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Abstract

Organic nitrogen (N) is an important component of the atmospheric deposition of reactive N, but its sources
are essentially unknown. Assessing whether this dissolved organic N (DON) is of natural, anthropogenic or
mixed origin is critically important in attempting to determine the scale of human perturbation of the global
N cycle. Here we report evidence for atmospheric organic N deposition and its anthropogenic sources in
China. Precipitation samples were collected and analyzed from fifteen rural, suburban and urban sites during
2005 and 2006. The average deposition of DON was 8.6 kg ha™ yr' with a volume-weighted concentration
of 111 pmol L™, which was much higher than in other regions of the world. The contribution of DON to total
dissolved N (TDN) was approximately 30% on average, agreeing well with other reported data in the
literature. Parallel collections of wet-only and bulk deposition showed wet deposition to be 68% on average,
indicating a significant dry deposition component. Combining data from the Chinese sites with those from
elsewhere in the world, significant (p<<0.0001) correlations between DON and NH4-N, NO;-N and TDN
suggest that atmospheric organic N originates from similar sources to dissolved inorganic N (DIN) (NH4-N
and NO3-N), which are largely attributed to anthropogenic emissions from both agricultural and industrial
sources.
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1. Introduction
The global N cycle is being greatly perturbed by human activity and, in turn, impacts on ecosystems causing

further global change. A very significant component of the perturbed global N cycle is the atmospheric
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transport of fixed N (Holland et al., 1999; Paerl and Whitall, 1999; Matson et al., 2002; Galloway et al.,

2004). Organic N represents an important component of atmospheric N (Cornell et al., 1995; Keene et al.,
2002; Cape et al, 2004), but its sources are essentially unknown (Cornell et al., 2003). Assessing whether
this material is of natural, anthropogenic or mixed origin is critically important in attempting to determine

the scale of human perturbation of the atmospheric N cycle.

Atmospheric organic N probably comprises a wide range of compounds from volatile gases through to
aerosols, with both primary (e.g. soil re-suspension, soot particles) and secondary production processes, €.g.
the reaction of atmospheric oxidised (e.g. nitric acid) and reduced (e.g. ammonia) N gas phase species with
gas or aerosol organic matter. Investigation of individual compounds (Cornell et al., 2003) or the isotopic
composition of atmospheric organic N (Kelly et al., 2005) has failed to provide clear evidence of whether
anthropogenic or natural sources dominate, although it appears that most of the carbon is of natural origin
(Kelly et al., 2005). An alternative approach to identifying the source is to investigate relationships between
organic N and ammonium and nitrate in the atmosphere, which are known to be predominantly of
anthropogenic origin except in the most remote regions of the world. This approach has been tried before on
data from particular regions with results that suggest a relationship, but it is only a weak one (Cape et al.,
2004; Neff et al., 2002). Here we have re-evaluated the relationship between atmospheric organic N and
inorganic N deposition from a number of sites around the world, incorporating new data from China. Since
the Chinese data are new we present the methods by which it was measured and its interpretation before
combining it with other published data to consider the global pattern. The objective of this study is to gauge
the magnitude of organic N deposition in China, where N deposition is known to be high (Liu et al., 2006;
Zhang et al., 2006; He et al., 2007; Zhang et al., in press), and the origins of atmospheric organic N in China

and worldwide.

2. Material and Methods

2.1. Monitoring sites

Rain samples were collected at fifteen monitoring sites (Fig.1; Table 1) in China, mainly from the North
China Plain (NCP) (sites 1-9). Other sites were from the Northeast China (site 10), the Changjiang River

Delta (site 11), an Inner Mongolian pasture area (site 12), Northwest China (site 13) and the Tibetan
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Altiplano (sites 14 and 15). The monitoring sites were located in different ecosystems such as farmland,

coast, pasture and forest. The location and monitoring period for each site are shown in Fig.1 and Table 1.

2.2. Collection, storage and measurement of rainwater

Precipitation samples (bulk deposition) were collected daily using a stainless steel bucket (SDM6, Tianjin
Weather Equipment Inc., China). The buckets were cleaned with deionized water before rain collection to
avoid contamination (e.g. from bird faeces). Chloroform (1 ml L) was added to inhibit the growth of
micro-organisms and subsequent N transformation. Rainwater samples were filtered (0.45 pm pore size) and

stored at -20 °C until analysis to avoid transformation of organic N (Cornell et al., 2003; Cape et al., 2001).

