
Abstract The deposition of nitrogen (N) is high in

subtropical forest in South China and it is expected

to increase further in the coming decades. To assess

effects of increasing deposition on N cycling, we

investigated the current N status of two selected

40–45-year-old masson pine-dominated Chinese

subtropical forest stands at Tieshanping (TSP, near

Chongqing City) and Caijiatang (CJT in Shaoshan,

Hunan province), and explored the applicability of

several indicators for N status and leaching,

suggested for temperate and boreal forest ecosys-

tems. Current atmospheric N deposition to the

systems is from 25 to 49 kg ha–1 year–1. The con-

centration of total N in the upper 15 cm of the soil

is from as low as 0.05% in the B2 horizon to as high

as 0.53% in the O/A horizon. The concentration of

organic carbon (C) varies from 0.74 (B2) to 9.54%

(O/A). Pools of N in the upper 15 cm of the soils

range from 1460 to 2290 kg N ha–1, where 25–55%

of the N pool is in the O/A horizon (upper 3 cm of

the soil). Due to a lack of a well-developed

continuous O horizon (forest floor), the C/N ratio

of this layer cannot be used as an indicator for the

N status, as is commonly done in temperate and

boreal forests. The net N mineralization rate

(mg N g–1 C year–1) in individual horizons corre-

lates significantly with the C/N ratio, which is from

as high as 18.2 in the O/A horizon to as low as 11.2

in the B2 horizon. The N2O emission flux from soil

is significantly correlated with the KCl extractable

NH4
+–N in the O/A horizon and with the net

nitrification in the upper 15 cm of the soil. How-

ever, the spatial and temporal variation of the N2O

emission rate is high and rates are small and often

difficult to detect in the field. The soil flux density

of mineral N, defined as the sum of the throughfall

N input rate and the rate of in situ net N

mineralization in the upper 15 cm of the soil, i.e.,

the combination of deposition input and the N

status of the system, explains the NO3
– leaching

potential at 30 cm soil depth best. The seasonality

of stream water N concentration at TSP and CJT is

climatic and hydrologically controlled, with highest

values commonly occurring in the wet growing

season and lowest in the dry dormant season. This

is different from temperate forest ecosystems,

where N saturation is indicated by elevated NO3
–

leaching in stream water during summer.
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Introduction

In the past decades, anthropogenically derived

reactive nitrogen (N) has exceeded natural N

input through biological N fixation as the

dominant N source in many forest areas (e.g.,

Emmett et al. 1998; Matson et al. 1999;

Galloway et al. 2002; Aber et al. 2003). In forest

ecosystems in subtropical south China, current

deposition of N is high and of the same order of

magnitude as in northwest Europe, ranging from

4 to 40 kg N ha–1 year–1 (Chen et al. 2004). In

the coming decades, further increases of N

deposition in subtropical regions in south China

are to be expected due to elevated NH3

emissions from agriculture and increasing NOx

emissions from fossil fuel combustion, and

biomass burning (Zhao and Wang 1994; Zhu

and Chen 2002; Hao et al. 2002; Galloway et al.

2002).

Increased N deposition alters the N status of

forest ecosystems through disturbances of the

internal N cycle (Gundersen et al. 1998a). Even-

tually, elevated N deposition may cause N satu-

ration and increased NO3
– leaching loss from

forest ecosystems (Ågren and Bosatta 1988; Aber

et al. 1998). Yet, the response of forest ecosys-

tems to atmospheric N deposition may differ

according to climate, species composition, and

initial N status of the ecosystem (Dise and Wright

1995; Gundersen et al. 1998a, b; MacDonald et al.

2002; Hall and Matson 2003; Aber et al. 2003).

Aber et al. (1998) defined four stages (0–3) to

describe the N saturation of forests, each stage

being characterized by different symptoms,

including changes in N concentrations, pools,

and fluxes. The N status of forests, defined as

the degree of N saturation (e.g., Currie 1999;

MacDonald et al. 2002), can be used to further

quantify the condition of forest ecosystems with

respect to N saturation.

Several indicators have been proposed, which

empirically relate deposition, status, and leaching

of N for temperate and boreal forest (Gundersen

1991; Dise et al. 1998b; Andersson et al. 2002;

Bengtsson et al. 2003). The N concentration and

C/N ratio of the forest floor as well as the in situ N

mineralization and nitrification rate were identi-

fied as key indicators of the ecosystem’s ‘‘nitrogen

status’’ (Gundersen et al. 1998a; Currie 1999;

Andersson et al. 2002). Based on data from the

NITREX sites, Gundersen et al. (1998a) con-

cluded that although the mineral soil has a large

capacity to retain N, changes in forest floor and

vegetation are paramount to explain the in-

creased NO3
– leaching from temperate and boreal

forest soils. Researches along N deposition gra-

dients in the USA and Europe revealed a nega-

tive correlation between the C/N ratio in the

organic horizon and N mineralization, nitrifica-

tion, and leaching rates (Fenn et al. 1996;

