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Abstract Seedling growth response of two tropical tree
species (Schima superba and Cryptocarya concinna) to
simulated N deposition was studied during a period of
11 months. One-year-old seedlings were grown in forest
soil treated with N as NH4NO3 at Control–no N addition,
N5–5, N10–10, N15–15, and N30–30 g N m¡2 year¡1. The
objective was to examine the eVects of N addition on seed-
ling growth and compare this eVect between the two tropi-
cal tree species of diVerent species-N-requirement. Results
showed that both species responded signiWcantly to N addi-
tion and exhibited positive eVect to lower rate of N addition
and negative eVect to higher rate of N addition on growth
parameters (height and stem base diameter, biomass pro-
duction, and net photosynthetic rate). The highest values
were observed in the N10 plots for S. superba and in the
N15 plots for C. concinna, but the lowest values were
observed in the N30 plots for both species. However, the
reduction in the N30 plots was more pronounced for S. sup-
erba than for C. concinna relative to the control plots. Our

Wndings suggest that response of seedling growth of tropical
tree species to atmospheric N deposition may vary depend-
ing on rate of N deposition and species-N-requirement.

Keywords Nitrogen deposition · Species-N-requirement · 
Forest dynamic · Global change · Tropics

Introduction

Elevated nitrogen (N) deposition and its ecological eVects
on forest ecosystems are of increasing concern worldwide
(Matson et al. 1999, 2002; Galloway et al. 2003; Magill
et al. 2004). High N input to coniferous stands in Europe
has been linked to nutritional disorders in plants, reduced
growth and reduced tolerance to frost, insects and patho-
gens (Nihlgård 1985; Boxman et al. 1998). Results from N
addition experiments at the Harvard Forest showed that
long-term N addition decreased net primary production and
increased tree mortality (Magill et al. 2004). McNulty et al.
(1996) concluded that if N additions continue, high eleva-
tion spruce-Wr forests could eventually be converted into
stands of birch, maple, or both. In a seedling experiment on
two temperate conifer tree species, Nakaji et al. (2001,
2002) found that net photosynthetic rate and biomass pro-
duction of Cryptomeria japonica seedlings were increased
by N addition, while those of Pinus densiXora seedlings
were signiWcantly reduced by the highest N addition, and
thus concluded that P. densiXora, characteristic from nutri-
ent-poor habitats, is more sensitive to high N deposition
than C. japonica.

However, most studies on the consequences of enhanced
N deposition have been performed on temperate trees. To our
knowledge, information regarding response of subtropical
and tropical trees to increased N deposition is non-existent.
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With the increase in population and in per-capita energy
and food consumption in the less-industrialized areas, many
of which locate in tropics and subtropics, N deposition
there is expected to increase dramatically. For example,
over 40% of all N fertilizers are now used in the tropics and
subtropics and over 60% will be used there by 2020 (Galloway
et al. 2003). At the same time, fossil fuel use is expected to
increase by several times in many areas of the tropics over
the coming decades (Hall and Matson 1999). As a conse-
quence, large areas there will be experiencing more than
doubled N deposition Xuxes in 2050 relative to those in
1990s (Galloway et al. 2004).

In Asia, the use and emission of reactive N increased
from 14 Tg N year¡1 in 1961 to 68 Tg N year¡1 in 2000 and
is expected to reach 105 Tg N year¡1 in 2030 (Zheng et al.
2002). Currently, this leads to high atmospheric N deposi-
tion (30–73 kg N ha¡1 year¡1) in some forests of southern
China (Huang et al. 1994; Ren et al. 2000; Xu et al. 2001;
Zhou and Yan 2001). For example, the annual Xux of N
deposition from rainfall to the tropical forests of Dinghu-
shan Biosphere Reserve increased from 36 to 38 kg N ha¡1

year¡1 during the last decade (Huang et al. 1994; Zhou and
Yan 2001). In temperate regions of Europe and North
America, forests receiving inorganic N deposition below
8–10 kg N ha¡1 year¡1 retain all N input. However, above
this level of deposition, forests often leach nitrate and the
ecosystem will move toward N saturation with signiWcant
biological and ecological response (Aber et al. 1998;
MacDonald et al. 2002). At inputs above 25–30 kg N ha¡1

year¡1, all the forests studied in Europe were N saturated (as
deWned in Aber et al. 1998; MacDonald et al. 2002).

