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Abstract. The nitrogen (N) emissions to the atmosphere andtional anthropogenic N inputs. We found that the majority of
N deposition to forest ecosystems are increasing rapidly irDIN deposition as well as of DIN leaching occurred in the
Southeast Asia, but little is known about the fates and effectsainy season (March to August) and that monthly DIN con-
of elevated N deposition in forest ecosystems in this warmcentrations and fluxes in leaching were positively related to
and humid region. Here we report the concentrations andhose in throughfall in all three forests, implying that part of
fluxes of dissolved inorganic (DIN) and organic N (DON) the N leaching was hydrologically driven. Our results sug-
in precipitation, throughfall, surface runoff and soil solution gest that long-term high N deposition has caused elevated N
for three subtropical forests in a region of South China un-leaching in all three forest types although most pronounced
der high air pollution over two years (2004 and 2005), to in the old-growth forest where wood increment was negligi-
investigate how deposited N is processed, and to examinéle or even negative. N availability even exceeded the biotic
the importance of DON in the N budget. The precipitation N demand in the young aggrading forests, with intensive rain
DIN input was 32-34kg N halyr~1. An additional in-  in the growing season further enhancing N leaching in these
put of 18kg N halyr—! as DON was measured in 2005, forests.

which to our knowledge is the highest DON flux ever mea-
sured in precipitation. A canopy uptake of DIN was indi-
cated in two young conifer dominated forests (72-85% of
DIN input reached the floor in throughfall), whereas no up-

take occurred in an old-growth broadleaf forest. The DON ) . L .
fluxes in throughfall were similar to that in precipitation in ncreases in the deposition of atmospheric nitrogen (N) in-

all forests. In the younger forests, DIN was further retainedflUénce N cycling in forest ecosystems and can result in sev-
in the soil, with 41-63% of precipitation DIN leached below _eral negative consequences including acidification and leach-
the 20-cm soil depth. Additionally, about half of the DON g ©f nitrate into groundwater (Aber et al., 1989). A large

input was retained in these forests. The N retention in twoPCdy Of research to assess the risk and consequence of N
young aggrading forests (21-28 kg NHar—1) was in ac- saturation has been carried out in temperate regions, where
cordance with the estimates of N accumulation in biomasdndustrial development occurred earliest (e.g. Gundersen et
and litter accretion. In the old-growth forest, no N reten- &l 2006). Forest ecosystems have been shown to vary in
tion occurred, but rather a net loss of 8-16 kg N-hgr—1 their responses to increased N deposition. The timing and
from the soil was estimated. In total up to 60 kg N-hgr—1 magnitude of response are thought to depend largely on the

was leached from the old-growth forest, indicating that this Nutrient status of the forest and how close it is to N satu-

forest was completely N saturated and could not retain addifation (Gundersen et al., 1998; Aber et al., 2003). On the
large scale, different climate regime (temperature and pre-

cipitation) is considered to affect forest N cycling rate and
Correspondence toy. T. Fang subsequently the response to anthropogenic N inputs (Hall
BY (fangyt@schg.ac.cn) and Matson, 2003; Lohse and Matson, 2005). On more local
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scale, differences in soil N pool size, species compositionget al., 2008). Here we have continued these measurements
stand age and land-use history may be major factors controlbut including also the analysis of dissolved organic N (DON)
ling the response pattern, because they influence the balan@eput in bulk and wet-only precipitation.
between N availability and demand (Fenn et al., 1998; Lovett The forests types used, one mature monsoon evergreen
et al., 2002; Kirstensen et al., 2004; Magill et al., 2004). broadleaf forest (old-growth) and two young forests (a pine
Atmospheric N deposition increases in densely populatedorest and a pine-broadleaf mixed forest), are included in an
areas of tropical and subtropical Asia due to the intensifica-ongoing N addition experiment (Fang et al., 2006). The old-
tion of fossil fuel use and expansion of industrial and agri- growth forest is a regional climax type and has been pro-
cultural activities. Several authors have raised their concerngected for more than 400 years by monks in the nearby tem-
over the consequences of N enrichment on forest ecosystenges (Wang et al., 1982). The two young forests both orig-
in these warm and humid regions (Matson et al., 1999; Galinated from the 1930's clear-cut and subsequent pine plan-
loway et al. 2002; Chen and Mulder, 2007a). Elevated depotation but developed differently later due to different pat-
sition of N in precipitation greater than 25kg NHayr—1, terns of human disturbance (Wang et al., 1982). We expect
the threshold above which elevated N leaching usually octhat these forest types would respond differently to the el-
curs in temperate forests (e.g. MacDonald et al. 2002), hagvated N deposition. The old-growth forest is likely to be
already been reported for areas in southern China with rapidN-saturated but the two younger ones may be still N-limited
economic growth (Fan and Hong, 2001; Zhang, 2006; Chen(Fang et al., 2006). However the canopy differences (old-
and Mulder, 2007a; Luo et al., 2007), and it is expected togrowth broadleaf vs. two mostly conifer canopies) may mod-
increase further in the coming decades (Zheng et al., 2002)fy the response due to higher pollution interception in the
However, little is known about how precipitation N interacts conifer canopies than the broadleaf ones. Here we present
with forest canopies in warm and humid climates. Also thetwo years of data from control plots in these forests to ex-
current N status and N process rates are unknown for forestlore how ecosystem N retention has been affected by at least
ecosystems in these regions (Chen and Mulder, 2007a, b). 15 years of high atmospheric N deposition. The importance
In temperate forests the response to elevated N depositioof DON in the N budgets was examined in the second year,
has been described in stages of decreasing biological corsince this form of N has been commonly ignored in studies of
trol over the N cycle (Stoddard, 1994). Nitrate leaching first warm humid ecosystems, although studies from other forest
appears in the dormant season when biological demand iscosystems have indicated its potential importance (Perakis
small, then gradually appears also in the growing season asnd Hedin, 2002; Cornell et al., 2003).
plant and microbial demands for N become saturated. The re-
sponses of subtropical forest ecosystems in China may differ
from those in temperate zone because of different climate2 Materials and methods
species composition and soil properties (Chen and Mulder,
2007). Due to its position near the Pacific Ocean in the eas.1 Site description
and the Indian Ocean in the south, south China has a mon-
soon climate with a high abundance of heat, light, and wa-The study site is located in Dinghushan Biosphere Reserve
ter throughout the rainy season when a major fraction of th DHSBR) in the middle part of Guangdong province, South
N deposition also occurs (Zhou and Yan, 2001). ElevatedChina (11210 E and 2310 N). This reserve is 20 km east
N deposition thus coincide with the most productive seasorof the relatively small city Zhaoging (330 thousand inhabi-
and may be retained by biological processes, on the othetants), about 90 km west of the metropolitan Guangzhou (10
hand high water fluxes occur during rain events which maymillion inhabitants), and 180 km northwest of Hong Kong (7
favour leaching of deposition N. The balance between bio-million inhabitants). The climate is warm and humid. The
logical uptake, contact time and flow rate determine the fatemean annual rainfall of 1927 mm has a distinct seasonal pat-
of deposition N in the rainy season, whereas deposition Neern, with 75% falling from March to August and only 6%
will most likely be retained throughout the dry season wherefrom December to February (Huang and Fan, 1982). Mean
plants are still productive and flows are minimal. annual relative humidity is 80% and mean annual temper-
In the present study we have measured N input and Nature is 21.8C, with average temperatures in the coolest
leaching at three subtropical forest types in the Dinghushanmonth (January) and the hottest month (July) of 1€.&nd
Biosphere Reserve (DHSBR) in southern China over two28.0°C, respectively (Huang and Fan, 1982).
years to improve our understanding of N cycling in warm A survey conducted in 2003 showed that in the old-growth
humid forest ecosystems. Short-term measurements of bulkvergreen broadleaf forest the major species Warstanop-
precipitation in periods throughout the 1990's revealed atmo-sis chinensisMachilus chinensis, Schima superl2rypto-
spheric N deposition of 20-38kg N hayr—! in precipita-  carya chinensis, Syzygium rehderianimthe canopy and
tion to this reserve (Huang et al., 1994; Zhou and Yan, 2001 sub-canopy layers, which represented up to 80% of to-
Mo et al., 2002). We recently reported similar dissolved inor-tal basal area. Both young forests were originated from
ganic N (DIN) deposition in bulk precipitation in 2004 (Fang the 1930’s clear-cut and subsequent pine plantation (Fang
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Table 1. Characteristic of the mineral soil (0—10 cm) in the pine, mixed and old-growth forests at DHSBR in southern China.