Tietema et al. 1997; Dise et al. 1998b; Wright

et al. 1998). Recently, the soil flux density of

mineral N, defined as the sum of the atmospheric

N deposition (as determined in throughfall) and

net N mineralization rates, has been proposed as

an indicator for NO3
– leaching from boreal forest

soils (Andersson et al. 2002). In addition, gaseous

emission of nitrous oxide (N2O), resulting from

both aerobic nitrification and anaerobic denitrifi-

cation, has been found to increase with increasing

N status of terrestrial ecosystems (Bouwman

et al. 1993). Thus, the N2O emission flux is

proposed as a nondestructive indicator of the N

status of forest soil (Parsons et al. 1996; Hall and

Matson 2003)

In temporal and boreal-forested catchments, N

saturation stages are defined by levels and

seasonality of NO3
– concentrations in stream

water. Increases in N saturation result in a shift

in NO3
– concentration from low in summer and

high in winter to high all year round. The early

stages of N saturation are characterized by

increases in the severity and frequency of NO3
–

episodes in the growing season, whereas later

stages also have elevated base flow concentrations

of NO3
– (Stoddard 1994; Dise et al. 1998a).

Forest ecosystems in subtropical south China

are different from those in temperate and

boreal regions, e.g., with respect to climate,

species composition, and soil properties. How-

ever, little is known about status, dynamics, and

leaching risk of N in these subtropical forests.
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Information on current N status and N leaching

are urgently needed for assessment of the

effects of increasing N deposition on N cycling

in these ecosystems. Within the 5-year

Sino–Norwegian cooperated Integrated Moni-

toring Program on Acidification of Chinese

Terrestrial Systems (IMPACTS; Larssen et al.

2004) project, a detailed N study was conducted

in two coniferous-broad leaved mixed Chinese

subtropical forests, dominated by masson pine,

at TieShanPing (TSP, near Chongqing City) and

CaiJiaTang (CJT in Shaoshan, Hunan province).

The objectives of this paper are: (1) investigate

the current N status and N leaching of two

selected subtropical Chinese forest stands and

(2) test the applicability of different indicators

for N status and leaching to subtropical Chinese

forest ecosystems.

Methods

Site descriptions

In total five monitoring sites were selected for

IMPACTS (Fig. 1). At two of these sites,

TieShanPing (TSP) and CaiJiaTang (CJT) stands

dominated by masson pine were selected for

detailed N research. The main characteristics of

TSP and CJT are as show in Table 1 (for more

details, see Larssen et al. 2004).

At both sites, soils, dominated by Haplic

Acrisols, are acidic (pH 3.5–3.8 in the O/A

horizon and 3.8–4.0 in the B). Base saturation

decreases from an average of 26% (TSP) and

38% (CJT) in the O/A horizon to 9% (TSP) and

16% (CJT) in the B. Due to rapid decomposition

a continuous forest floor is lacking. Both at TSP

and CJT, an O/A horizon, on average 2–4 cm

thick, is situated on top of a deep B horizon. At a

depth of 40–50 cm there is a gradual transition to

the C horizon. At CJT, but not at TSP, the soils

contain a considerable amount of stones.

Monitoring program and chemical analysis

Bulk deposition, throughfall, soil water and

stream water chemistry data are for 2001–2003.

For detailed sampling procedures and chemical

methods reference is made to (Chen et al. 2004).

Data were collected at four (TSP) and three

(CJT) monitoring plots, dominated by Masson

pine. Throughfall was collected below the shrub

vegetation using four collectors per monitoring

plot. Weekly samples from all four collectors

were pooled to one volume weighted monthly

sample per plot and stored in the refrigerator

prior to analysis. At each monitoring plot soil

water was sampled, using one zero tension lysim-

eter (30 · 30 cm2) at 0 cm soil depth (below

freshly-fallen litter) to collect the water infiltrat-

ing into the mineral soil. In addition, two ceramic

tension lysimeters (50 kPa) were used to sample

soil water from each of three to four layers of the

mineral soil. Stream water discharge was regis-

tered continuously using a V-notch weir and

stream water samples were taken at weekly

intervals. Major cations and anions, including

ammonium (NH4
+) and nitrate (NO3

–) were ana-

lyzed as described in ISO14911 and ISO10304-1,

using ion chromatography. Annual water fluxes of

throughfall and L0 lysimeter were estimated

according to the recorded weekly water volume

and surface area of collectors and zero tension

lysimeters, respectively. Annual fluxes of solutes

were calculated by multiplying annual volume

weighted concentrations with the corresponding

water fluxes during the same period. The annual

average of soil solution concentration at 30 cm

soil depth was used to estimate the leaching

potential at this depth. Annual solute fluxes in

stream water were calculated using the catchment

area and volume-weighted mean of weekly

concentrations and annual total discharge.
Fig. 1 Location of the research sites TieShanPing (TSP)
and CaiJiaTang (CJT), China
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In situ N transformation rates

