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ABSTRACT: The emission of nitrogen oxides (NOy) in China decreased by 17% from
2011 to 2017 (without a significant decrease in NH3 emission), resulting in the
declination of nitrogen (N) deposition in East Asia. Empirical N critical load
exceedance was used to assess the benefit of the NOx emission reduction in China to
natural ecosystems in East Asia. Empirical N critical loads for major forest and
grassland types in East Asia were assigned on the bases of field manipulation
experiments for N effects. Results demonstrated that empirical N critical loads in East

Asia were far greater than those in Europe and America. The critical load map based



22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

on the minimum of the critical load range of each vegetation type showed that empirical
critical loads were generally lower in the Tibetan Plateau and some parts of northeastern
China (< 5 kgN-ha!'-a’!), and higher in northern and southern China (> 20 kgN-ha!-a-
1. Empirical critical loads were also low in some parts of central and northern Japan (<
5 kgN-ha!-a'!) and the south of Korean Peninsula (5~10 kgN-ha'!'-a!). As a result of
NOx emission reduction in China, N deposition in East Asia decreased significantly
from 2010 to 2015. Consequently, the area and total amount of critical load exceedance
in East Asia declined by 5.22% and 4.80% respectively, implying great benefit to
natural ecosystems.

KEYWORDS: NOs™ deposition, natural and semi-natural ecosystems, N critical

threshold, positive response

1 Introduction

In the past two decades, the economy in East Asia has developed rapidly, resulting
in rapid growth in NOx emissions (Mijling et al., 2013), and the highest nitrogen (N)
deposition in the world (Vet et al., 2014), with modeled values higher than 20 kgN-ha
I-a"l in most of areas in Eastern China, the Korean Peninsula, and Japan (Ban et al.,
2016; Duan et al., 2016; Endo et al., 2011; Galloway et al., 2005; Schwede et al., 2018;
Vet et al, 2014). Both modeling and monitoring results showed that N deposition in
Eastern China was commonly higher than 40 kgN-ha!-a! (Chen and Mulder, 2007;

Fan et al., 2007a; Larssen et al., 2006; Zhao et al., 2009a; Zhu et al., 2015), with the
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highest values exceeding 60 kg N ha'! yr'! (Xu et al., 2015; Zhao et al., 2017a). That
level was well above the peak N deposition value currently observed in Europe and
North American (Du, 2016; Fagerli and Aas, 2008; Theobald et al., 2019), and
exceeded the critical loads for most of natural ecosystems in Europe and America
(Bouwman et al., 2012; de Vries et al., 2015). High N deposition may result in N
saturation in ecosystem (Bobbink et al., 2010), causing negative effects, such as
eutrophication and acidification of soil and water (Bowman et al., 2008; Hogberg et al.,
2006), emission of N>O (Xie et al., 2018; Zhu et al., 2013), imbalance of plant nutrients
(Liu et al., 2013a), and reduction in plant biomass and biodiversity (Aber et al., 1995;
Clark and Tilman, 2008; Du and Fang, 2014; Gilliam, 2006; Jiang et al., 2017; Kreutzer
et al., 2009; Silvertown et al., 2006; Tian et al., 2017a). Numerous N fertilization
experiments carried out since the early 2000s in East Asia, both in forests and
grasslands (Table 1), have shown the negative effects of elevated N deposition on
natural and semi-natural ecosystems.

Critical load of N is defined as “a quantitative estimate of an exposure to one or more
pollutants below which significant harmful effects on specified sensitive elements of
the environment do not occur according to present knowledge” (Nilsson and Grennfelt,
1988). According to the concept, when N deposition exceeds its critical load, the
ecosystem is expected to be damaged. Critical load has been widely used as the
guideline for the emission abatement in Europe and American (CLRTAP, 2017;

Hettelingh et al., 1995, 2009; McNulty et al., 2013; Posch et al., 2001), as well as in
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China (Hao et al., 2001).

Critical loads of N can be estimated by empirical approach (Bobbink et al., 2010),
steady-state mass balance (SSMB; UBA, 2004), and dynamic modeling (de Vries et al.,
2010). In comparison with SSMB and dynamic modeling, which are both based mass
balance calculation and need adequate and detailed data (even much more by the latter)
for input parameters or model calibration, empirical approach, based on observed
responses of certain ecosystem to N deposition, has been more widely applied in
regional study and mapping of critical loads, especially in the United States (Clark et
al., 2018; Geiser et al., 2019; Lynch et al., 2013; Pardo et al., 2011), Canada (NEG-ECP,
2001), and Europe (Bobbink et al., 2010; CLRTAP, 2017). Similarly, newer findings on
the various responses of forests and grasslands to N deposition by the manipulation
experiments carried out in East Asia can be used to assign the empirical N critical loads.
Although critical loads of nitrogen were calculated through SSMB method several
years ago in East Asia (Duan et al., 2001; Park and Bashkin, 2001; Posch et al., 2014),
the empirical N critical loads and relative response data can used for testing or
confirmation of the SSMB results.