With atmospheric N deposition in some Chinese forests
currently exceeding the above-cited critical values, it is
possible that excessive N inputs could saturate the retention
capacity of these Chinese forest ecosystems. This interpre-
tation is partially supported by the recent studies in the
Dinghushan Biosphere Reserve, where a mature forest eco-
system with long-term high N deposition exhibited no sig-
niWcant positive and even some negative response to N
additions in litter decomposition (Mo et al. 2006), and this
negative response became stronger with experimental time
(Fang et al. 2007), suggesting that the forest has been N
saturated (Mo et al. 2006; Fang et al. 2007). In addition,
other studies in Dinghushan Biosphere Reserve also indi-
cated that the mature forests had been experiencing a
decline in tree growth. For example, the biomass of woody
plants declined by 15% from 1994 to 1999 (Zhang et al.
2002), and there has been a decreasing trend of litter pro-
duction during the last two decades (Guan et al. 2004).
These changes in productivity could be an eVect of the high
atmospheric N deposition in this region. However, little
information is available about the response of Chinese for-
est trees to excess soil N, especially the tropical forests in

southern China, where industry and agriculture has recently
been increasing rapidly (Mo et al. 2006).

Schima superba Chardn. & Champ. and Cryptocarya
concinna Hance are the most representative broadleaf tree
species in the tropical forests of southern China. In general,
S. superba grows in relatively nutrient-poor soils, whereas
C. concinna grows in relatively nutrient-rich soils (Wang
et al. 1982; Kong et al. 1997). In view of an increasing con-
cern about the eVects of N deposition on tropical forest
trees in southern China, we conducted an N addition exper-
iment on seedlings of S. superba and C. concinna. The
objective was to examine the eVects of N addition on seed-
ling growth and compare this eVect between the two tropi-
cal tree species of diVerent species-N-requirement. We
hypothesize that: (1) seedling growth of these two tropical
tree species responds positively to lower rate of N addition
and negatively to higher rate of N addition; and (2) S. sup-
erba, characteristic from nutrient-poor habitats, is less sen-
sitive to lower rate of N addition and more sensitive to
higher rate of N addition than C. concinna.

Materials and methods

Site description

This study was conducted in the UNESCO/MAB Dinghu-
shan Biosphere Reserve (DHSBR), which lies in the middle
part of Guangdong Province in southern China (112°10�E,
23°10�N). The reserve has a monsoon climate and is
located in a subtropical/tropical moist forest life zone
(sensu Holdridge 1967). The mean annual rainfall of
1,927 mm has a distinct seasonal pattern, with 75% of it
falling from March to August and only 6% from December
to February (Huang and Fan 1982). Annual average relative
humidity is 80%. Mean annual temperature is 21.0°C, with
an average temperature of the coldest (January) and hottest
(July) month of 12.6 and 28.0°C, respectively.

The 1,200 ha reserve is mainly covered by three forest
types: pine forest (early stage), pine-broadleaf mixed forest
(mid stage) and monsoon evergreen broadleaf forest (cli-
max stage) in diVerent successive stages (Mo et al. 2003).
These three forest types vary in degree of human impact,
stages of succession, site conditions and species assem-
blages as well (Mo et al. 2003). The mixed forest and the
broadleaf forest cover more than half of the total forest area
in subtropical and tropical China (Wang et al. 1982; Mo
et al. 1995, 2003; Kong et al. 1997). For our experiment we
chose two tree species, S. superba and C. concinna. The
former is a dominant species in both mixed forest and
broadleaf forest, while the latter occurs only in the broad-
leaf forest. In addition, Castanopsis Chinensis–Schima
Superba–Cryptocarya Concinna community is typical in
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the broadleaf forest type in the study region (Wang et al.
1982; Kong et al. 1997; Mo et al. 2003).