In situ N transformation rates were determined

after incubation in the field. Three (CJT) and four

(TSP) incubation plots, each adjacent to one of

the lysimeter plots for soil water monitoring, had

masson pine (Pinus massoniana) as the dominant

tree species. Net N transformation rates were

quantified during five subsequent intervals in the

period May 2002 to May 2003, yielding annual in

situ net N transformation rates. Incubation peri-

ods were 2 months during the growing season

(May to end of September 2002; March to May

2003) and 3 months during the winter season

(October through March 2003). Soil cores (diam-

eter 7 cm, length 15 cm) were taken, after

removal of freshly fallen, but not partly decom-

posed litter, with a sharpened steel auger, lined

with a PVC cylinder. Removal of freshly-fallen

litter implies that our data exclude mineralized N

from the initial phase of litter decomposition. For

each incubation period one set of nine soil cores

(background) was brought back to the laboratory

for immediate extraction of NH4
+ and NO3

–. A

duplicate set of nine soil cores were incubated in

the field. The tops of the PVC cylinders were

covered with a perforated plastic sheet, thus

allowing gas exchange, but preventing infiltration

of rain water. At the end of each incubation

period, the incubated samples were collected.

Each one of the nine soil cores was partitioned

into different horizons, i.e., the O/A, B1, and B2

Table 1 Characteristics of the research sites at TieShanPing (TSP) and CaiJiaTang (CJT)

TSP CJT

Location 104�41¢E 112�26¢E
29�38¢N 27�55¢N

Catchment
area (ha)

16.3 4.2

Elevation
(ASL, m)

450–500 450–500

Annual Mean
T (�C)

18.2 17.5

Annual precipitation
(mm)

1229 1251

Soil characteristics
Bed rock Sand stone Sand stone/shale
Soil classification Haplic Acrisol Haplic Acrisol
Dominant minerals Quarts, K-Feldspar, kaolinite,

smectite, illite
Quartz, kaolinite, Illite

Soil pH (H2O)
O/A (0–3 cm) 3.5 3.9
B1 (3–8 cm) 3.6 3.9
B2 (8–15 cm) 3.8 4.1

Vegetation information
Ecosystem type Masson pine dominated,

coniferous-broad
leave mixed subtropical forest

Masson pine dominated,
coniferous-broad leave mixed
subtropical forest

Dominant species P. massoniana,
Cunninghamia lanceolata,
Symplocos sumuntia, Litsea molli,
Quercus fabri, Mallotus barbatus

P. massoniana, Cunninghamia lanceolata,
Quercus fabri, Castanea sequinii,
Betula luminifera

Shrubs Camellia oleifera, Eurya loquaiana,
Gardenia jasminoides, Osmanthus
fragrans

Camellia oleifera, Camellia sinensis,
Liquidambar fomosana,
Ardisia crenata,
Lespedaza davidil

Vascular and bryophyte
plants

Woodwardia japonica, Ardisia pusilla,
Dryopteris erythrosora,
Dryopteris fuscipes,
Parathelypteris japonica

Miscanthus sinensis, Miscanthus floridulus,
Woodwardia japonica, Arachniodes
rhomboidea, Dryopteris fuscipes,
Pteris nervosa
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horizons and the depth per horizon were re-

corded. The individual horizons from three cores

were pooled in plastic bags and transferred to the

laboratory. In total there were three pooled

samples from each O/A, B1, and B2 horizon per

plot for each study period. The total weight

(<2 mm fraction) was determined for each hori-

zon and sieved subsamples (<2 mm) were

extracted with 2 M KCl to recover NH4
+ and

NO3
–. After filtration (ashless paper filter, micro-

science, Germany), the extracts were analyzed

colorimetrically with respect to NH4
+–N and NO3

––

N. For further details reference is made to Chen

et al. (2004).

In background soil samples total C and N were

determined using a CHN-analyzer as described in

ISO10694 (1995) and ISO 13878 (1998), respec-

tively. Using the C and N concentration, together

with horizon depth, the total weight and moisture

content of the soil (< 2mm fraction) obtained for

each horizon and the volume of the PVC cylinder,

the total C and N pools were calculated. Data are

presented on per weight and per area basis.

Net ammonification and nitrification for each

horizon are calculated separately using the

equation Nt = Ni–Np, where Nt is the net

transformation of NH4
+ (ammonification)

and NO3
– (nitrification), respectively, Ni is the

NH4
+–N and NO3

––N concentration in the incu-

bated soil core, and Np is the concentration of

NH4
+–N and NO3

––N prior to incubation. The

sum of net ammonification and net nitrification

equals net mineralization. Rates were deter-

mined by dividing Nt with in situ incubation

time.