The NOx emissions in China accounted for about 81.7% of the total emissions in
East Asia in 2006, with only 9.4% and 5.1% from Japan and South Korea (Zhang et al.,
2009). Due to very high NOy emission in China, long-range transport of the nitrogen-
content pollutants occurred from the Asian continent to Japan and South Korea (Morino

etal., 2011). During 2000-2008, the total NOy emissions increased by 54% in East Asia,
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mainly from China (Kurokawa et al., 2013). However, the NOyx emissions in China
started to decrease after China began to perform the National NOx Total Emission
Control in 2011 (MEP, 2011). Until 2017, the national NOx emissions in China had
decreased by about 17% since 2011 (Zheng et al., 2018). Although the main impetus
for the Chinese government in reducing NOx emissions was to improve urban ambient
air quality (especially, to reduce PM> s concentrations; China State Council, 2013; Zhao
et al., 2013), the NOx emission abatement in China also led to reduction in N deposition
(mainly nitrate deposition), not only in China, but also in Korea and Japan (EANET,
2017). However, it is unclear whether and how much the reduction in N deposition will
mitigate the impact on natural ecosystems in East Asia. Therefore, the objective of this
study is: (1) to assign empirical N critical loads to major vegetation types in East Asia,
(2) to evaluate the risk of N deposition impact on natural ecosystems based on the
critical load exceedance of N deposition, and (3) to estimate the benefit of NOx
emission abatement in China during 2010-2015 (the first five years of abatement) by
comparing the area of critical load exceedance in East Asia between 2010 and 2015.
These results may serve as the first environmental impact assessment of N deposition
in East Asia, and may support the future development of N emission abatement policy.
2. Materials and Methods
2.1 Review of N fertilizing experiments and critical load evaluation

Empirical N critical loads refer to the level of N deposition where detrimental

ecological effects occur (Bobbink et al., 2015; Clark et al., 2018). They are based
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entirely on observable changes in the structure and function of ecosystems, which can
connect N deposition to plant and soil responses (Bobbink et al., 2011; Tipping et al.,
2013). Field N fertilization experiments on major forest and grassland types have been
widely implemented in East Asia since 2000s (as listed in Table 1, and Figure 1 showing
the locations). Liu et al. (2011) and Duan et al. (2014) reviewed the measured chemical
and biological changes of grasslands and forests responding to different N input, from
published literature and data sets on N fertilization experiments in China. In this study,
we updated the summary by adding newer results after 2010 in China and some results
from other countries in East Asia. Due to the very lack of long-term N addition
experiments in South Korea, North Korea, and southern Japan, critical loads for their
ecosystems were assigned according to similar ecosystems in China (as listed in
Supplementary Table S1). Various changes in both ecosystem structure involving
mycorrhizal fungi (changes in community structure, declines in species richness and so
on), herbaceous vegetation and shrubs (changes in foliar nitrogen, reductions in
abundance, and so on), and ecosystem functions, such as NO3" leaching, increased N>O
emission, and decreased tree growth, were considered for determining empirical critical
loads.

As in similar experiments being done in Europe and North American, several study
sites were located in forest and on grassland, and added with nitrogen fertilizers, mainly
using nitrate, ammonium (including urea) or both, by a series of does. The field

experiments we reviewed lasted at least one year, and some of them had implemented
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for more than five years and were ongoing (Du et al., 2013; Fang et al., 2014; Huang et
al., 2015; Lin et al., 2007; Lu et al., 2007; Wan et al., 2008). Since there were quite
insufficient studies on N effects in East Asia, all of them, with both low (i.e. close to
ambient N deposition) and high doses of fertilizer addition, were included in this review.
Each studied ecosystem was assigned a critical load range, the upper limit was the
lowest input level at which the response occurred, and the lower limit was the highest
input level without any significant impact (Lin et al., 2007). It is important to note that
the nitrogen input should be the sum of fertilizer dose and atmospheric N deposition.
For a given vegetation type when several critical load ranges were obtained from
different studies (Table 1), a critical load range was recommended for safety: from the
minimum of the lower limits of all critical load ranges, to the minimum of the upper
limits. The critical load map was then plotted (ArcMap 10.2, ESRI Company, Redlands,
California, USA) according to the distribution of major vegetation types, the minimums
of whose critical load ranges were used for conservative reason and protecting more
ecosystems (Figure 2). For comparison, the medians of the critical load ranges were
also applied and the map was shown in Supplementary Figure S1. In addition, final
empirical critical loads used in empirical critical load map were shown in Table S2.
2.2 Nitrogen deposition modeling and critical load exceedance calculation

The N deposition (the sum of dry and wet deposition) in East Asia was modeled by
the Community Multi-scale Air Quality model with the two-dimensional Volatility