Parameter Pine forest Mixed forest  Old-growth forest P
Bulk density (gcnr3) 1.16(0.03) ab 1.22 (0.03) a 0.98(0.06) b 0.026
pH 4.04(0.04) a 3.95(0.01) a 3.83(0.02) b 0.003
Total C (%) 2.8(0.3)b 2.6(0.3)b 4.6(0.23)a 0.004
Total N (%) 0.11(0.01) b 0.10(0.01) b 0.19(0.01) a 0.001
CIN ratio 25(1.1) ab 28(0.7)a 22.1(1.3)b 0.05
Total P (%) 0.043(0.003) b  0.044(0.004)b 0.059(0.003)a 0.024
Extractable NI{ (mgN kg—l) 3.20(0.35) a 3.03(0.22) a 2.04(0.04) a 0.027

Extractable NG (mgNkg™!)  2.48(0.43)b  2.80(0.40) b 11.70(1.00)a <0.001

SE in parentheses=3. Significant differences between forests were indicated by different letters. Data from Fang et al. (2006).

et al., 2006). The colonization from natural dispersal of To collect throughfall, five collectors made of longitudi-
regional broadleaf species has changed plant compositionally split PVC pipes (intercept area 0.8 fior each collec-

in the mixed forest (main species wdPinus massoniana  tor) were laid out randomly about 1.3 m above the ground
Schima superbandCastanopsis chinengiswhile the pine  in each forest. Each collector was connected to two 50L
forest is dominated b¥inus massonianander continuous sealed buckets (avoiding overflow) with black polypropylene
human disturbances (generally the harvesting of understoryubes. The contribution from stemflow was negligibtet@o
and litter) (Mo et al., 2003). The old-growth forest had a of througfall N; Fang et al., 2008).

basal area of almost twice (26'2"“5‘_1) those in the pine In each of the three forest types, we established three con-
and mixed forests (14.0 and 138 ), but less litter ac- g plots (each 10 m20 m) for this N input-output study (to-
cumulation in the forest floor (8.9, 23 and 20 Mghanthe (59 plots). Soil solutions from 20 cm below the surface were
old-growth, pine and mixed forests, respectively; Fang et al.qampled from each plot in all three forest types. Two zero

2006). Basal area in the old-growth forest might be underengion tray lysimeters (755 &wper tray) were installed in
estimated because particularly big trees were not included i, 51, plot in the spring of 2003 to collect soil solutions. Each

our plots. o _ lysimeter was connected to a 5 L bottle using the steep slope
~ The topography is highly heterogeneous, with slopes rangy he sites to facilitate sampling. Previous study showed that
ing from 15 to 35°. The soil is lateritic red earth formed ,5re than 70% of the fine root biomassmm) was dis-
from sandstone (He etal., 1982). The soil depths vary amongip, ;teq in the upper 20 cm soil in the mixed and old-growth
forests. In the old-growth forest the soil depth ranges from¢ aqis (Wen et al., 1999). Thus, the N leached in soil so-
30cm to 70cm. The soil is about 40 cm deep in the mixed) tion estimated in this study was probably greater than that
forest, and generally less than 40 cm in the pine forest. The,y,a|ly leached from the systems, since a small fraction of
old-growth forest had significant higher concen_tratlons of to-\ was likely to be further retained in the deeper soil. Soil
tal C, N and P, and extractable §Obut lower soil pH, C/N - gq)ytion at 40 cm depth obtained with ceramic suction cups
ratio, soil bulk density and extractable ljitoncentration  \vere collected in 2004, but were terminated due to technical
than the pine and mixed forests (Table 1). Soil condition ingifficulties. The measurement revealed that annual volume-
the pine and mixed forests did not differ significantly (Ta- \yeighted DIN concentrations at 40 cm were slightly lower

ble 1). than at 20 cm soil depth in the pine forest (2.5 vs. 3.0mg
22 g i | N L—1), and the difference was somewhat more pronounced
' ampling protoco in the old-growth forest (5.2 vs. 6.8 mg N'L; Fang et al.,