Our research site was established at a small Xat open
land of pine-broadleaf mixed forest, which is at the bottom
of a small hill. Nitrogen deposition in precipitation was
36 kg N ha¡1 year¡1 in 1990 and 38 kg N ha¡1 year¡1 in
1999 (Huang et al. 1994; Zhou and Yan 2001). The soil is
lateritic red earth formed from sandstone (oxisols) with a
depth of about 30 cm and relatively well drained. Soil prop-
erties in the top 10 cm were measured by using the samples
collected in January 2003 before the Wrst application of N
treatment. Soil pH, total C, total N, C/N ratio and bulk den-
sity were 5.03 § 0.03, 13 § 1 mg g¡1, 1.0 § 0.1 mg g¡1,
13 § 1 and 1.26 § 0.05 g cm¡3, respectively (n = 3,
mean § SE).

Experimental design

The experiment was arranged with a completely randomized
design with Wve N treatments. There were three replicates
for each treatment (see below). Soil (0–30 cm in depth) in
the research site was mixed to obtain a uniform mixture
before the start of experiment in October 2002 and all
weeds were removed. This research site was covered by
weeds before homogenizing of the soil and removal of
weeds. Fifteen plots of dimensions 4 m £ 5 m were estab-
lished and each plot was surrounded by a 1-m wide buVer
strip. On October 25, 2002, 1-year-old seedlings of two tree
species were obtained from an experimental Weld of South
China Agricultural University and were transplanted by
hand. Forty seedlings of each species were separately
planted in each plot with a spacing of 0.5 £ 0.5 m.
Throughout the experiment weeds were removed regularly
by hand. Five N addition treatments (in three replicates)
were established: Control (without N added), N5 (5 g N
m¡2 year¡1), N10 (10 g N m¡2 year¡1), N15 (15 g N m¡2

year¡1) and N30 (30 g N m¡2 year¡1). All plots and treat-
ments were laid out randomly. Nitrogen fertilizer as
NH4NO3 was applied twice a month (middle and end of
each month) in equal amounts every time from January 15,
2003. The fertilizers were dissolved in 10 L of water and
sprayed on the plots using a backpack sprayer. Two passes
were made across each plot to ensure an even distribution
of fertilizer. The Control plots were only sprayed with 10 L
water without N added.

Soil pH values, and soil available N and P

Mineral soils of the upper 10 cm were sampled on Novem-
ber 10, 2003. In each plot, three soil cores (2.5 cm in
diameter) were collected randomly, and combined to one
composite sample in the Weld. In the laboratory, soils were
sieved (2 mm) and mixed thoroughly by hand. One 10-g

sub-sample from each composite sample was shaken for 1 h
in 50 ml 2 mol/L KCl, and Wltered through pre-leached
Whatman no.1 Wlters; the Wltrate was frozen immediately
for later analysis. Another 10-g sub-sample was dried at
105°C to constant weight (at least 24 h) to determine gravi-
metric moisture content, and all samples are reported on
105°C basis. Extractable NH4

+-N was determined colori-
metrically by the indophenol blue method and NO3

¡N was
analyzed by copper–cadmium reduction method (Liu
1996).

Mineral soils collected in November 2003 were also ana-
lyzed for soil pH and available P. Soil pH was measured in
distilled water suspension using glass electrode, after shak-
ing for 1 h at a ratio of 25 ml water to 10 g mineral soil.
Available P was analyzed colorimetrically after extraction
by a combination of ammonium chloride and hydroXuoric
acid (Liu 1996).

Measurements of plant growth, net photosynthetic rate 
and plant tissue nutrient status

Height and stem base diameters of 10 randomly selected
seedlings from each plot and each species were measured on
January 10, April 10, July 10 and November 10, 2003. In
November 2003, all seedlings in the whole research site
were investigated to determine the survival rate of seedlings.