Basis Set (CMAQ/2D-VBS) (Zhao et al., 2016). The anthropogenic emission inventory
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in China during 2010-2015 was developed by Tsinghua University (Zhao et al., 2013,
2017b, 2018; Wang et al., 2014). The emissions in countries other than China were
obtained from the MIX emission inventory for the year 2010 (Li et al., 2017), which
was the latest year available. We calculated biogenic VOC emissions using the Model
of Emissions of Gases and Aerosols from Nature (MEGAN; Guenther et al., 2006). The
modeling domain, with a 36 kmx36 km grid resolution, covers East Asia and some
surrounding regions. The meteorological fields used to drive the CMAQ/2D-VBS
model was generated by the Weather Research and Forecasting Model (WREF, version
3.7). The other model configurations, such as the vertical resolution, physical and
chemical schemes, boundary and initial conditions of CMAQ/2D-VBS and WREF, and
the mapping of anthropogenic emissions to model grids were the same as Zhao et al.
(2018). We chose the whole year of 2010 and 2015 as our simulation periods. We had
evaluated the meteorological and chemical simulations against surface and satellite
observations, and showed a reasonably good agreement (Zhao et al., 2018). The
uncertainty (coefficients of variation) of wet deposition modeling was about -35% for
N, on average (Zhao et al., 2009a). The modeling results were then interpolated to grids
of 0.1 degree by 0.1 degree (ArcMap 10.2, ESRI Company, Redlands, California, USA).
Critical loads were also allocated to the grids of 0.1 degree by 0.1 degree. The
difference between the N deposition and critical load of each grid resulted in the critical

load exceedance map of East Asia.

3. Results
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3.1 Empirical N critical loads for major ecosystems
The empirical N critical loads for major forest and grassland types (shown in Table
1) varied widely in terms of vegetation types and geographical locations. Among forests,
subtropical coniferous plantations had the highest critical load (170~300 kgN-ha!-a!),
and temperate deciduous forests had the lowest (10~30 kgN-ha!-a'!). The critical loads
for temperate mixed broad-leaved deciduous and coniferous evergreen forest and
subtropical forest (both coniferous and broad-leaved) were < 100 kgN-ha'-a’!. The
critical loads of grasslands varied from < 50 kgN-ha!-a’! for alpine meadow, alpine
steppe, temperate grass-forb community, and temperate grass-forb meadow, to 150~250
kgN-ha!-a’! for subtropical and tropical grass - forb community. Other grassland types
had critical loads of 50~100 kgN-ha!-a’!, including temperate needlegrass arid steppe.
3.2 Mapping empirical N critical loads and their exceedance
The empirical N critical loads were low on the Tibetan Plateau and in some parts
of northeastern China (< 5 kgN-ha!-a!) (Figure 2). In contrast, the critical loads for
subtropical ecosystems in southern China, where high N deposition occurred, were in
the range of 30~200 kgN-ha!-a’l. The critical loads were also low (< 5 kgN-ha'!'-a!) in
some parts of central and northern Japan (for Hokkaido deciduous forests and Nihonkai
Montane deciduous forests) and in the south of Korean Peninsula (for central Korean
deciduous forests and southern Korean evergreen forests). It should be noted that there
were no data available for areas where the main plant types are shrubs (in white on the

critical load map).
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Modeling results showed that N deposition in China increased from west to east,
which was much higher in the east than in the west, with additional high areas along
the southwestern border (Figure 3). In 2010, the higher N deposition was concentrated
in southern, eastern, and some parts of northeastern China (> 20 kgN-ha!-a!), even
higher than 50 kgN-ha!-a’! in part of southwestern China, while the N deposition in
western and some parts of northeastern China was lower (< 5 kgN-ha'!'-a!). The N
deposition in the Korean peninsula was higher in the north (20~30 kgN-ha!-a!) and
lower in the south (10~20 kgN-ha!-a!). The N deposition in Japan was generally within
the range of 10~20 kgN-ha!-a!, with the lowest in northern Hokkaido (5~10 kgN-ha-
I-al) and the largest in a small part of central Japan (20~30 kgN-ha'!-a!). In 2015, the
distribution of N deposition in East Asia was similar to that in 2010, with remarkable
decrease in all the region except the southwestern border of China (due mainly to
increasing transport from South Asia).