We sampled both bulk and wet-only precipitation in an openzoos)‘ In addltl_on, since th_e plots are situated on steep
slopes, one plot in both the pine and old-growth forests was

area in the reserve. Bulk precipitation was collected us—d limited hvdrologically by plasti q te barriers t
ing two open glass funnels (15cm in diameter), each con- elimited hydrologically by plastic and concrete barriers to

nected to a 2.5L sampling bottle with black polypropylene sample and quantify surface runoff (overland flow). Surface

tubes. Wet-only precipitation was taken from a standard au_runoff was not collected from the mixed forest due to its sim-

tomatic wet-only collector (a 300 mm diameter stainless Steeilarities _of amount of floor litter and slope degree with those

container for wet deposition and a 150 mm diameter glas‘J,n the pine forest.

container for dry deposition, APS-3, Hunan Xianglan Ltd. Water samples were taken from January 2004 to December

China) located near the bulk collectors. 2005. Precipitation samples were generally collected follow-
ing a rainy day or a series of rainy days. We took soil solu-
tion samples twice a month, with one sampling date around
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the middle and the other at the end of month. Throughfall
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week of each month. Additional throughfall samples were ™, 44 o M'.ned
taken again when we collected soil solution (if precipitation Z= 3 1 o o;()j(e h
had occurred), and pooled (volume-weighted) with their re- @ ] “grow
spective regular samples before chemical analysis. For all = 2 /
throughfall and soil solution samples, the water volume was "~ 1 ¥
. . L 1+
recorded before sampling. All collectors were washed with =z ™ | g Z%% 3
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distilled water immediately after each collection. 0+ T
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2.3 Sampling processing and analysis Sampling date (2004-2005)

Samples were .f|Itered within 24-48 h of coIIectloq through Fig. 2. NHj{ concentrations in precipitatiof) were measured in
0.45.m filters 'n. the Iaporatory, a'nd then storeq n plagtlc both wet-only collectors (automatically open during rain events)
bottles at 4C until chemical analysis. Concentrations of dis- ang pulk collectors (open continuously). Throughf&hi and soil
solved inorganic N (DIN=NE+NO3) were determined for  solutions(c) were collected from Pine, Mixed, and Old-growth
all samples. Total dissolved N (TDN) concentration was de-forests separately.

termined for samples collected in 2005. Concentration of

NH; was analyzed by the indophenol blue method followed _

by colorimetry, and N@ was analyzed after cadmium re- its N fluxes (Fang et al., 2008). Monthly mean concentrations
duction to NG, followed by sulfanilamide-NAD reaction and fluxes were used to explore the relationships among pre-
(Liu et al., 1996). Total N was determined using persulphateC'P'tat'on’ thrqughfall an_d soil solution for each.forest tyE)e,
oxidation to NG -N followed by colorimetric determination YsIN9 correlation analysis. One-way ANOVA with Tukey's-
(Liu et al., 1996). Dissolved organic N (DON) concentration P POSt hoc was used to identify the effects of forest type and

was calculated as the differences between TDN and DIN.  Y&&r on annual fluxes of NFN and NG -N in throughfall
and soil solution. One-way ANOVA was also carried out

2 4 Calculations and statistics to examine the effect of forest type on annual DON fluxes
in 2005. All analyses were conducted using SPSS 10.0 for

The precipitation and air temperature data used in this studyVindows. Statistical significant differences were set with

were from the weather station in the reserve (Fig. 1). Thevalues<0.05 unless otherwise stated.

recorded volumes of precipitation, throughfall, and soil so-

lution in each plot were multiplied by their concentrations

for the same period to determine N fluxes in kghawhich

then summed to get monthly and annual fluxes. We used esti-

mated surface runoff volumes according to the observed rela-

tionship between precipitation and surface runoff to calculate

Biogeosciences, 5, 33952 2008 www.biogeosciences.net/5/339/2008/
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There were no obvious differences in the concentrations 2

of NH;{, NO; and DON between bulk precipitations and ~ 40
wet-only collections (Figs. 2—-4), suggesting little contribu- o~ \

tion of dry deposition to overall N inputs during the sam- Z " Eor %&%4@><‘>oo 0% y%% '
pling periods. Thus, the means of two bulk coIIec_tors and an Apr JuI Oct Jan Apr Jul Oct
one wet-only collector in the open area were used in the sta-

21
0
J

tistical analysis thereafter. Ammonium and N©oncentra- 204
tions showed a similar seasonal pattern during the course of .~ {(P) Throughfall ] —=— Pine
our study (Figs. 2, 3), as confirmed by their highly signif- = 157 —o— Mixed
icant linear correlationr€=0.68, n=34, P<0.001). Their = 5 —4— Old-growth
concentrations were highest in March/April, and then de- & 10
creased considerably after the start of the rainy season, and = 5.
reached the lowest levels in May/June (Figs. 2, 3). An- o’

. : Z ,
nual volume-weighted concentration of Ilervas markedly 0 —_ ﬁ”@é@%%é%% ,
higher in 2004 (1.8 mg N t1) than that in 2005 (1.1 mg N Jan Apr JuI Oct Jan Apr JuI Oct