DIN (NH4-N and NO;3-N) in rainwater was analyzed with a Continuous Flow Analyzer (TRAACS 2000,
Bran-Luebbe Inc., Germany). TDN in rainwater was analyzed using the alkaline persulfate-oxidation (to
nitrate) method (Bronk et al., 2000) followed by ultraviolet spectrophotometry (Shimadzu UV-2201,

Shimadzu Inc., Japan). Organic N was then calculated by difference (TDN minus DIN).

Three Automatic Wet-only Samplers (APS series, Wuhan Tianhong Inc., China), which collected rainwater
samples only while the rainfall was occurring based on detection by rain sensors were separately installed at
DBW, QZ and WQ (for the site key see Fig 1). The collection and analysis of wet deposition were the same

as for bulk deposition.

2.3. Statistical analysis
We used linear regression to analyze the relationship between DON and NH4-N, NOs3-N and TDN in

precipitation and report significant correlations (if p<0.05, 0.001 or 0.0001).

3. Results and discussion

3.1. Spatial variation of DON deposition

Volume-weighted concentrations, deposition and the proportion in the total deposition of NH4-N, NO;-N
and DON at the 15 sites are summarized in Fig.2. DON concentration ranged from 14-176 pmol L™ (Fig.
2a), averaged 111 umol L™, and varied greatly between sites. In NCP (Fig 1b), the intensive agricultural area

where DIN deposition was very high (Zhang et al., in press), the concentration of DON ranged from 43 to
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151 umol L', Both higher concentrations and deposition were found at CEF, DBW and HM (Fig 2a, 2b).
Sites CEF and DBW are located in sub-urban areas, exposed to multi-pollutant emissions, while HM is
located in a typical intensive agricultural region with large N fertilizer applications. At a national scale, the
DON concentration at UR, also located in farmland, was comparable with other areas, but the deposition
was very low because of the lower rainfall (<200mm) in this arid region. The lowest deposition was found at
DL in Inner Mongolia, a semi-arid temperate pasture region with little agricultural activity. At DA, QD and
FH sites in the coastal area, both the concentration and deposition of DON are relatively high, accounting for
its greater contribution to TDN compared with inorganic N. The N deposition at these three sites is probably
influenced by both agricultural and coastal sources. Considerably higher proportions of DON to TDN (79%
and 72%) compared to other sites were found at GGS and LZ (Fig. 2c¢) in the remote Tibetan area (almost)
without anthropogenic influence, suggesting a significant natural background of DON deposition. The lower
DIN concentrations and depositions here agreed with other data in the same Tibetan area (Ren et al., 1999;
Kang et al., 2000), but this is the first time that a major contribution of DON to atmospheric N deposition,

probably from natural sources, has been reported.

The contribution of DON to TDN deposition was very variable across the fifteen monitoring sites and
ranged from 4% to 79%, being about 30% on average (Fig. 2c). This is consistent with results observed at
other sites around the world (Peierls et al., 1997; Russell et al., 1998; Scudlark et al., 1998; Morales et al.,
2001; Keene et al., 2002; Cape et al., 2004; Moller et al., 2005; Ham and Tamiya, 2006; Ham et al., 2006;
Calderon et al., in press). However, the DON concentrations at most sites in China were substantially higher
(with a median value of 117 pmol L") compared to other sites around the world (with a median value of 13
umol L™ (Fig.3). The maximum TDN concentration was up to 412 umol L. Taking the rainfall into
account, the annual TDN deposition ranged from 6 to 54 kg ha™ yr'', being 29 kg ha™ yr'' on average. The
30% contribution of DON to TDN shows that DON must be measured when estimating TDN and its

potential ecological significance (Nédsholm et al., 1998; Breemen, 2002; Weigelt et al., 2003).

3.2. Difference of DON from bulk and wet deposition
DON in both bulk and wet-only deposition was measured at three sites: DBW, QZ and WQ (Table 2).
Volume-weighted DON concentrations in bulk deposition (145-161 pmol L) were consistently higher

than those in wet-only deposition (62-150 pmol L™). The proportion of wet/bulk deposition for DON was
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68% on average, and 80% and 77% respectively for inorganic N and total N deposition, with small
variations across the three sites. The lower contribution of DON to TDN in wet deposition implied that a
larger proportion of DON occurred as dry deposition - particulates, acrosols and reactive gases. Considering
that all three sites are located in agricultural areas and the difference between bulk and wet deposition arises
mainly from coarse size particulates, we suggest that atmospheric dust, bacteria, organic debris, pollen and

spores were the main sources.