The difference between nitrogen deposition modeled and the empirical critical loads,
led to the critical load exceedance map of East Asia (Figure 4). Empirical N critical
loads were exceeded mainly in northeastern, central, and some parts of southern China
in 2010, where temperate deciduous forests and temperate grasslands and meadows are
the dominant natural vegetation. In general, critical load exceedances of temperate
deciduous broad-leaved forests in northeastern and central China were higher than 15
kgN-ha'l-al, and those of temperate grasslands and meadows ranged from 5~15

kgN-ha!-a’l. The main vegetation types with critical load exceedances ranged from 0~5



211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

kgN-ha!-a! were temperate grasslands and temperate deciduous broad-leaved forests
in some parts of northeastern China. Critical load exceedances also occurred in the
southern and some parts of northern Korean peninsula, where Changbai Mountains
mixed forests and Central Korean deciduous forests are the dominant natural vegetation.
The exceedances of Central Korean deciduous forests in southern Korean peninsula
were lower (< 5 kgN-ha!-a!), while those of Changbai Mountains mixed forests and
Central Korean deciduous forests in central Korean peninsula were 5~15 kgN-ha!-a'l.
In addition, critical load exceedances occurred in most part of Japan, with lower
exceedances of Hokkaio Montane conifer forests and Nihonkai evergreen forests(< 5
kgN-ha!-al) and higher of Hokkaido deciduous forests, Nihonkai Montane deciduous
forests, and Taiheiyo evergreen forests (5~15 kgN-ha'!'-a™!). In 2015, the distribution of
critical load exceedance in China was similar to that in 2010, but the total area and
amount of critical load exceedance in China decreased by 5.62% and 4.31%,
respectively (Table 2). However, the areas with critical load exceedance of alpine
meadows and steppes near northwestern border of China increased due to an increase
in N deposition (Figure 3). The total area and amount of critical load exceedance in
Japan also decreased by 6.82% and 6.00%, respectively (Table 2). Although the
distribution and total area of critical load exceedance in Korean peninsula did not much
change in 2015, the total amount of critical load exceedance decreased by 13.5%. In
summary, the total area and amount of critical load exceedance in East Asia was

estimated to 150 Mha and 12.5 Mt N a! respectively in 2010, and declined to 142 Mha
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and 11.9 Mt N a! respectively in 2015.
4. Discussions
4.1 Comparison with critical loads in Europe and North America

The N demands for different vegetation types differ, as well as the inherent sensitivity
of plants, resulting in wide variation of empirical N critical loads for major forest and
grassland types (Bobbink et al., 2010; Gao et al., 2014). For forests in East Asia,
temperate deciduous forests are more sensitive to increased N input. In contrast,
subtropical forests have higher tolerance for N, especially subtropical coniferous forests.
For grassland, alpine steppe is the most sensitive to increased N, while temperate
needlegrass arid steppe has higher empirical critical loads. These findings are consistent
with the results of long-term studies in North America and Europe (Bobbink et al., 2015;
Pardo et al., 2011).

Empirical N critical loads in East Asia were generally much higher than those in
Europe and North America. For example, the critical loads for alpine ecosystems,
dessert grassland, and temperate forests in North America were 5~15 kgN-ha'!-a’l, 3~9
kgN-ha'l-al and <20 kgN-ha'-a’l, respectively (Pardo et al., 2011), whereas those in
East Asia were 5~55 kgN-ha'-a'l, 5~105 kgN-ha'-a!, and 10~120 kgN-ha'-al,
respectively. The empirical N critical loads ranged 3~30 kgN-ha!-a’! in Europe, mostly
based on data for temperate ecosystems (Bobbink et al., 2015). In particular, empirical
N critical loads for coniferous and broadleaved forests were 5~15 kgN-ha!-a! and

10~20 kgN-ha'l-a!, respectively, in Europe (Bobbink et al., 2015), while 30~80



253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

kgN-ha!-a! and 70~150 kgN-ha!-a! in China.

There may be several reasons for the much higher critical loads in East Asia. Warm
and humid subtropical ecosystems have a fast N cycling and thus loss by leaching or
N20 emission (Huang et al., 2015; Xie et al., 2018a, b). In addition, the background of
environmental factors such as historical acidification, land use types, starting soil pH,
and species abundance, is important for quantifying the thresholds (Bobbink et al., 2010;
de Vires et al., 2010). East Asia, especially China has higher planting and harvesting
rate than in Europe and North America (Hu et al., 2019), causing higher N demand for
forest and grassland ecosystems. Sometimes it is difficult to distinguish whether the
negative effect is caused by nitrogen deposition or other human activities, such as soil
degradation by over-grazing, and soil acidification by simultaneously high sulfur
deposition (Bobbink and Roelofs, 1995; Bobbink et al., 2010). For example, the results
of field experiment of N fertilization at Tieshanping in southwestern China showed that
the change of ground vegetation diversity in subtropical coniferous forests was mostly
attributed to soil acidification due to the high acid deposition in southern China, while
the effect of nitrogen saturation might be neglected or underestimated (Huang et al.,
2015).