Net photosynthetic rate (Pn, �mol CO2 m¡2 s¡1) was
measured with a CI-301 portable photosynthesis system
(CID, Inc., USA) on November 15, 2003. Every 2 h, from
7:00 to 17:00, Wve to six leaves (from 1 or 2 seedlings per
plot) per species from each treatment were chosen for mea-
surement. On November 25, 2003, three randomly selected
seedlings from each plot and each species were harvested to
determine the dry mass and element concentrations of the
plant organs. Each seedling was cut at the root collar, and
the root was extracted from the soil and hand washed
(Wang et al. 1998). Harvested seedlings were separated
into leaves, shoot (stem + branches) and roots. All the plant
organs were dried at 60°C for 1 week and weighted to
determine weight of whole plant and each organ (Wang
et al. 1998).

All plant materials were ground to pass a 0.15-mm-mesh
sieve. Sub-samples were dried at 105°C to constant weight
to determine gravimetric moisture content, and all samples
are reported on 105°C basis. Nitrogen concentrations in
plant tissues were determined with semimicro-Kjeldahl
digestion (Bremner and Mulvaney 1982) followed by
detection of ammonium with a Wescan ammonia analyzer.
Nutrient analyses for other elements in plant tissues (P, K,
Ca, and Mn) used the methods given in Anderson and
Ingram (1989): samples were Wrst digested with concen-
trated sulfuric acid and hydrogen peroxide (with appropri-
ate catalysts), and total phosphorus was determined by the
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colorimetric method and the available cations by the atomic
absorption method.

Statistical analyses

One-way analysis of variance (ANOVA) was used to test
the eVects of N treatment on S. superba and C. concinna
seedlings. For seedling height and basal diameter, with
measurement carried out continuously throughout the study
period, a repeated-measure ANOVA was also used to test
diVerence among treatments. For seedling survival rate,
angular transformation of percentage data was carried out
prior to statistical analysis to meet the assumptions of vari-
ance homogeneity. A multiple comparison with Duncan’s
test was made after ANOVA for the diVerences in seedling
growth parameters (height and stem base diameter, biomass
production, and net photosynthetic rate), and in survival
rate and nutrients. Relationship between soil pH values and
soil NO3–N concentration was examined with linear regres-
sion analysis. Vector analysis was also used to compare dry
matter-weight, concentration and content of P and K in
seedling leaves for S. superba and C. concinna (Haase and
Rose 1995). All analyses were conducted using SPSS 10.0
for windows. Statistical signiWcant diVerences were set
with p values <0.05 unless otherwise stated.

Leaf weight ratio (LWR) means the ratio of the leaf dry
weight to the whole dry weight of a seedling, and the same
for shoot weight ratio (SWR) and root weight ratio (RWR).
Root-aboveground part ratio (RAR) was calculated by
dividing the aboveground part dry weight by the root dry
weight of a seedling.

Results

Soil pH values, and soil available N and P

After 11 months of N treatment, soil extractable NH4–N
and NO3–N concentrations increased with increasing level
of N addition and these increases were more pronounced in
NO3–N than in NH4–N (Table 1). However, N addition did
not inXuence soil available P. Soil pH values decreased

with increasing level of N addition and exhibited negative
linear relationship with soil NO3–N concentration
(p = 0.033) (Table 1).

Growth and biomass allocation

The response of biomass production (total dry matter) to N
addition generally showed a positive eVect of lower rate of
N addition and no signiWcant eVect of higher rate of N addi-
tion for both species (Table 2). The highest values were
observed in the N10 plots for S. superba and in the N15
plots for C. concinna. This increase was less pronounced for
S. superba (increased by 68% in N10 plots relative to the
control) than for C. concinna (increased by 110% in N15
plots relative to the control). The lowest total biomass was
found in the N30 for both species; however, the reduction
was higher for S. superba (decreased by 40% relative to the
control) than for C. concinna (decreased by 15% relative to
the control). Similar trend was also found for the response
of root biomass production to N addition (Table 2).