In situ N2O flux

The collection method for gas samples is as

described by Sitaula et al. (1995). Briefly, atmo-

spheric gas samples were collected at different

plots at TSP and CJT during summer 2002 and

2003 using the enclosure method. Two cylinders

(height 20 cm, diameter 20 cm) were pressed with

their opening into the soil surface (about 2 cm)

and the bottom up. The bottom was equipped

with three holes. Prior to inserting the cylinder

into soil, all above ground parts of plants were

removed. Care was taken that the soil–cylinder

interface was free of leaks to prevent gas

exchange with the atmosphere after deployment.

Finally, the holes in the cylinder were closed with

rubber septa and immediately a gas sample was

collected from the headspace with a syringe,

representing the background. After 15 and

30 min, the headspace was resampled. All gas

samples were transferred into 12 ml preevacuated

vials. N2O concentrations in the vials were mea-

sured using gas chromatography as described by

Sitaula et al. (1995).

Quality control and statistical analysis

The quality control of analysis in different

IMPACTS laboratories involves occasional ring-

test. Results indicate that analytical differences

between the various laboratories were relatively

small. All statistical analyses were performed

using SPSS 11.1 for Windows (SPSS, Inc., 2001).

Pearson correlations were tested using bivariate

correlation functions, and were considered signif-

icant if p < 0.05.

Results and discussion

N concentration and N pool size in the soils

The N concentration in the upper 15 cm of the

mineral soils at TSP and CJT ranges from as low

as 0.05% in the B2 to as high as 0.53% in the O/A

(Table 2). The organic C concentration, ranging

from 0.74 to 9.54% and from 2.12 to 7.19% at TSP

and CJT, respectively, correlates significantly

with the total N concentration in all horizons

(r = 0.993, p < 0.001; data not shown).

Average N pools in the upper 15 cm of the soils

at TSP and CJT vary from 1460 to 2290 kg N ha–1.

These values are similar to the range of values

reported for tropical montane forest soils (870–

2100 kg N ha–1, Vitousek and Matson 1988) and

humid subtropical forest stands in India (Maithani

et al. 1998). In temperate forest the forest floor (O

horizon) contributes as much as 50% to total N

pool. However, soils at TSP and CJT lack a

continuous and well-developed forest floor with

decomposing litter. The N pools in the upper 15 cm

at TSP and CJT are of the same order of magnitude

Biogeochemistry (2007) 82:165–180 169
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as those of mineral horizons in boreal forests. The

pool of organic C in the upper 15 cm of the mineral

soil at TSP and CJT is nearly half of that in mineral

horizons of boreal forest soil (Andersson et al.

2002; Schulze 2000). Thus, soil organic matter at

TSP and CJT has a lower C/N than boreal forests.

Nitrogen in the O/A horizon (0–3 cm depth) at

TSP and CJT contributes 25–55% to the total N

pool of the upper 15 cm of the soil (Table 2).

C/N ratio

The soil C/N ratio varies among the plots and

decreases with depth at all plots at TSP and CJT

(Table 2). The lower C/N ratios in deeper soil

layers are mainly due to the decreasing organic C

concentration along the soil profile. C/N ratios of

all horizons in the upper 15 cm of the soil are in

the range of 11.2–18.2. These values are consis-

tent with the reported global trends of C/N in

different life zones. Globally, C/N ratios of

surface soil horizons range from <10 in tropical

deserts to >20 in cool, wet forests. Relatively

large amounts of N in surface soil in tropical and

subtropical regions are associated with recalci-

trant humic material in advanced state of decay

with low C/N (Post et al. 1985).

Net N mineralization and nitrification

Average annual net N mineralization rates in

the upper 15 cm of the soils (i.e., excluding

freshly fallen litter) are CJT 52 kg N ha–1 year–1

and TSP 62 kg N ha–1 year–1 (Table 3) with a

contribution of about 30% from the O/A

horizon. Our data suggest that about 2.8–3.5%

of the N pool contributes to net mineralization

per year (Tables 2 and 3) and more than half of

this is further nitrified (Table 3). Net nitrifica-

tion rates are substantial at both sites, with

average values for the upper 15 cm of the min-

eral soil of about 35 kg N ha–1 year–1 (Table 3).

Along the profile, the nitrification rate increases

with the depth. On average, the O/A horizon

contributes about 30% to total net nitrification

in the upper 15 cm of the soils.

The in situ mineralization and nitrification

rates presented here do not include initial

contributions from decomposing freshly fallen

litter, as this was removed from the incubation

cores prior to covering the tops with perforated

plastic caps. Since, the freshly deposited litter is

rapidly decomposed, leachate from the 0 cm

percolation lysimeter (Table 4) may be assumed

to include net mineralization products from

litter decomposition. The average net N produc-

tion in this layer is 10 and 23 kg N ha–1 year–1

for TSP and CJT, respectively (data not shown).