3.3. Relationship between organic N and ammonium, nitrate and total N in precipitation

No significant correlation was found between volume-weighted DON and NH4-N, NO3;-N and TDN
concentrations in precipitation at the 15 sites in China. However, robust positive correlations (Fig. 4) were
found between volume-weighted DON and NH4-N, NO;-N and TDN concentrations in precipitation after
data from another 37 sites around the world are included (Scudlark et al., 1998; Russell et al., 1998;
Campbell et al., 2000; Cornell et al., 2001; Neff et al., 2002; Mace et al., 2003a, b; Cape et al., 2004; Ham
and Tamiya, 2006; Ham et al., 2006). The slope of the relationship between DON and TDN implies that
organic N represents approximately 22% (R*=0.68, p<0.0001) of TDN deposition (Fig. 4c), consistent with

other estimates (e.g. Cornell et al., 2003; Keene et al., 2002; Nakamura et al., 2007).

The positive correlations between DON and NH4-N (R2=0.38, p<0.0001) and NO;-N (R2=0.46, p<0.0001)
suggest the same (or at least similar) origins for a substantial component of the organic, ammonium and
nitrate N. We therefore interpret the relationships in Fig. 4 to mean that organic N deposition on a global
scale has a significant anthropogenic component and should be treated as an enhancement of the global N
cycle rather than as only a component of the natural background, although there were two sites in our study
and other sites from remote locations that show a natural DON source as well. Our results do not identify the
specific sources of organic N deposition, but if the carbon component is of natural origin (Kelly et al., 2005)
and the nitrogen of anthropogenic origin, this implies an important role for its formation by gas to particle
reactions, consistent with the limited aerosol size distribution data available for aerosol organic N, although

an important dust related DON component has been identified as well in the work of Mace et al. (2003b).

4. Conclustion
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We found clear evidence of atmospheric organic N deposition in China for the first time. The flux of DON
deposition ranged from 1 to 27 kg ha™ a™. The volume-weighted concentration of DON in rain in China was
111 pmol L', much higher than the average reported values for the rest of the world. DON deposition
comprised approximately 30% of TDN deposition, agreeing well with other data from around the world,
although as in other studies this proportion is very variable. This relatively constant proportion of DON and
the strong correlation between DON and DIN deposition suggest similar origins, which are largely attributed

to anthropogenic emissions from both agricultural and industrial sources.
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Table 1. Location and monitoring periods of the 15 sites in China in this study.

Site No. Location Monitoring periods  Type of site

1 Changping (CP), Beijing 2005.5-2006.10 Farmland

2 Campus Experimental Farm (CEF) of China 2005.5-2006.11 Farmland & sub-urban
Agricultural University, Beijing

3 Dongbeiwang (DBW), Beijing 2005.2-2006.11 Farmland & sub-urban

4 Shunyi (SY), Beijing 2005.5-2006.10 Farmland

5 Baoding (BD), Heibei 2005.10-2006.8 Farmland

6 Quzhou (QZ), Hebei 2005.5-2006.10 Farmland

7 Wugiao (WQ), Hebei 2005.5-2006.10 Farmland

8 Huimin (HM), Shandong 2005.10-2006.12 Farmland

9 Qingdao (QD), Shandong 2006.3-2006.12 Farmland & coastal

10 Dalian (DA), Liaoning 2006.2-2006.12 Farmland & coastal

11 Fenghua (FH), Zhejiang 2004.12-2005.9 Farmland & coastal

12 Duolun (DL), Inner Mongolia 2006.5-2006.10 Pasture

13 Urumchi (UR), Xingjiang 2006.3-2006.10 Farmland

14 Gonggashan (GGS), Sichuan 2005.10-2006.7 Forest

15 Linzhi (LZ), Tibet 2005.5-2006.12 Forest

10
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Table 2. Comparison of bulk and wet DON deposition at DBW, QZ and WQ sites.

Site No.* Bulk (umol/L) Wet (umol/L) Ratio of Wet/Bulk
DIN DON TDN DIN DON TDN DIN DON TDN
DBW 47 433 152 586 336 62 397 0.77 0.40 0.68
Qz 27 446 145 591 339 99 438 0.76 0.68 0.74
WwQ 20 292 161 454 263 150 413 0.90 0.93 0.91
Mean 31 390 153 543 313 103 416 0.80 0.68 0.77

* Rain events here only refer those collections including both wet and bulk deposition during the same

period (DBW from May 2003 to Sep 2005, QZ and WQ from May to Sep 2005).

11
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