Nitrogen addition signiWcantly decreased RAR relative to
the control for both species (Table 2). This decrease was
higher for S. superba (decreased by 27% relative to the con-
trol on average) than for C. concinna (decreased by 23% rel-
ative to the control on average). Nitrogen addition had
negative eVect on SWR while positive eVect on RWR. There
was no signiWcant N eVect on LWR in all treatments for both
species except for S. superba in N30 plots (Table 2).

Values of both seedling height and stem base diameter
for both species generally followed the similar pattern than
biomass production (Fig. 1). The pattern above became
more pronounced with time, indicating the cumulative
eVect of N addition. Repeated-measure ANOVA showed
signiWcant statistical signiWcant diVerence in both seedling
height and stem base diameter for both species over the
entire study period (p < 0.05, Fig. 2).

Net photosynthetic rate and survival rate of seedlings

Similar to the response of biomass production, net photo-
synthetic rate (Pn) was increased by lower rate of N addi-
tion and decreased by higher rate of N addition for both

Table 1 Response of mineral soil properties (0–10 cm depth) to N deposition (Means with S.E. in parentheses, n = 3 for all samples; available N
and P in mg kg¡1)

Note DiVerent letter within a single row indicate signiWcant diVerence (p < 0.05)

* Data were measured after 11 months of nitrogen addition

Control N5 N10 N15 N30

NH4
+-N 1.6(0.2)c 2.4(0.1)c 2.5(0.2)c 3.5(0.4)b 4.8(0.4)a

NO3
¡N 4.1(0.9)c 8.2(1.9)bc 15.7(1.2)b 17.2(4.0)ab 19.1(3.0)a

Available P 14.2(1.6) 15.9(2.2) 15.8(5.2) 14.6(2.4) 15.8(1.3)

pH 5.16(0.03)a 4.88(0.14)ab 4.88(0.09)ab 4.75(0.14)b 4.66(0.15)b
123



Eur J Forest Res
species (Fig. 3a), with the highest values observed in the
N10 plots for S. superba (increased by 40% relative to the
control) and in the N15 plots for C. concinna (increased by
52% relative to the control). The lowest Pn was also found
in N30 for both species, with the relative reduction of 28
and 9% for S. superba and for C. concinna, respectively
(Fig. 3a).

No signiWcant diVerence was found on survival rate of
seedlings for both species between control and all levels of
N treatments except for N30 plots, in which the reduction
in seedling survival rate was higher for S. superba (reduced
by 45% relative to the control) than for C. concinna
(reduced by 22% relative to the control) (Fig. 3b).

Nutrition

Leaf N concentration generally increased with N addition
with some variations between species (Table 3). In

comparison with those in control plots, leaf N concentra-
tion for C. concinna signiWcantly increased in all N treat-
ments except for N5, whereas for S. superba, such signiWcant
increase was observed in treatment N30 only (Table 3). The
concentration of P and K were reduced by N addition, resulted
in signiWcant increase in ratios of N/P and N/K for both spe-
cies. However, there was no signiWcant eVect of N addition on
concentrations of the remaining elements (Table 3).

Discussion

Biomass production, height, stem base diameter, and net
photosynthetic rate showed a positive response to the lower
rates of N addition but responded negatively to the higher
rates of N addition with the most negative response seen at
the N30 rate. The positive response mentioned above sug-
gests that N is likely a limiting factor for seedling growth in

Table 2 Biomass and its allocation among leaves, shoots and roots after 11 months of N addition (Means with S.E. in parentheses, n = 3 for all
samples)

Note: Means followed by diVerent letter among treatments diVered signiWcantly (p < 0.05)

* RAG, Root-aboveground

Plots Total (g) Root-weight (g) Leaf-weight ratio Shoot-weight ratio Root-weight ratio RAG* part ratio