L—1). For NG, annual volume-weighted concentration was

similar over the two years (both around 0.8 mg Nl e 20- (c) Solution —=— Pine
Despite 330 mm more precipitation (25%) in the second - 154 —o— Mixed
year, annual DIN input in precipitation was 5% less in the 5 fAfOId- rowth

bution of 68% and 56% in the first and second year, respec- % 51 \@“\ “
tively (Table 2). In both years, 82—83% of the precipitation 0 gggg Eig/ﬁ
fell in the rainy season (March to August, Fig. 1). Corre- '
spondingly, from 80% to 92% of DIN input in precipitation Jan Apr JuI OCt Jan Apr Jul OCt
occurred in this period of the year (Fig. 5). Monthly DIN in- Sampling date (2004-2005)
puts were positively correlated to the mean DIN concentra-
tions (-2=0.56, P=0.001,n=16) but were weakly correlated Fig. 3. NOj3 concentrations in precipitatiofa) were measured in
to the monthly precipitation amount¥=0.20, P=0.082). both wet- only collectors (automatically open during rain events)
Precipitation DON concentration (measured in 2005 only)and bulk collectors (open continuously). Throughféliyand soil
showed a different seasonal fluctuation from DIN (Figs. 2— solutions (c) were collected from Pine, Mixed, and Old-growth
4). As a result, it did not correlate with either IjHor forests separately.
NOj; (P>0.05), which indicated that DIN and DON might
have different sources at our site. Dissolved organic N inpu
amounted to 17.8kg N hayr—1, about 36% of total dis-
solved N (TDN) input (47.6kg N ha in 2005, Table 2).
Annual volume-weighted concentration of DON was 1.1 mg
N L~1. Monthly DON inputs correlated positively with the
concentrationsr£=0.85, P=0.003,n=7) but were indepen-
dent of monthly precipitation amount.

second than in the first year (Table 2). Ammonium was the & 10- / l Z\zl
dominant form of DIN input in precipitation with a contri- " l TN j
ﬁ/@g

&o calculate the N input in throughfall. This led to an under-
estimate of the total N input, but throughfall in that month
accounted for only 16—24 mm, namely 0.9-2% of annual wa-
ter fluxes. Monthly mean DIN concentrations in throughfall
showed significant correlations with that in precipitation for
all three forests® <0.001).

Annual volume-weighted concentrations of $Hin
3.2 Throughfall throughfall were 1.1 to 1.5mg N1 in 2004 and 0.9-1.1mg
N L~1in 2005, which were lower than those observed in pre-

In throughfall, the seasonal patterns of both )Nend NG; ~ Cipitation. The tree canopy of all forest types was thereby a
concentrations were similar to those in precipitation (Figs. 2,5ink for NHj', removing 4.7-10.4kg N ha yr~! in 2004

3). The concentrations of Npin small samples collected in - and 3.6-6. 6 kg N hatyr~1 in 2005, respectively (Table 2).
December 2004 were particularly high (Fig. 3), which might Annual volume-weighted concentrations of NQvere al-

be due to dry deposition in a two months drought period be-ways higher in throughfall (1.0-1.7 mg N£ in 2004 and
fore the sampling (Fig. 1), but could also be due to mineral-0.9-1.3mg N ! in 2005) than in precipitation, and an-
ization/nitrification of litter in the canopy. Thus the concen- nual throughfall N@ input was close to that of precipita-
tration in precipitation at the same sampling date was usedion input (in both the pine and mixed forest) or increased (in

www.biogeosciences.net/5/339/2008/ Biogeosciences, 535292008
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Table 2. Annual fluxes of water (mm) and nitrogen (kg NHayr—1) in precipitation, throughfall, surface runoff and the soil solution
(leachate from 20 cm depth) in the pine, mixed and old-growth forests at DHSBR in southern China.

2004 2005

Water NI—Q’-N NO; -N DIN Water NHI-N NO3-N DIN DON TDN
Precipitation 1327 23.2 10.9 34.2 1657 17.8 13.8 31.6 17.8 49.5
Throughfall (n=5)
Pine forest 1120(27) 12.8(0.6) 12.6(1.0)b 24.6(1.4)b 1315(15) 12.9(0.7) 13.9(0.6)b 26.8(1.3)b 18.2(2.1) 44.9(3.2)ab
Mixed forest 1135(8) 15.2(1.0) 11.6(0.9)b 26.1(1.8)b 1229(12) 11.2(0.7) 11.5(0.4)c 22.8(1.0)b 14.6(2.2) 37.3(2.9)b
Old-growth forest 1126(22) 16.5(1.5) 18.9(2.1)a 35.4(3.4)a 1333(57) 14.2(1.1) 17.4(0.9)a 31.6(1.5)a 20.1(0.8) 51.7(2.1)a
Surface runoff (n=1)
Pine forest 106 1.6 2.7 4.3 133 1.1 2.4 3.6 11 4.7
Old-growth forest 226 1.6 2.2 3.8 283 1.3 3.8 5.1 2.1 7.2
Solution (n=3)
Pine forest 397(58) 1.6(0.5) 9.0(3.00b 10.6(3.5)b 515(49) 1.2(0.2) 15.5(6.3)b 16.6(6.3)b  8.4(3.4) 25.0(9.7)b
Mixed forest 377(31) 1.5(0.2) 85(1.4)b 10.0(1.6)b 469(137) 1.1(0.5) 9.5(2.8)b 10.6(3.3)b 6.5(2.0) 17.1(5.2)b
Old-growth forest 527(78) 0.6(0.1) 37.2(7.7)a 37.8(7.7)a 601(28) 1.2(0.1) 41.7(7.1)a 43.0(7.1)a 16.9(3.9) 59.8(10.7)a