Historically high N deposition may be another important reason of high empirical
critical loads. Due to the rapid growth of N deposition in East Asia, the critical loads
for some studied vegetation might have been exceeded before the start of the N

fertilization experiments, so it is not possible to observe initial changes in the ecosystem,
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while Europe and North America have greater availability of pristine baselines (Pardo
et al., 2011). In addition, very limited studies and short-term observations under high
nitrogen dose will lead to high uncertainty of critical loads.
4.2 Uncertainty analysis

Although uncertainty did exist for the empirical N critical load range of each
vegetation type due to the high N addition doses, short duration of the studies, high
background deposition, and so on, it was difficult to quantitatively evaluate. The
response of ecosystem to N deposition has time lags, thus the uncertainty of short-term
and low nitrogen inputs studies will increase accordingly (Bobbink et al., 2015; Pardo
et al., 2011). Moreover, data deficiencies also increase uncertainty, e.g., fewer response
near the critical load of ecosystem was observed due to finite and rough N input gradient
(Pardo et al., 2011). In general, uncertainties are lower in places where observations at
the pristine end of the deposition gradient and the N addition levels are low relative
both to the critical load and the ambient deposition. In addition, uncertainties are lower
where the deposition has not increased rapidly or recently. Therefore, due to limited
field N fertilization experiments in East Asia, the uncertainties of empirical critical load
and critical load exceedance in this study may be higher than those studies in European
and North American, with much better databases (Pardo et al., 2011; Tipping et al.,
2013) Further long-term and large number of studies are necessary to reduce the
uncertainties.

By admitting uncertainties due to limited studies in East Asia, the empirical critical
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loads provided the directions to update the calculated critical loads, e.g. by SSMB.
Besides Alpine steppe and Temperate grass-forb Community, the empirical critical
loads of forests and other grassland vegetation were usually higher than the N critical
loads calculated by SSMB (Table 1). The impact of N deposition on ecosystems had
occurred actually before it was discovered (not reaching a stable state), and the
empirical critical loads obtained by the direct approach was often too large. Especially
for subtropical forests usually with large deviations, NOs™ leaching has obvious
occurred before vegetation changes. Among the responses of subtropical forests, the N
input required for N2O emission was lower than the minimum N input required for
leaching (Huang et al., 2015; Li et al., 2015a), demonstrating the importance of
denitrification and N>O emission should be considered for subtropical forests (Zhu et
al., 2013). Not only more reasonable parameters for denitrification should be studied
for the typical forests, but also new criterion (i.e., N2O emission) instead of nitrate
leaching for SSMB calculation (UBA, 2004) might be sought. Since very large amount
of nitrate can be denitrified and removed from the ecosystem, the critical nitrate
leaching based on physiological response or biodiversity change of dominant species
always leads to higher critical loads, which may be unacceptable due to high
greenhouse gas emission.
4.3 Effects of NOx emission reduction in China on natural ecosystems in East Asia
From 2010 to 2015, the deposition of nitrate (NO3"; mainly from NOx emission) in

China, North Korea, South Korea, and Japan decreased by 17%, 20%, 11%, and 10%,
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respectively, according to the modeling results. However, there was little change in
deposition of ammonium (NH4" mainly from NH;3 emission) in East Asia (Du et al.,
2014; EANET, 2017). Emission abatement of NH3 in China has not been carried out
and a high level of NH; emission remains (Zheng et al., 2018). Therefore, the reduction
of N deposition in East Asia was mainly attributed to NOx emission reduction. Since
the emissions inventory had not changed in 2010-2015 except for China, the reduction
in N deposition modeled was only attributed to China's emission abatement. During
this period, China's NOx emission reductions mainly came from the flue gas
denitrification in power plants (using selective catalytic reduction, SCR) and the
shutdown of small industrial boilers (Zheng et al., 2018). The reduction in emission
from the tall stacks was more effective for reducing long-range transported pollutants.

Although NH4" is an important component of N deposition, NH3 emission has not
been controlled globally (Hoesly et al., 2018; Kang et al., 2016). NH4" and NOs™ have
different biological and chemical impacts on ecosystems (Kahmen et al., 2008). For
example, plant and soil generally has a higher uptake and immobilization rate for NH4"
than NOs™ (Brumme et al., 1992; Liu etal., 2017a; Ma et al., 2014; Providoli et al., 2006.
Puri and Ashman, 1999; Rice and Tiedje, 1989), and NH4" has stronger effects of soil
acidification and N>O emission than NOs™ (Huang et al., 2015; Li et al., 2015a).
However, the different effects of NH4" and NO3™ have not been considered in mapping
empirical N critical load of nitrogen in Europe (Aherne and Posch, 2013), while the

threshold of atmospheric NH; average concentration was assigned as critical level
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(CLEnm3) (Cape et al., 2009). In this study, the different effects of NH4" and NOs~ was
not considered either.