S. superba

Control 7.07(0.31)b 2.38(0.28)b 0.30(0.02)a 0.37(0.01)b 0.34(0.02)a 0.53(0.06)a

N5 5.01(0.60)b 1.38(0.22)b 0.24(0.04)ab 0.49(0.05)ab 0.27(0.01)b 0.40(0.02)b

N10 11.85(1.39)a 3.47(0.30)a 0.29(0.03)a 0.41(0.01)ab 0.30(0.02)ab 0.42(0.04)ab

N15 6.66(1.24)b 1.55(0.31)b 0.31(0.02)a 0.46(0.03)ab 0.23(0.01)b 0.31(0.02)b

N30 4.25(0.27)b 1.18(0.03)b 0.21(0.01)b 0.51(0.02)a 0.28(0.02)ab 0.41(0.04)ab

C. concinna

Control 4.59(0.73)b 1.35(0.09)ab 0.31(0.04) 0.39(0.02)b 0.30(0.03)a 0.44(0.05)a

N5 6.51(1.22)ab 1.76(0.20)ab 0.36(0.03) 0.36(0.02)b 0.28(0.02)ab 0.38(0.05)a

N10 6.30(1.05)ab 1.50(0.24)ab 0.34(0.01) 0.42(0.01)ab 0.24(0.01)bc 0.32(0.02)b

N15 9.62(2.04)a 2.07(0.54)a 0.36(0.01) 0.43(0.02)ab 0.21(0.02)c 0.29(0.02)b

N30 3.92(1.09)b 1.00(0.22)b 0.30(0.01) 0.44(0.01)a 0.26(0.02)abc 0.36(0.02)ab

Fig. 1 EVects of nitrogen addi-
tion on seedling stem base diam-
eter (a, b) and height (c, d) of 
two tropical tree species in 
southern China. DiVerent letter 
above the columns indicates sig-
niWcant diVerence among treat-
ments (p < 0.05). NH4NO3 
solution was sprayed twice a 
month and began on 15 January 
2003
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the study soil, and is similar to the results found in a seed-
ling experiment in temperate region (Brown et al. 1996).
Our Wndings are consistent with the results found for a tem-
perate conifer tree species (C. japonica) in a seedling
experiment, in which the biomass production and net pho-
tosynthetic rate for seedlings increased with increasing rate
of N addition from control to N5.7 (5.7 g N m¡2 year¡1)

and then decreased with increasing level of N addition from
N5.7 to N34 (34 g N m¡2 year¡1) (Nakaji et al. 2001,
2002). Similar results were also reported for other temper-
ate tree species by several authors (McNulty et al. 1996;
Boxman et al. 1998; Sikström et al. 1998). Thus, in eVect of
N deposition on seedling growth threshold may also be
existent for tropical tree species.

The occurrence of threshold may be related to the soil N
availability. It has been reported that when the amount of
available N in forest soil does not exceed the requirement

Fig. 2 Overall eVect of nitrogen addition on seedling stem base diam-
eter (a) and height (b) of two tropical tree species in southern China.
Each column represents the mean value across all sampling dates in a
given treatment within the same species. Mean values sharing the same
letter are not signiWcantly diVerent among treatments within the same
species (p < 0.05, repeated-measure ANOVA)
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Table 3 Nutrient concentrations and their ratios in seedling leaves after 11 months of N addition (Means with S.E. in parentheses, n = 3 for all
samples)

Note: Means followed by diVerent letter among treatments diVered signiWcantly (p < 0.05)