SE in parentheses. Significant differences among three forest types were indicated by differenPlefieds,

the old-growth forest) after the interaction with tree canopiesfall (Figs. 2, 3). But the relationship between throughfall
(Table 2). Consequently, a DIN uptake in the tree canopy orand soil solution concentration was forest-specific. In the
the order of 5 to 9kg N ha yr—1 must have occurred in the pine and mixed forests, the seasonal changes of solution
two young forests, which represented from 15% to 28% ofchemistry were close to those in the throughfall and the cor-
their total DIN input in precipitation. But, in the old-growth relations were highly significani(<0.001 andP=0.003, re-
forest, which had a broadleaf canopy, N fluxes remained unspectively). The old-growth forest had a larger seasonal vari-
changed (Table 2). ability in soil solution chemistry. Furthermore, a marked in-

Throughfall DON concentrations exhibited a similar sea- crease in NQ concentration was observed in some months
sonality with that in precipitation (Fig. 4), indicating that with high precipitation amount (for example, April, May,
DON in precipitation might be a main source of throughfall August and September of 2005, Fig. 3). Consequently, in
DON flux. Like in precipitation, there were no significant this forest monthly mean concentrations in throughfall and
relationships between DON and Ijﬂ-br between DON and solution was only marginally correlate@€0.06).

NO; in throughfall in any forest. Throughfall DON inputs e also found that soil solution NPconcentration was
varied from 14.6 to 20.1kg N hayr—*, and accounted for  generally higher in 2005 than in 2004, particularly in the old-
about 40% of TDN inputs across the forest types (Table 2).growth and pine forests (Fig. 3). Increased concentration in
Annual volume-weighted DON concentration in throughfall the second year m|ght be caused by 330 mm more precipita-

was 1.2-1.5mg N 1. tion (Fig. 1), which might favour the soil nitrification. Active
nitrification had been observed in the mineral soil in the pine
3.3 Surface runoff and old-growth forests, but not in the mixed forest (author

unpublished data). Annual volume weighted concentrations
Surface runoff (overland flow) was collected from the pine of ?\IO* ) g

ranged from 2.0 to 7.1 mg N1}, whereas NH
and mature forests, but not from the mixed forest (see 3 g g 4

Sect. 2.2). Concentrations of lﬂ]—N were slightly lower concentrations were 0.1 tq 0.5mg N'L. The seasonal pat-
i tern of monthly DIN leaching followed those of throughfall
than those of NQ-N and DON in both forests (data not

h L . ’ i | h h input (Figs. 6, 7), as indicated by the significant relationships
S| own). oslsesh\_/la sur att:)elruno (\;VEr:e d(_)f\;ver t anbt 0S8 etween leaching losses and throughfall inputs (Fig. 8). The
via seepage leaching (see below) and the difference etwquaching rate of DIN was higher in the old-growth forest than

forests was minor relative to the difference of seepage Ieachrn the other two. as shown by a steeper slobe of the regression
ing (Table 2). From 3.6 to 5.1kg N h&yr—! as DIN and ’ y P P ¢

line in Fig. 8a.
1.1-2.1kg N hal yr—1 as DON (2005) were lost via surface g . _
runoff (Table 2). In the pine and mixed forests, from 10.0 to 16.6kg N
halyr—1 were leached as DIN, which were 37-62% of N
3.4 Soil solution deposition in throughfall. However, the N-rich old-growth

forest lost significantly more N due to its higher soil solu-
Both NH;{ and NG concentrations in soil solution at 20cm tion NOy level than the two young forests (Table 2); DIN
depth had seasonal patterns comparable to those in througlnhd DON leached in this forest was 2.6-4.4 and 2.2-2.6
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— 15'_ (c) Solution — s Pine ha-1yr—1) of precipitation inputs in the pine, mixed and old-
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=t
o 94 —2— Old-growth
=
‘Z" 6- l 2004 2005
A
8 3] Z/l DIN DIN DON TDN
] /i\é/ v
0 - Ky —E-a Total N leaching losses (surface runoff plus leaching solution)
Y Pine forest 15 20 9 29
Jan Apr Jul Oct Mixed forest 14 14 8 22
Sampling date (2005) Old-growth forest 42 48 19 67
Ecosystem N retention of precipitation input
Pine forest 19 12 9 21
Fig. 4. DON concentrations in precipitatiof@) were measured Mixed forest 20 18 10 28
in both wet-only collectors (automatically open during rain events) Old-growth forest —8 —16 _1 _17

and bulk collectors (open continuously). Throughféll$ and soil

solutions(c) were collected from Pine, Mixed, and Old-growth Note: surface runoff N fluxes in the pine forest was used to estimate

forests separately. DON concentration was measured in 2005 onlythose in the mixed forest, due to their similar amount of floor litter
and similar landscape. The surface runoff N fluxes were a minor
component compared to leaching in the younger forests, and a tiny

times higher than in the two young forests, respectively (Ta-fraction in the old-growth forest (see Table 2).

ble 2). Annual DIN leaching loss was measured to 37.8kg N

ha1yr~—1in 2004, similar to the throughfall input (Table 2).

A higher DIN loss (43.0kg N hal yr—1) was observed in tively correlated with throughfall input in the mixed forest

2005, partly due to higher precipitation amount, and it was(Fig. 8b).

11kg N halyr~tin excess of its throughfall input.