Although critical loads may vary greatly for different ecosystems, the main reason
for large area of critical load exceedance is the high N deposition in the region. In
central and northeastern China, where temperate deciduous broad-leaved forest is
dominant, the empirical critical loads of nitrogen were exceeded by more than 10
kgN-ha'l-al due to very high N deposition in 2010. Although N deposition was
relatively high in southern China, the empirical critical loads of subtropical broad-
leaved evergreen forest and tropical monsoon forests and rain forests were high, so
there was less critical load exceedance. In addition, higher critical load exceedance
(10~15 kgN-ha!-a!) occurred in central Japan, under the higher N deposition (10~30
kgN-ha'!'-a!). There was no critical load exceedance where the lower N deposition
(5~10 kgN-ha!-a!) occurred in Japan. Moreover, the higher critical load exceedance
(10~15 kgN-ha'-a') occurred in some parts of north and central Korean peninsula,
where the N deposition is higher (20~30 kgN-ha!-a!). In 2015, with the decrease in N
deposition, the total area of critical load exceedance decreased by 5.33%, and to 142
Mha in East Asia. After the decrease in N deposition (mainly in nitrate deposition), the
area of critical load exceedance in the United States decreased from the peak of 178
Mha in 1975 to 133 Mha in 2006 (Clark et al., 2018), while it even reached 335 Mha
in Europe in 2010 (Slootweg et al., 2015). Studies demonstrated that the area at risk of

adverse effects of N deposition decreased from 67% to 61%, when NOx and NHj3
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emissions declined by 63% and 19% in European in 2030 (Hettelingh and Posch, 2019).
However, considering the much higher values and uncertainties of critical loads in East
Asia than in Europe and United States, it is too early to state that East Asia has now
low risk of N saturation.

5. Conclusions and suggestions

Controlling N deposition is critical to preventing its negative effects on natural
and semi-natural ecosystems. This paper provides a preliminary assessment of the risk
caused by high N deposition in East Asia, based on empirical N critical loads. Critical
load exceedances were mainly distributed in central, northeastern and some parts of
southern China, as well as southern and some parts of northern Korean peninsula.
Critical load exceedances occurred in most parts of Japan, except in small parts of
northern and southern Japan. The total area of critical load exceedance in East Asia was
142 Mha in 2015. It should be noted that the area of critical load exceedance in East
Asia has decreased by at least 5.33% since 2010, which showing the significant benefit
of NOx emission abatement (by 17% during 2010-2017) in China.

It should be noted that previous studies and policy-making in East Asia paid great
attention to NOx emission reduction. NH3 emission control is also important for both
the improvement of air quality (to reduce PM>.5) and reduction of N deposition (Liu et
al., 2019), and is under consideration by the Chinese government. Although the
empirical N critical loads derived from the published literature of N fertilization

experiments may give a very important scientific basis for evaluating the current status
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of N deposition in East Asia, more long-term and well-designed field experiments
should be implemented in the future to further assess the impacts of different forms of
N deposition (not only NOs, but also NH4") on natural ecosystems, and to update the

empirical N critical load map.
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Figure 1 Vegetation map of East Asia (FAO, 2010). Some studied sites of N effects

shown as © for forests and O for grassland.
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Figure 2 Empirical N critical load map based on the minimums of the critical load
ranges for major forest and grassland ecosystems in East Asia. Wide-distributed
agricultural fields and no vegetation regions (Agr & No veg), with theoretically very

low sensitivity to N deposition and thus high critical loads, are also showed in the map.
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Figure 3 Modeled nitrogen deposition in (a) 2010 and (b) 2015 in East Asia.
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Figure 4 Critical load exceedance of nitrogen in (a) 2010 and (b) 2015 in East Asia.

Blank means no critical load data. To maximize the protection of (semi-)natural
ecosystems, the minimum of critical load range for each vegetation type was used for

the mapping.



Table 1 Summary of empirical critical loads of nitrogen for major forests and grasslands in East Asia*

Vegetation Site Dominant N deposition N input CL** Duration Main response Reference
specie (kgN-ha'-a') (kgN-ha'-a')  (kgN-ha'a') (year)
FOREST
Subtropical ~ Shaxian, Sanming, Cunninghamia 53 0,60, 120,240 170~300 12 Decrease in litter Fan et al.,
coniferous Fujian province, lanceolata (70~140) decomposition and 2007ab, 2008; Liu
plantation China, 117°43’E, needle K, Ca and etal., 2008; Wu
26°31°’N Mg content; etal., 2013

Decrease in

microbial abundance

and plant species

richness
Subtropical  Dinghushan Schima 38 0, 50,100, 150  90~140 16 Change in Chen et al., 2012,
monsoon Biosphere superba (30~70) photosynthetic and 2013a; Fang et
evergreen Reserve, physiologic al., 2005, 2009;
broad- Zhaoqing, characteristics of Lu etal., 2006,
leaved Guangdong dominant understory 2007, 2010, 2013,
forest province, China, species; Decrease in ~ 2014; Mao et al.,