N (mg g¡1) P (mg g¡1) K (mg g¡1) Ca (mg g¡1) Mn (mg g¡1) N/P ratio N/K ratio

S. superba

Control 8.8(0.7)b 1.0(0.1)a 3.8(0.2)a 7.2(0.4) 0.5(0.1) 8.4(0.3)b 2.3(0.2)c

N5 10.2(1.8)ab 0.7(0.2)b 3.4(0.3)ab 7.0(0.1) 0.4(0.1) 14.5(3.6)a 3.0(0.5)bc

N10 9.8(1.9)ab 0.8(0.1)ab 2.9(0.1)bc 6.1(1.0) 0.3(0.1) 12.0(2.0)a 3.5(0.8)bc

N15 11.2(1.6)ab 0.9(0.1)ab 2.5(0.1)c 7.3(1.0) 0.4(0.0) 12.4(1.2)a 4.5(0.6)ab

N30 13.9(1.4)a 0.9(0.1)ab 2.3(0.3)c 7.1(0.6) 0.5(0.1) 15.4(1.3)a 6.0(0.3)a

C. concinna

Control 11.3(1.6)b 2.9(0.9)a 4.7(0.6)a 7.5(0.5) 0.3(0.1) 3.9(0.8)c 2.4(0.2)b

N5 9.7(0.5)b 2.0(0.4)ab 3.7(0.6)ab 7.7(0.7) 0.2(0.0) 5.4(1.4)c 2.8(0.4)b

N10 15.2(1.0)a 1.7(0.1)ab 3.1(0.6)ab 6.2(0.6) 0.2(0.0) 8.8(0.2)b 5.3(1.1)a

N15 15.3(0.9)a 1.1(0.1)b 2.7(0.3)b 5.9(0.4) 0.2(0.0) 13.9(2.0)a 5.7(0.4)a

N30 15.5(0.8)a 1.4(0.1)b 2.9(0.6)b 6.2(0.6) 0.2(0.0) 11.1(1.3)ab 4.0(0.4)ab

Fig. 3 EVects of nitrogen addition on net photosynthetic rate (a) and
survival rates (b) of seedling of two tropical tree species in southern
China. DiVerent letter above the columns indicates signiWcant diVer-
ence among treatments (p < 0.05). Data were measured after
11 months of nitrogen addition
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for tree growth, an increase in the atmospheric N input usu-
ally stimulates tree growth; however, the current input of
atmospheric N to forests is in excess of plant requirements
and is adversely aVecting tree growth (Nihlgård 1985; Aber
et al. 1989, 1998). In the present study, under high rate of N
addition soil might have been in excess of N. Nitrogen in
excess of plant demand may increase leaching of nutrients
and soil acidiWcation (Emmett et al. 1998) and cause nutri-
tional imbalances (Boxman et al. 1998). Thus, the negative
eVect of higher N addition on seedling growth in our study
may be related to the following: First, the low soil pH
value. Due to the large amount of N addition, both NO3

¡

and NH4
+ in the higher N treatment plots would likely

exceed the demand of plants and microbes. It is well known
that NO3

¡ leaching out of the system would leave the pro-
tons in the soil, and the greater aYnity of protons for cation
exchange sites in the soil will displace a base cation, which
will balance the charge of the leaching NO3

¡. The amount
of NO3

¡ leaching was signiWcantly correlated with decreas-
ing soil pH value (Macdonald et al. 2002; Chen et al.
2004). In the present study, soil NO3

¡ concentration
increased with increasing level of N addition and exhibited
negative linear relationship with soil pH values (p = 0.033)
(Table 1). If the NH4

+ ion is taken up, one proton is
released. If the added NH4

+ ion is nitriWed, two protons are
released, and leaching of resulting NO3

¡ also gives rise to
the increase of soil protons and base cation loss. So both
NO3

¡ and NH4
+ addition would lead to soil acidiWcation

and base cation loss (Matson et al. 1999). The low pH val-
ues in the higher N-treated plots would be a cause leading
to the negative eVect of N addition on seedling growth, as it
was reported that signiWcant reductions in dry matter pro-
duction of seedlings can be induced by low soil pH value
(Nakaji et al. 2001, 2002). 

