock breeding) in and/or near urban areas (Du et
al., 2014, 2015). Overall, our results suggest that rapid urban-
ization in China may have led to a significant alternation of
regional P and N cycling by enlarging anthropogenic emis-
sions and deposition. In addition, the urban hotspot model is
an important approach to describing the way in which large
cities shape the spatial pattern of P and N deposition. There-
fore, it should be incorporated into the modelling of P and N
deposition on regional scales.

At sites far from semiarid regions, N : P ratios in bulk pre-
cipitation and throughfall both showed no significant trend
with changing distance to the nearest large cities (Fig. 4c,
f), indicating synchronous changes in P and N deposi-
tion around these urban hotspots. However, N : P ratios in
throughfall at sites nearby semiarid regions showed a sig-
nificant power-law increase with decreasing distance to the
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nearest large cities, while no such trend was found for N : P
ratio in bulk precipitation (Fig. 5c, f). This distinct trend of
N : P ratios in bulk precipitation and throughfall suggest a
more rapid increase in dry N deposition than in dry P depo-
sition with decreasing distance to the nearest large cities.

4.4 Implications of imbalanced phosphorus and
nitrogen deposition

Our results indicated an imbalance of N and P supply by at-
mospheric nutrient deposition in China’s forests. The N : P
ratio generally showed high values (geometric mean= 44.4)
in bulk precipitation in China’s forests. Although the N : P
ratio decreased in the throughfall, the geometric mean (32.8)
was still more than twice that in tree leaves (geometric mean
N : P ratio= 15) (Han et al., 2005) and 3 times that in current-
year twigs (geometric mean N : P ratio= 10.6) (Yao et al.,
2015). It is also much higher than critical N : P ratios re-
lated to relative P limitation in view of forest growth, which
are near 15 for coniferous forests and near 25 for decidu-
ous forests (after Mellert and Göttlein, 2012). Compared to
the sites nearby semiarid regions, the imbalance of P and N
deposition was more intense in forests of southern China,
showing significantly higher N : P ratios in bulk precipitation
(geometric mean= 64.0, ranging 40.9–116.7) and through-
fall (geometric mean =45.3, ranging 25.8–74.6) (Fig. 3a, b).
Moreover, the ratio of total N vs. total P may overestimate
the relative P supply vs. N because a fraction of atmospheric
N deposition is most likely already taken up by the canopy
(Draaijers et al., 1996; Sparks, 2009) and a fraction of atmo-
spheric P usually is not bioavailable (Mahowald et al., 2008;
Tipping et al., 2014).

Based on a paired analysis of N and P concentrations in
deposition and lake water, Brahney et al. (2015) showed a
clear relationship between N : P ratios in the investigated re-
mote alpine lakes and N : P ratios in atmospheric deposition.
A lack of corresponding datasets of N : P ratios in forest veg-
etation prevents us from testing this correlation for forests but
we expect a less clear relationship since atmospheric deposi-
tion is the dominant nutrient source in remote lakes, while it
is only a relatively small part of the total nutrient supply in
forests, most of which is derived from mineralization and/or
weathering. Nevertheless, it is likely that the imbalance of N
and P deposition will lead to an increase in the N : P ratio
of soils and plant tissue and hence a shift towards human-
induced P limitation in the long term (Peñuelas et al., 2013).
Accordingly, a recent assessment has shown that foliar N
concentration of woody plants in China’s non-agricultural
ecosystems increased significantly between the 1980s and
the 2000s, while leaf P concentration did not change sig-
nificantly over the same period (Liu et al., 2013). In ad-
dition, mean leaf P concentrations of China’s plants were
found to be significantly lower than the global averages, most
likely due to lower soil P content (Han et al., 2005). Lower
leaf P may constrain the response of photosynthetic capac-

ity to leaf N as P-deficient plants have limited ribulose-1,5-
bisphosphate regeneration (Reich et al., 2009). Although en-
hanced N deposition often stimulates forest growth and car-
bon sequestration (Högberg, 2007; De Vries et al., 2009;
Thomas et al., 2010), the expected growth acceleration can
be diminished in P-limited forest ecosystems (Braun et al.,
2010; Crowley et al., 2012; Li et al., 2016). Phosphorus limi-
tation may not only constrain future forest growth in response
to N deposition but also lower the projected CO2 fertilization
effects on primary productivity (Wieder et al., 2015). Mod-
elling results have also indicated that terrestrial carbon se-
questration in China showed a lower response to per unit N
deposition in recent years (Tian et al., 2011). Unless efficient
measures are taken to reduce anthropogenic N emissions in
China, the threats of human-induced nutrient imbalance to
the health and function of forest ecosystems may keep in-
creasing in the next decades.

5 Conclusions

Our results show elevated atmospheric P deposition in
China’s forests, but it is accompanied by even more ele-
vated N deposition. High N : P ratios in bulk precipitation
and throughfall suggest an imbalance of P and N deposition,
which likely results in a shift towards P limitation in forests
especially in southern China. Moreover, spatial patterns of P
and N deposition both showed a strong power-law increase
with decreasing distance to the nearest large cities, implying
a significant alternation of regional P and N cycling by rapid
urbanization in China.

China has been cutting down on NOx emissions since
early 2010s (Twelfth Five-year Plan; a full version of
the plan is available at http://news.xinhuanet.com/politics/
2011-03/16/c_121193916.htm), and a stricter national con-
trol of air pollution is expected to reduce emissions of
NOx from the combustion of fossil fuels and biofuels in
the future (http://news.xinhuanet.com/politics/2013-09/12/
c_117349304.htm). This will consequently lead to a substan-
tial decrease in anthropogenic deposition of oxidized N (e.g.
nitrate). However, the absence of NH3 regulation policy and
an increase in meat and dairy consumption may further en-
hance emissions and deposition of reduced N (e.g. ammo-
nium) in the future. Overall, the issue of the increasing im-
balance of P and N deposition may further worsen because
high levels of N deposition are expected to continue in the
next decades. In order to gain a better understanding of the
sources, composition and rates of P deposition as well as its
ecological effects, monitoring networks of atmospheric de-
position (e.g. the Nationwide Nitrogen Deposition Monitor-
ing Network, NNDMN, Xu et al., 2015; the Chinese Ecosys-
tem Research Network, CERN, Zhu et al., 2015) are en-
couraged to include measurements of P deposition across the
country based on standardized sampling protocols and ana-
lytical methods. Field observations and manipulated exper-
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iments should be conducted to assess the impacts of nutri-
ent imbalance on the health and function of China’s forest
ecosystems. Moreover, better forest management strategies
should be adopted to avoid a loss in forestry production from
the human-induced P and N imbalance.

6 Data availability

See Sect. 2.1 for further information.

The Supplement related to this article is available online
at doi:10.5194/acp-16-8571-2016-supplement.
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