112°33’E, 23°10°N soil microbial 2017; Xu et al.,

biomass, 2005

exchangeable base

cations; Reduction

in litter

decomposition,

DOC concentrations

in soil solution and

annual DOC

effluxes from

primary rooting

zone; Decrease in

soil pH and BS
Subtropical = Tieshanping Forest Pinus 42 0, 40 40~80 15 Increase in N Huang et al.,
coniferous Park, Chongqing massoniana (15~30) leaching; Decrease 2015; Lin et al.,
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coniferous
forest
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evergreen
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forest

Subtropical
evergreen
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forest

Subtropical
evergreen
broad-
leaved
forest

Temperate
coniferous
forest

province, China,
106°41°E,
29°37°N
Qianyanzhou

Ecological Station,

Taihe city, Jiangxi
Province, China,
115°03’E,
26°44°N
Wauyishan, Fujian
province, China,

117°24’~118°02’E

, 26°32°~27°55’N

Wawushan

Mountain National

Forest Park,
Hongya, Sichuan
Province, China,
103°15’E,
29°32°N

Guniuvjiang, Anhui

Province, China,
117°21’E,
30°01’N

Changbaishan
Forest Research
Station, Jilin
province, China,

Pinus
massoniana,
Cunninghamia
lanceolata,
Pinus elliottii

Castanopsis
carlesii

Castanopsis
platyacantha,
Schima sinensis

Castanopsis
eyrei

Pinus
koraiensis

33

16

95

12

0, 40, 120

0, 50, 100

0, 50, 150

0, 50, 100

0, 25,50

30~70
(15~30)

70~120
(30~70)

100~150
(30~70)

10~60
(30~70)

40~60
(15~30)

13

in biomass of
ground vegetation

Increase in soil N>O
and CO; emission
fluxes

Reduction in
microbial biomass
and shift of
microbial
community
composition
Decrease in
microbial biomass C
and root biomass

Decrease in growth
rate of saplings, the
aboveground
biomass of
understory shrubs
and ground-cover
ferns

Decrease in soil
microorganism

2007

Lietal., 2015a

Luetal., 2014,
Tian et al., 2017a

Peng etal., 2017

Tian etal., 2017b

Zhao et al., 2008,
2009b
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forest
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mixed
broad-
leaved
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and
coniferous
evergreen
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Cold-
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and
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mountains
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127°42°E, 41°4I’N
Fusong, Jilin
province, China,
127°29’E,
42°20°N
Lushuihe Forestry
Bureau, Jilin
Province, China,
128°6’E, 42°25°N
Wuyuezhai
National Forest
Park,
Shijiazhuang,
Hebei province,
China, 113°52’E,
38°41’N
Liangshui National
Nature Reserve,
Heilongjiang
Province, China,
128°53’E,
47°10°N

Maoershan
Experimental
Station,
Heilongjiang
Province, China,
127°30° ~
127°34°E, 45°21°
~45°25°’N
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Betula
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Betula
platyphylla,
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Decrease in soil
microorganism

Decrease in N

resorption efficiency
and N use efficiency

Decrease in bacterial

biomass and fungal
biomass

Increase in No,O
emissions

Decrease in fine root

biomass, soil
microbial biomass,
soil respiration rate,
soil inorganic P
availability,

microbial biomass P,

and acid

Zhao et al., 2008,
2009b

Lietal., 2010

Guo etal., 2017

Song et al., 2017

Hu et al., 2010;
Jiaetal., 2010;
Yang et al., 2015,
2018



Cold-
temperate
and
temperate
mountains
deciduous
conifers
Temperate
deciduous
broad-
leaved
forest

Temperate
coniferous
forest

Temperate
deciduous
broad-
leaved
forest

Great Xing’an
Mountain, Inner
Mongolia, China,
121°30°-121°31’E,
50°49°-50°51’N

Environmental
Horticulture and
Forestry
Experimental Farm
of Chiba
University, Gunma
Prefecture, central
Japan, 139°00’E,
36°36’N

Sapporo
Experimental
Forest of
Hokkaido
University, Japan,
141°20’E,
43°06°N
Tomakomai
Experimental
Forest, Hokkaido
University,
northern Japan,
141°36’E,
42°40°'N

Larix gmelinii

Quercus
serrata,
Castanea
crenata

Larix
kaempferi

Quercus
crispula

10~14

3~20

3~20

3~20

0, 20, 40

0, 30, 150

0,50

0, 100

30~50
(10~15)

5~170

5~70

5~120

11

phosphatase activity
Decrease in N
retention; Increase
in leaching loss of
NO;5

Increase in No,O
emissions

Increase in N,O
emissions;

Decrease in ECM
diversity and
community structure

Decrease in
diversity index

Gao et al., 2016

Kong et al., 2013

Kim et al., 2012;
Wang et al., 2018

Leeetal., 2017



Table 1 (Continued)