DON leached in 2005 was 8.4 to 16.9kg NAgr-1, 3.5 Total N leaching and N retention

and accounted for 28—-38% of the TDN leached and 42—-84%

of its input in throughfall, respectively (Table 2). Annual Total DIN leaching losses (surface runoff plus seepage leach-

volume-weighted DON concentration was 1.7 to 3.2 mg Ning in soil solution) from the upper 20 cm soil was estimated

L—1, which also was higher than those in throughfall. Sea-at 14—20kg N hat yr—1in the two young forests, and at 42—

sonal variation of DON concentration generally followed 48kg N halyr—1 in the old-growth forest (Table 3). Total

those for DIN, and a significant but weak correlation of DIN DON leaching losses varied from 8 to 19 kg NHgr1,

and DON concentration in soil solution was found across allwith the old-growth being twice the amount of the other two

samplings in all three forests4=0.094, P=0.048,n=126),  (Table 3). In the two young forests, 22 and 28 kg N-hgr—1

but this relationship was not significant when analyzed foror 41% and 55% of precipitation TDN input in 2005 was

each individual forest. Monthly DON leaching was posi- retained in the upper 20cm soil and through plant uptake,
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Fig. 6. Monthly fluxes of Nl-[f, NO3 and DON in throughfall in

the pine, mixed and old-growth forests from DHSBR in southern
China. DON flux was measured in 2005 only. * Concentration of
DIN in precipitation was used to calculate throughfall N input in

that month (see the text). . . ) .
( ) frequent rainfalls in the wet season of this region, wet depo-

sition is likely to dominate the total atmospheric deposition.

while no retention, but a net loss was found in the old-growth Prﬁ‘{ip"_al“?” DIN input was estimated at31.6 and_ 34.2kg
forest (Table 3). These retention estimates based on input’}l ha"yr=" in the two years StU(_j'_Ed (Table 2), Wh|ch_are
output budgets also account for the potential gaseous loss (ﬁomparable to the highest deposition levels observed in Eu-

N by denitrification. Gaseous losses agONwere measured rope (MacDonald et al., 2002; Kristensen et al., 2004), but
at nearby plot and estimated at 222kg N halyr! for higher than those observed in most forests in North America

the three forest types (Tang et al., 2006). (Fennetal., 1998.; Cgmpbell etal., '2'004) and Jgpqn (the et
al., 2001). Precipitation DIN deposition at our site is higher
than some other parts of southern China as well (Gan et al.,
1995; Chen et al., 1997; Sha et al., 2002; Chen and Mulder,

4 Discussion 2007a), except in Zhangzhou of Fujiang Province and Shang-
hai where average deposition of 37 and 58 kg N'na—t in
4.1 Wet N deposition precipitation were reported (Xiao et al., 2005; Zhang, 2006).

Consistent with our result, NI—| is the main form of in-
We did not observe marked differences in N concentrationsorganic N in precipitation in most reports from China (Xiao
between wet-only and bulk precipitation. No difference in et al., 2005; Zhang, 2006; Chen and Mulder, 2007a). The
concentrations of Nﬁi-N and NG -N between wet-only  source of the high ammonium deposition is mainly thought to
and bulk precipitation was also observed at another site irbe the intensive agriculture covering much of the landscape
Guangzhou area (Aas et al., 2007). With high humidity andbetween our site and the major cities. The warm climate may
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increase the emission rates above those observed in tempestrong correlations between DON and 1$lldr NO;. Con-
ate regions, but emission inventories for the region are lackceptually, atmospheric organic N (AON), which we mea-
ing. The oxidized N emissions from the industrialized ar- sured as DON in precipitation and throughfall, can be di-
eas in China are better documented. For instance, Richterided into three types of nitrogen: organic nitrate, reduced
et al. (2005) observed a highly significant increase of aboutAON and biological/terrestrial AON (Neff et al., 2002). The
50% in the tropospheric Nfbver south China using satellite biological/terrestrial AON refers to biological and particu-
instruments. late forms of organic N including bacteria, dust particles and
In addition to the DIN input, a surprisingly high DON in- Pollen (Neff et al., 2002). While we find only negligible dry
put of 17.8 N halyr—1 in precipitation was measured at our deposition of DON (Fig. 4) z_it our study site, the_se particu-
site. This is higher than any fluxes in precipitation reported!at€ forms are probably a minor source at least in dry form.
in a global synthesis on organic N deposition (0.6-10.9 kgReéduced AON compounds (e.g. from intensive agricultural
N ha-lyr-! with a median of 2.2kg N ha yr—1: Neff et aF:F|V|t|es) may forma S|gn|f|can§ contrlbutlgn to DON depo-
al., 2002). We therefore checked the quality of the measureSition at our site, as suggested in a study in Japan (Ham and
ments, but found no reason to doubt the results since botamiya, 2006). Organic nitrates are oxidized end products
bulk samples and the wet-only samples revealed the sam@f reactions of hydrocarbons with NQNO + NG) in pol-
high concentrations (mean 1.1 mg N'Y). Further, we iden- luted air masses (Neff (_at al., 2002) such as those occurring
tified a study from China with a similar high DON input ©Ver southern China (Richter et al., 2005). Thus organic ni-
(on average 15.8kg N hayr—1) for 11 sites in Zhangzhou trates are also aI|I_<er contributor to the high DON deposition
city of Fujian province, with total mean DON concentra- OPServed atour site.
tion of 1.1mg N L1 and mean total N input of 53kg N
halyr—1 (Xiao, 2005). A very recent study from Japan re- 42 Throughfall N
ported 10.1kg N ha'yr=* of DON in precipitation in an |y temperate forests under high levels of N deposition,
intensive agricultural area (Ham and Tamiya, 2006). Our réyqughfall N is generally found to be higher than bulk pre-
sults combined with the observation in Zhangzhou suggestipitation N due to the filtering effect of the forest canopy
that high DON deposition does exist in the heavily air pol- o gry particles and gases, and conifers tend to have higher

luted regions in China, and so we need to consider this addig o ghfall N input than broadleaf forests (Kristensen et al.,
tional input in environmental studies. Future studies should2004)_ However, this pattern was different from our re-

identify the sources and investigate the formation of DON in g 15 presented here, where a considerable DIN uptake (5

precipitation. to 9kg N halyr1) was observed for the conifer-dominant
Our data showed that DON concentration had a differentcanopies in the pine and mixed forests, representing from
seasonal fluctuation than DIN (Figs. 2-4), and it did not cor-15% to 28% of their respective DIN input in precipitation
relate with either Nljl'i or NOj concentration, whichindicate (Table 2). Our results are, however, in agreement with the
that DIN and DON might have different sources. The syn-observation in two fir forests in Fujian, China, where a de-
thesis by Neff et al. (2002) also revealed that there were narease in DIN from precipitation to throughfall was reported
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(Fan and Hong, 2001). In contrast, the old-growth foresttion, we found that the N leaching loss from the old growth
with a broadleaf canopy exhibited a slight increase or noforest was higher than that observed 15 years ago (27.5kg N
change in N fluxes after the interaction with canopy (Ta-ha 1yr—1), where 8 kg N hatlyr—! was still retained in the

ble 2). A previous study also showed that the total N input inecosystem (Huang et al., 1994).