However, probably this represents an overesti-

mate of the contribution to N mineralization of

freshly fallen litter that was removed from the

soil cores. So, net N mineralization rates,

including the litter layer, at TSP and CJT may

be as high as 72 and 75 kg N ha–1 year–1,

Table 3 In situ net annual ammonification, nitrification and mineralization rates in the upper 15 cm of the soil at
TieShanPing (TSP), Chongqing and CaiJiaTang (CJT), Shaoshan, Hunan

Depth
(cm)

Ammonification
(kg N ha–1

year–1)

Nitrification
(kg N ha–1

year–1)

Mineralization
(kg N ha–1

year–1)

Ammonification
(kg N ha–1

year–1)

Nitrification
(kg N ha–1

year–1)

Mineralization
(kg N ha–1

year–1)

TSP
O/A 0–3 9.0 9.4 18.4 0.75 0.78 1.53
B1 3–8 15.1 13.6 28.7 1.91 1.70 3.61
B2 8–15 2.0 13.5 15.5 0.27 1.86 2.13
Total 0–15 26.2 36.4 62.6 0.96 1.34 2.30

CJT
O/A 0–3 4.9 9.9 14.8 0.55 1.11 1.66
B1 3–8 3.3 9.9 13.2 0.38 1.16 1.54
B2 8–15 10.7 13.7 24.4 0.93 1.20 2.13
Total 0–15 18.8 33.6 52.4 0.65 1.16 1.81

Values in mg Ng–1 C year–1 were calculated from rates per unit surface area (kg N ha–1 year–1) divided by the C pool size.
All values are averages for four and three plots at TSP and CJT, respectively
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respectively. Andersson et al. (2002) reported N

mineralization rates of 51 kg N ha–1 year–1 for

some boreal forest stands. In boreal forest soils,

however, the forest floor contributes as much as

80 and 30% to net N mineralization and

nitrification, respectively.

The net mineralization rate, expressed in

mg N g–1 C year–1, increases with soil depth at

TSP and CJT. Mean values range from as low as

1.5 (A/O) to as high as 3.6 (B1) mg N g–1 C year–1.

The increase with soil depth of N mineralization

rate per gram soil organic C is different from the

pattern found in boreal forest soils (Andersson

et al. 2002) with our values being several times

greater. This suggests a greater microbial activity

in the mineral soils of subtropical forests com-

pared with boreal systems. In addition, it may

imply that the substrate in this subtropical forest

soil has better quality (related to C/N ratio) and

the C use efficiency of microorganisms is greater

than that in boreal and temperate forest soils.

In situ soil N2O fluxes

N2O fluxes show high spatial and temporal vari-

ations (Fig. 2a, b). During the growing season of

2002 the estimated fluxes (data not shown) at CJT

are in the range of 0.92–26.8 lg N2O–N m–2 h–1.

At TSP these values are from 3.4 to 59.1 lg

N2O–N m–2 h–1. These values are comparable to

values reported by Butterbach-Bahl et al. (1997,

2002) for pine stands in the Netherlands

(6–53 lg N m–2 h–1), but greater than those

presented by Oura et al. (2001) for Japanese red

pine stands (0.5–14.1 lg N m–2 h–1). The large

spatial variability of N2O emission fluxes reflects

the diversity of micro sites and the heterogeneity

of the soil.

Atmospheric input and leaching of N

Table 4 shows the total atmospheric N deposition

input, total inorganic N concentration in soil

water at 0 and 30 cm depth, and the total

inorganic N flux in stream water for 2001, 2002,

and 2003. The total atmospheric N input to the

soil is estimated by the throughfall flux of N

collected below the ground vegetation (FTF).

Throughfall fluxes of N, which are considerably

greater than wet-only deposition fluxes, vary

greatly between plots, ranging from 25 to

51 kg N ha–1year–1. On average, the atmospheric

Table 4 Fluxes of total inorganic N in ground vegetation throughfall (FTF, kg N ha–1 year–1) and in stream water (SW)

Site_plot TSP_K TSP_L TSP_B TSP_C TSP_average CJT_A CJT_B CJT_D CJT_average

aFTF 2001 [31.3] [25.8] [37.3] [51.8] [36.6] [25.0] [45.7] [49.6] [40.1]
2002 [32.3] [28.4] [43.8] [39.5] [36.0] [29.1] [38.1] [47.4] [38.2]
2003 [41.5] [29.1] [48.9] [32.5] [38.0] [36.4] [44.5] [50.7] [43.9]

bL0 cm 2001 9.9 7.9 12.6 14.5 11.2 5.1 5.1 4.2 4.8
2002 5.1 5.9 7.4 8.1 6.6 4.9 5.4 5.4 5.2
2003 6.2 6.2 10.4 12.8 8.9 5.8 9.1 7.2 7.3

bL30 cm 2001 18.3 3.6 5.1 6.5 8.4 6.0 5.3 5.4 5.6
2002 13.4 5.4 5.3 4.1 7.1 8.4 9.2 8.6 8.7
2003 17.1 3.6 6.8 4.5 8.0 7.7 5.8 3.3 5.6

cSW 2001 [3.3] [2.9]
2002 [10.8] [2.4]
2003 [4.6] [N.D.]