Vegetation Site Dominant N dep N input CL** Duration Main response Reference
specie (kgN-ha'-a') (kgN-ha'-a') (kgN-ha'a') (year)
GRASSLAND
Temperate Inner Mongolia Leymus 4 0,17.5,52.5, 110~180 for 19 Peak value reached for  Bai et al., 2009;
needlegrass Grassland chinensis 105, 175,280 degraded; specific leaf area, leaf Chen et al.,
arid steppe Ecosystem 30~50 for N content, and total 2013b; Lan and
Research Station natural chlorophyll content; Bai, 2012; Liet
(IMGERS), Xilin (15~30) Reduction in richness al., 2015b; Pan et
River Basin, Inner of plant species and al., 2004, 2005;
Mengonia, biomass of perennial Qin etal., 2011;
116°40°E, 43°32°’N bunch grass Song et al., 2011;
Tian et al., 2016;
Wan et al., 2008;
Wei et al., 2014
Temperate Duolun, Inner Agropyron 4 0, 50, 100, 55~155 14 Reduction in Xuetal., 2017
needlegrass Mongolia, cristatum, 150 (15~30) belowground net
arid steppe 116°17°E, 42°02°’N  Artemisia primary production
scoparia
Temperate Taibus Banner, Stipa krylovii, 35 0, 20, 50, 50~85 5 Reduction in species He et al., 2016
needlegrass Inner Mongolia Artemisia 100, 200, 500 (15~30) richness
arid steppe Autonomous Jrigida
Region of China,
Inner Mongolia,
115°29E, 42°06°N
Temperate Yunwushan Thymus 3 0, 50, 100 50~100 3 Thymus mongolicus Cheng et al., 1996
needlegrass Grassland Natural ~ mongolicus (15~30) community replaced by
arid steppe Reserve, Ningxia, Stipa hungeana
105°20°-106°58’E,
35°14°-36°38’N
Subtropical Dongchuan Heteropogon 4 0, 50, 150, 150~250 1 Gramineae dominant Zhang et al., 2004
and tropical Mudflow Contortus 250 (30~70)
grass- forb Monitoring



community

Alpine
meadow

Alpine
meadow

Alpine steppe

Alpine steppe

Station, Xiaojiang
River Basin,
Yunan, 103°E,
26°N

Nagqu County,
Nagqu Prefecture,
Tibet Autonomous
Region, 92.017°E,
31.441°N

Haibei alpine
meadow
ecosystem research
station, Chinese
Academy of
Sciences,
101°19'E, 37°37'N
Nam Co
Monitoring and
Research Station
for Multisphere
Interactions,
Chinese Academy
of Sciences,
90°58'E, 30°47'N
Bayinbuluk
Grassland
Ecosystem
Research Station,
Chinese Academy
of Sciences,
southern Tianshan
mountains,
Xinjiang Uygur
Autonomous

Kobresia
pygmaea

Kobresia
humilis

Kobresia
pygmaea

Stipa
purpurea

414

0,7, 20, 40

0, 10, 20, 40

0, 10, 20, 40,
80, 160

0, 10, 30, 90,
150

15~50
(15~30)

25~35
(15~30)

20~50
(15~30)

5~15
(15~30)

12

Increase in No,O
emission

Decrease in soil pH and
CHj uptake

Reduction in biomass
N:P ratios, N-uptake
efficiency and N-use
efficiency

Increase N,O emission

Yan et al., 2018

Fang et al., 2014;

Jiang et al., 2010

Liu et al., 2013b

Lietal.,, 2012a,b



Region, 83°42.5'E,

42°53.1'N
Temperate State Key Bothriochloa 2 0,25,50,100 5~30 6 Reduction in microbial ~ Zhang et al., 2017
grass-forb Laboratory of Soil  ischaemum (15~30) community and
Community Erosion and microbial diversity

Dryland Farming

on the Loess

plateau in

Yangling, Shanxi

province, 108°7’E,

34°27°N
Temperate Inner Mongolia Stipa 10 0, 10, 20 10~30 11 Increase in N,O Liuetal., 2017b
grass-forb Grassland baicalensis (10~15) emission; Decrease in
meadow Ecosystem CH; uptake

Research Station,
Hulunbuir, Inner
Mongolia 119°55°-
119°58’E, 49°19°-
49°21°’N

* This table was updated from the reviews by Liu et al. (2011) and Duan et al. (2014). Many results published after 2010 were added.

** Values in bracket are critical loads of nutrient N calculated by the steady state mass balance (SSMB) method (Duan et al., 2001; Zhao et al.,

2009a).



Table 2 Area and total amount of the critical load exceedance in East Asia

Year Area (Mha)* Total amount (Mt N-a™!)
China Korean peninsula  Japan Total China Korean peninsula Japan Total

2010 105 13.9 30.8 150 11.6 0.37 0.50 12.5
(10.9%) (62.5%) (81.4%) (14.6%)

2015 99.1 13.9 28.7 142 1.1 0.32 0.47 11.9
(10.3%) (62.5%) (75.8%) (13.8%)

* The figures in parentheses means ratio of the area of critical load exceedance to the land area.