throughfall of this old-growth forest (39.2kg N hayr—1)
was slightly greater than that in precipitation (35.7kg N

—1yr—1 ;
ha*yr~=, Huang et al., 1994). Adding the DON fluxes to throughfall (52kg N halyr—1) or precipitation (50kg N
the canopy balance did not change the pattgrn of canopy uqia—lyr—l) by 15 or 17kg N halyr-! (Tables 2, 3). The
Fake and release among the three forests, since .the DON U g its above indicate that the upper 20 cm soil is well satu-
in throughfall was close to that of the precipitation and the rated with N. It might also result from “mining” of the pre-

mlnﬁr dn;ferencles.fol(ljowe? the tr;and of DP:N (Tab!e 2).h dexisting organic N (McDowell et al., 2004) and/or reduced
The climatologic data from the weather station s owedy uptake by vegetations (see below). Compared to the old-

that total annual precip_itation was 1327 and 1657 mm 'ngrowth forest, the two young forests lost less TDN (22—29 kg
2004 and 2005, respectively (Table 2), both were below the,\I ha-1yr-1) and thereby retained more N from the precipi-

'ﬁ”g"?“”‘.‘ ag/err?ge prec;ip:litaltion of 19|97 mrr|1 _Fuﬁhermf)rg'tation (approximately 21-28 kg N hayr—1, Table 3) in the
the rain in both years fell almost exclusively in the perio plants or soils. These two forests have more N-poor soils

_from March to September (33% of th_e a”m%a_' pr_ECipitaﬂon(higher C/N ratios, Table 1) than the old-growth forest, which
in 2004 and 100% in 2005, Fig. 1). This precipitation patter ., ¢\,ggest that the capacity to retain N depended largely on
in the study period may have led to an underestimation Ofgsvstem N status as proposed by Gundersen et al. (1998).
the total DIN deposition to the canopies because there might

have been some dry deposition in the dry season (from Oc- The N retained in forest ecosystems mainly ends up in
tober 2004 to February 2005), which was not included in ourthe plant biomass and the soil organic matter (SOM) (Nadel-
estimate. Unfortunately the very low amounts of rain madehoffer et al., 2004). In the aggrading pine forest where hu-

it difficult to obtain uncontaminated throughfall samples for man disturbance had ceased, recent estimate suggests that the
the dry season in these particular years. Although we migh€anopy tree, the understory plants and standing floor litter ac-
slightly underestimate the total throughfall N deposition it Cumulated 9.1, 6.0 and 6.5 kg N'ayr—*, respectively, dur-

was still h|gher (22_35 kg N [Té yr—l) than most observa- |ng the period from 1990 to 2000 (MO etal., 2004) The 22 kg

tions of throughfall N fluxes in Europe and North America N ha 'yr—! sequestrated in these three aboveground pools,

Total N leaching loss amounted to 67 kg NHgr—1 in
the old-growth forest, which exceeded the TDN inputs in

(Kristensen et al., 2004; Campbell et al., 2004). which is sufficient to explain the observed 21 kg N-hgr—1
that was retained above the upper 20 cm soil (Table 3). In
4.3 Impacts of N deposition on N leaching the mixed forest, N accumulation in the plant biomass and

the increasing litter layer were probably higher than in the
In forest ecosystems, throughfall fluxes of N are often usedpine forest, due to higher litter production and higher foliar
as a first approximation of the total deposition (GundersenN concentration (Mo et al., 2007), and might as well ac-
et al., 2006). Several studies show that increaseg WO count for the 28kg N ha' yr~* retained in this forest (Ta-
leaching starts to occur in temperate and boreal forest whehle 3). The accumulation of plant biomass and plant derived
the throughfall N input exceeds 10kg NHayr—! and al- litter is thus the dominant sink for N in these young forests,
ways occurs above 25kg N hbyr—1 (Aber et al. 2003; Whereas the N sink in the mineral soil SOM seems minor.
Gundersen et al., 2006). With the N deposition well aboveln the old-growth forest, high N leaching losses may be a
these thresholds in our study forests, one might expect higfiunction of low increment that would diminish the ability of
N leaching. The old-growth forest leached up to 37-42 kgthe vegetation to retain N. Recent monitoring suggested that
NO;-N ha lyr—1 below the surface 20 cm soil layer (Ta- this forest might be experiencing a decline in tree productiv-
ble 2), which is substantially higher than those in almost allity (Zhang et al., 2002; Guan et al., 2004). The biomass of
natural forests investigated in China (Gan et al., 1995; Cherwoody plants 1 cm in DBH) declined by 15.2% from 1994
et al., 1997; Sha et al., 2002). For example, leaching losset 1999 (Zhang et al., 2002). A decreasing trend of litter pro-
were found to be 1.4kg N hayear?! at the 25cm depth  duction was also found over the last two decades (Guan et al.,
from a mountain evergreen broadleaf forest in Ailaoshan 0f2004). From our present study we cannot conclude if the de-
Yunnan (Gan et al., 1995), 5.9kg Nhayr—1 in a seasonal  clining growth is the reason for reduced N retention or if the
rain forest in Xishuanbanna of Yunan (Sha et al., 2002), anchigh N load and the N saturation of this natural stand is the
6.1kg N halyr—in a mountain rain forest in Jiangfengling cause of the reduced growth. A mean N@ leaching for
of Hainan (Chen et al., 1997), respectively. These forestshe two years of observation of 39 kg NHayr—! imposed
received relatively low N deposition, ranging from 8.9 to a strong acidification of the upper 20 cm soil equivalent to
14.2kg N halyr~1. The DIN losses in leaching in our 2.8kmol of Ht ha lyr—! (Gundersen et al., 2006) that may
study sites were also higher than most reported data in Eupotentially affect plant growth and nutrient uptake through
rope and North America (Gundersen et al., 2006). In addi-base cation leaching.
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The pattern of N retention (plant N demand being the ma-indicates that episodic climatic events are likely to contribute
jor N sink for increased N deposition) in these young sub-more to DIN leaching losses in N-rich forest than in less N-
tropical forests seem to be different from those in the temper+ich forests.
ate and boreal zone, where the forests have a high retention
efficiency for throughfall (or experimentally added) N (Aber 4.5 Importance of DON
etal., 1998; Gundersen et al., 1998; MacDonald et al., 2002).