In addition, inorganic N concentration in soil water (mg N L–1) at 0 and 30 cm depth are given (L0 and L30 cm,
respectively). Values in squared brackets are fluxes (kg N ha–1 year–1)
aN input from the ground vegetation throughfall. Values are calculated from the annual volume weighted concentration and
accumulated weekly water flux for each year
bL0 and L30 cm denote the total inorganic N concentration in lysimeter water from 0 and 30 cm depth. Values for L0 cm are
the annually volume weighted concentration, while for L30 cm the annual average is given
cAnnual N flux in stream water, Values are calculated from the average of weekly concentration, recorded weekly water
flow from the catchments and the catchment area
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deposition of N at the two sites is similar, ranging

from 36 to 44 kg N ha–1year–1. Total inorganic N

concentration in soil water at 30 cm depth also

varies from plot to plot, ranging from 3.3 to

18.3 mg l–1, with plot K at TSP having the highest

values. This plot also has the highest annual net N

mineralization rate (Table 3).

Mean weekly concentrations of total inorganic

N (TIN; NO3
––N+NH4

+–N) and total N (sum of

total inorganic and dissolved organic N) in stream

water during the period of 2001–2003 are 1.04 and

1.13 mg N l–1 for TSP and 0.43 and 0.59 mg N l–1

for CJT (Fig. 3). Both total N and total inorganic

N concentrations at TSP are significantly greater

than those at CJT (Fig. 3, p < 0.001, and

p < 0.001, respectively). Nitrate contributes more

than 90% to total inorganic N at both sites,

whereas the contribution of NO3
––N to total N in

stream water is 90 and 70% at TSP and CJT,

respectively. Inorganic N fluxes in stream water

range from as low as 2.4 at CJT to as high as

10.8 kg N ha–1 year–1 at TSP (Table 4), with TSP

having the greatest fluxes in 2002 (the wettest

year).

Indicators for N status

Several indicators for N status have been identi-

fied for temporal and boreal forest ecosystems.

Most commonly used are N concentration

(Fernandez et al. 2000) and C/N ratio of the

forest floor (e.g., Gundersen et al. 1998b; Dise

et al. 1998b; Currie 1999; Andersson et al. 2002;

Bengtsson et al. 2003). As indicated previously,

soils at TSP and CJT lack a well-developed forest

floor, so that other indicators for N status have to

be assessed.

At TSP and CJT, the N pool in the upper

15 cm of the soil is not significantly correlated

with in situ net N mineralization rate (data not

shown). The N pool in the O/A horizon correlates

weakly with both net mineralization rate and net

nitrification rate in the upper 15 cm of the soil

(Fig. 4a, b), the correlation with the net nitrifica-

tion rate shows a trend towards significant

(p < 0.1, Fig 4b). This may suggest that the

amount of N in the O/A horizon has a positive
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effect on net rates of N transformation and

nitrification in the upper 15 cm of the soil. The

C/N ratio of the O/A horizons at TSP and CJT is

not significantly correlated with either the total

net N mineralization or nitrification rate in the

upper 15 cm of the soil (Fig. 5a). Thus the C/N

ratio in O/A horizon cannot be used as indicator

for the N status in these subtropical forest

ecosystems.

The net N mineralization rate and net nitrifica-

tion rate per unit organic C (mg N g–1 C year–1)

in each horizon is significantly correlated with the

C/N ratio in that horizon (r = –0.495, p = 0.022,

and r = –0.546, p = 0.011, respectively, Fig. 5b, c).
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Thus the C/N ratio in mineral soils may be used as

a predictor of net N mineralization rate in these

subtropical forest soils. Correlations suggest that a

C/N between 20 and 24 is required before net N

mineralization and nitrification may occur in the

mineral soil of Chinese subtropical forests. This

threshold value is consistent with that for organic

horizons in temperate forest soil (Ollinger et al.

2002). Additional studies of N transformation in

soils with a greater range of C/N ratios are

necessary to confirm the threshold values.