A major fraction of the input was incorporated into the large The importance of DON in ecosystem nutrient budgets has
organic matter pool of the forest floor (Nadelhoffer et al., been largely ignored probably due to poor analytical meth-
2004). We suspect that the thinner or the lack of forest floorods (Campbell et al., 2000). However, a number of recent
horizon in our forests (including the old growth) may con- studies in temperate climates have shown that DON can com-
tribute to the reduced retention capacity in soils compared tgorise about 50% or more of the TDN flux in throughfall, soil
the temperate sites. leachate, and stream water in both low and moderate N depo-

Further, reduced tree growth’ as forests are aging or pog,sition areas (McHaIe et al., 2000; Perakis and Hedin, 2002;
sibly as a consequence of N saturation as indicated in th&IcDowell et al., 2004). In this study, DON is also shown
old-growth forest of our study, may with time increase the to be a very important component in the N cycle under high
fraction of N loss more generally in the region. Additional N deposition (Table 2). In 2005, 17.8kg N Hayr—* was
research is, however, needed to determine the partitioning ofieposited to our study forests as DON, comprising 36% of
anthropogenic N in soil and plant in other polluted forests of TDN input in precipitation. Comparable DON fluxes (14.6
southern China, with differing disturbance histories, floristic to 20.1kg N ha’yr=1) were found in throughfall. In soil
compositions, and soils, so that these suggested patterns c&alution, from 6.5 to 16.9kg N ha yr~* left the systems

be confirmed. as DON, and made up 28-38% of TDN output. The abso-
lute amount and percentage of DON in N fluxes in this study

4.4 Seasonality of DIN deposition and leaching suggested that inclusion of DON is critical in assessing N
dynamics.

Temperate forests are generally N-limited and cycle DIN We note that the concentrations and fluxes of DON in pre-
tightly, and leaching loss is thought to be under biologi- cipitation, throughfall, as well as soil solution leaching from
cal control. Therefore, the concentration and seasonality othe forests that we investigated are markedly higher than
leached NQ in stream water has been taken as a primarythose reported in most other forests (Michalzik et al., 2001;
indicator for the N excess in forested catchments in EuropePerakis and Hedin, 2002), although DON might be further
and North America (Stoddard, 1994). The early stages ofadsorbed in underlying mineral soils and be processed near
N excess are characterized by apparent seasonality and ir in stream. For instance, in pristine temperate forest wa-
creases in the severity and frequency of N€pisodes inthe  tersheds, DON is the dominant form of N loss, but usually
growing season. The later stages of N excess are markeDON concentrations are below 0.6 mg NLand the loss in
by elevated concentrations of NGeven at base flow (Stod- the order of 1-3kg N hal year! (Gundersen et al., 2006).
dard, 1994). In this study, a considerable amount of DINA recent study from the humid tropics in North Thailand esti-
(14-48kg N halyr—1) was leached from all three forests, mated the DON leaching loss in forests to be only 0.5-0.8 kg
despite the aggrading condition of the two young forests (TaN ha 1 yr—1 (Maller et al., 2005), which was comparable to
ble 3), indicating that current N deposition seems sufficientthe input of DON with precipitation (1.1 kg N hdyr—1) in
for the biotic N demand by plants and microbes. Moreover,that area. High fluxes of DON were found in only a few sites
abundant precipitation in the rainy season is likely to aggra-in the compilation of Michalzik et al. (2001) for temperate
vate N leaching loss. We found a good correlation betweerforests. However, despite the high concentrations and fluxes
throughfall and leaching for monthly DIN concentration as in our study, we found the proportions of DON in TDN (28—
well as flux (Fig. 8a), indicating that part of leaching losses 40%) in precipitation, throughfall and solution were well
could be hydrologically driven in these forests. within the range for the previous reports (Michalzik et al.,
In the old-growth forest, a somewhat different seasonal2001; Neff et al., 2002, Cornell et al., 2003; Ham et al.,
variation in soil solution NQ was observed with markedly 2007).
increased NQ concentrations in some months with high  Throughfall DON may be a source of soil solution DON
precipitation, whereas no such increase was found in thet our sites. But a significant relationship between monthly
young forests (Fig. 3). This increase in ji@oncentrations  DON leaching and throughfall DON input was only found in
may be caused by increased net mineralization and nitrifi-one of three forests (Fig. 8b). This suggests that soil solu-
cation stimulated by abundant precipitation in combinationtion DON was influenced either by soil sources of DON (de-
with high temperature (Fig. 1). Such climatic conditions composition of litter and soil organic matter, plant exudates,
may also have stimulated net mineralization rate in the twofine-root and mycorrhizal turnover, and the waste products of
young forests, but a concurrent increase in plant N uptakenacro and microorganisms), or by DON sinks (e.g. adsorp-
most probably limited the loss from soil solution. This result tion in organic and mineral soil horizons), or both.
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