This correlation for mineral soil horizons is

inconsistent with findings for temperate and

boreal forest soils. In temperate and boreal forest

soils, the C/N ratio of the forest floor was found to

correlate negatively with net mineralization rate

per unit organic C (Andersson et al. 2002). The

difference between temperate and boreal forest

soils compared with subtropical forest soils may

be explained by the difference in the distribution

pattern of C and N along the soil profile. In

temperate forest ecosystems, the dominant role of

the forest floor can be attributed to the high

contribution of C and N in the forest floor to the

total pool of soil organic matter. By contrast, the

correlation in our datasets may be explained by

the similar turnover rate of C and N in all three

horizons of the upper 15 cm soil. Previously, the

C/N of soil organic matter has been proposed as a

mechanistic indicator of the quality or degrada-

bility of the substrate in the soil (Curri 1999;

Fernandez et al. 2000; Bengtsson et al. 2003;

Theodose and Martin 2003). Also in the mineral

horizons of our soils, the correlation between net

transformation rates and the C/N may be related

to the substrate quality along the soil profile.

Ultimately, it may be attributed to the source and

stability of the soil organic matter along the soil

profile of upper 15 cm.

Previously, N2O emissions were found to cor-

relate positively with parameters indicating soil N

status, including the pool of mineral N, total N

concentration, NO3
– concentration and nitrifica-

tion rate in the soil (Hall and Matson 2003;

Parsons et al. 1996). At our Chinese sites, the N2O

flux is not significantly correlated with the N

concentration in any of the horizons (data not

shown). However, the N2O flux is significantly

correlated with KCl extractable NH4
+–N in the O/

A horizon (Fig. 6a) and with the net nitrification

rate in the upper 15 cm of the soil (Fig. 6b). This is

consistent with finding from a tropical forest in

Atherton Tablelands, Australia, where gross nitri-

fication was found to correlate positively with in

situ N2O-emission rates (Breuer et al. 2000), even

though it should be noted that the pattern for

gross nitrification is not always the same as that for

net nitrification. The significant correlation be-

tween N2O flux and net nitrification rate suggests

that the N2O flux also may be employed as

indicator of N status of subtropical forest ecosys-

tems. However, the great spatial and temporal

variations of N2O emission (Fig. 2a, b) make this

parameter difficult to use.
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Indicators for N leaching

Elevated NO3
– loss to groundwater or surface

waters was defined as the primary symptom of N

excess in forest ecosystem, due to increased

anthropogenic N input (Aber et al. 1998). From

two European field-scale manipulation projects

(NITREX and EXMAN), a correlation between

N deposition and leaching was found and a thresh-

old of atmospheric input rate was defined in the

range of 10–30 kg N ha–1 year–1 (MacDonald

et al. 2002). In addition, NO3
– leaching from

coniferous forest across Europe was found to

depend on the forest floor C/N ratio (Dise et al.

1998b). MacDonald et al. (2002) proposed a

forest floor C/N ratio of 25 as a threshold for

NO3
– leaching. The average annual input of N at

TSP and CJT is around 40 kg N ha–1 year–1

(Table 4, Chen et al. 2004) and well above the

threshold for atmospheric deposition rates that

give rise to NO3
– leaching in boreal and temperate

forests. At TSP and CJT, the total throughfall

input of mineral N into the forest soils has no

apparent correlation with the TIN concentration

at 30 cm soil depth (Fig. 7a). Neither do C/N

ratios of the O/A horizon correlate significantly

with total inorganic N concentration at the 30 cm

soil depth (Fig. 7b). This suggests that neither

throughfall N deposition nor C/N ratio of the O/A

horizon explains N leaching at TSP and CJT.

The N mineralization rate, an important

process regulating N dynamics, has been sug-

gested as an index for potential risk of N

leaching in boreal forest (Andersson et al.

2002). At TSP and CJT, both total annual net

N mineralization rate (Fig. 7c) and nitrification

rate (not shown) in the upper 15 cm of the soil

show significant correlation with the total

inorganic N concentration at the 30 cm soil

depth. This suggests that N transformations are
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Fig. 7 Correlation between concentration of total inor-
ganic N (NH4

+–N + NO3
––N, TIN) and various factors at

TSP and CJT. Data in (a) and (b) are from 2001 to 2003,
others are from May 2002 to May 2003 (the same period as
the mineralization study). The soil flux density of mineral
N (d, e, f) is defined as the sum of the throughfall input of

inorganic N and the net mineralization rate in the upper
15 cm of the soil. Alternatively, the flux density of mineral
N* was defined as the sum of the input of inorganic N in
the O/A horizon (as determined by the tension lysimeter
at 0 cm soil depth) and the net mineralization rate in the
upper 15 cm of the mineral soil
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important contributing factors to N leaching in

these subtropical forests. As the N transforma-

tion rates are the physiological symptoms for N

status of the system, it also indicates that N

leaching from these forests is closely related to

the N status of the systems.

Recently, the soil flux density of mineral N,

defined as the sum of total atmospheric N input

and net N mineralization, has been proposed as

an indicator for NO3
– leaching in boreal forest

soils (Andersson et al. 2002). Also at TSP and

CJT it appears that the soil flux density of mineral

N is significantly correlated to the TIN concen-

tration in soil water at 30 cm depth (Fig. 7d).

Thus, both internal N cycling and external N

input determine inorganic N in soils available for

leaching, also at these subtropical research sites at

TSP and CJT.

As discussed previously, the in situ mineraliza-

tion rate does not include initial decomposition of

fresh litter. Thus, we also used an alternative

definition for the soil flux density of mineral N*,

being the sum of the annual net inorganic N input

into the mineral soil as determined in the 0 cm

lysimeter (Table 4), and the net N mineralization

rate in the upper 15 cm of the mineral soil. This soil

flux density of mineral N* in the upper 15 cm

correlates significantly with the TIN concentration

in soil water at 30 cm depth (Fig. 7e). These

suggest that the flux density of mineral N (and flux

density of mineral N*), which is the combination of

deposition input and N status of system, can be

used as indicator for N leaching in this system.

However, the correlations are based on the TIN

concentration and not fluxes at 30 cm soil depth.

The N flux depends both on the concentration and

the water flux, which may transport the N out the

soil. So, the correlations only indicate the potential

risk of leaching, the real leaching loss will also

depend on the soil hydrological conditions.

Link between N status and leaching

The concentration and seasonality of leached NO3
–

in stream water was taken as an indicator for the N

saturation of forested catchments in Europe and

North America. The early stages of N saturation

are characterized by apparent seasonality and

increases in the severity and frequency of NO3
–

episodes in the growing season. The later stages of

N saturation are marked by elevated concentra-

tions of NO3
– even at base flow (Stoddard 1994;

Dise et al. 1998b). For the conditions in Europe

and North America, the forests are generally N

limited and a tight N cycling in the ecosystem is

proposed. N leaching loss in such ecosystems is

supposed to be biologically controlled. However,

the seasonality of stream water N concentration at

TSP and CJT catchments from 2001 to 2003 show

clear seasonality different from that for forested

catchments in Europe and North America, with

greatest concentrations commonly occurring in the

wet growing season (from April through October).

Lowest concentrations occur in the dry dormant

season (from November through early April,

Fig. 8). The concentration of N in stream water is

correlated with discharge in these catchments,

which is highest in the growing season (data not

shown). This holds also true for episodic discharge

in the dormant season of 2001–2002 (Fig. 8). The

seasonal pattern is associated to the monsoon

climate of wet and warm summers and dry and cold

winters. Wet and warm summers favor N mineral-

ization and nitrification in the soil, whereas dry and

cold winter enhances the conservation of N in the

soil. Similar observations of seasonality of NO3
–

leaching, due to climatic and hydrological varia-

tions were made for forests in Japan with a

monsoonal climate (Mitchell et al. 1997; Ohrui

and Mitchell 1997). This may indicate that the

seasonality of stream water NO3
––N concentration

in subtropical forested catchments cannot be

interpreted with respect to N saturation using the

same criteria as those used for boreal and temper-

ate systems. The levels of annual N export differ

significantly between TSP and CJT (Fig. 3). Levels

of NO3
––N concentration in stream water are higher

at TSP than at CJT during base flow period (Fig. 8).

This may suggest that the forest at TSP has a higher

N status than the forest at CJT.

Conclusion

The N and C pools in subtropical Chinese forest

soils are lower than those in temperate forest
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soils. This is primarily because the Chinese forest

soils lack a continuous forest floor and a well-

developed O horizon. In the upper 15 cm of the

soil, the O/A horizon (0–3 cm) contributes about

25–55% to the total N pool and more than 30% to

net N mineralization and nitrification. The C/N

ratio of the O/A horizon cannot be used as

indicator for N status and N leaching. However,

the net N mineralization rate per unit organic C

(mg N g–1 C year–1) in each of the O/A, B1, and

B2 horizons is strongly correlated with the C/N

ratio (an indication of substrate quality), indicat-

ing that the C/N ratio of mineral soil may be a

promising indicator for N status of these subtrop-

ical forests. C/N values smaller than 22–24 are

required before mineralization and nitrification

take place.

Emission rates of N2O from Chinese subtropical

forest soil correlate significantly with the total net

nitrification rate (in mg N m–2 day–1) in the upper

15 cm of the soil. This suggests that N2O emission

fluxes from the soil also can be used as an indicator

for the N status of our forest stands. However,

considerable spatial and temporal variation of N2O

emissions from soil makes this parameter difficult

to use.

Neither inorganic N deposition in throughfall,

collected below the ground vegetation, nor the C/N

ratio of the O/A soil horizon correlates with the

concentration of inorganic N in soil water at 30 cm

depth of soil. Thus these factors cannot be used as

indicators for N leaching. The soil flux density of

mineral N, which is the combination of deposition

input and N status of the system, explains N

leaching best. The seasonality of stream water N

concentration, with highest values in summer,

depends on climatic and hydrological conditions

and differs from that found in boreal and

temperate catchments.
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