Second, a change in root biomass or nutrient imbalance.
Increases in soil N availability can inXuence the availability
and uptake of other nutrients for plant growth by reducing
the root biomass (Schulze 1989), diluting other nutrient
concentrations in the tree tissues (Aber et al. 1995; Ericsson
1995; Brække 1996), and lower availability of soil base cat-
ion as discussed above. These are supported by our Wnd-
ings. The lowest root dry matter (biomass) was found in
N30 treatment plots for both species (Table 2). Nitrogen
addition decreased RAR for both species (Table 2), These
results suggest that seedlings in the N treatments invested
relatively less biomass to roots when compared with the
control plots. The same trends were also found by several
authors (Aerts et al. 1991; Berntson et al. 1995; Wang et al.
1998). Nitrogen addition increased leaf N concentrations
but decreased the concentrations of P and K (Table 3). This
was conWrmed by the results of vector analysis (Wgure not
showed). As a result, ratios of N/P and N/K in N treated
plots, especially higher N treated plots were signiWcantly

increased for both species (p < 0.05). For example, foliar
N/P ratio was 80% higher in N30 plots than in the control
plots (Table 3). Changes in root biomass and foliar chemis-
try were signiWcantly associated with the reduction in seed-
ling/tree growth (Aber et al. 1995; McNulty et al. 1996;
Schaberg et al. 1997; Nakaji et al. 2001, 2002; Krupa
2003). The threshold eVect of N deposition has also been
observed in the study on soil fauna in the same research site
(Xu et al. 2007).

An interesting Wnding was that the highest values for the
seedling growth parameters (biomass production, height
and stem base diameter, and net photosynthetic rate) were
observed in N10 (10 g N m¡2 year¡1) plots for S. superba
and in N15 (15 g N m¡2 year¡1) plots for C. concinna. This
positive eVect of lower rate of N addition was less pro-
nounced for S. superba than for C. concinna, suggesting
that S. superb is less sensitive to lower rate of N deposition
than C. concinna. For the negative eVect of higher rate of N
addition, however, S. superba was more pronounced than
C. concinna. For example, the reduction in net photosyn-
thetic rate in N30 plots was 28% for S. superba and 9% for
C. concinna relative to the control plots (Fig. 3a).

The diVerent response to N addition between these two
species could be related to the species-N-requirement.
Assuming that the N treatment, which resulted in maximum
biomass production, is characterized by a well-balanced
nutritional status, optimal ratios were calculated for each
species (Berger and Glatzel 2001). In this experiment, the
optimal N/Ca/K/P/Mn ratio in seedling leaves was 34/21/
10/3/1 for S. superba and 96/37/17/7/1 for C. concinna.
These ratios suggest that S. superba demands less N than
C. concinna for seedling growth. This interpretation is sup-
ported by the fact that leaf N concentration is generally
lower for S. superba than for C. concinna even in the same
habitat (Wang et al. 1982; Kong et al. 1997). For example,
leaf N concentration was 16 mg g¡1 for S. superba and
23 mg g¡1 for C. concinna in trees for an adjacent tropical
forest (Mo et al. 2000), and was 9 mg g¡1 for S. superba
and 11 mg g¡1 for C. concinna in seedlings for the present
study (Table 3).

The interpretation above is supported by the results
found in a seedling experiment for two temperate tree spe-
cies (Nakaji et al. 2001, 2002). In that experiment, Nakaji
et al. (2001, 2002) found that net photosynthetic rate and
biomass production of C. japonica seedlings were
increased by the N addition, while those of P. densiXora
seedlings were signiWcantly reduced by the highest N
addition. They attributed this diVerent response to the spe-
cies-N-requirement, because C. japonica, characteristic of
nutrient-rich habitats, had higher species-N-requirement
compared with P. densiXora (Nakaji et al. 2001, 2002).

Our Wnding has a fundamental implication for the for-
est dynamics and forest management in the study region.
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S. superba grows in relatively nutrient-poor soils, whereas
C. concinna grows in relatively nutrient-rich soils and the
former is a dominant tree species in both pine-broadleaf
mixed and mature forests, while the latter occurs only in the
mature forest. With the increasing N input to forests in this
region, the relatively nutrient-poor mixed forests may be
suitable for the growth of C. concinna and the population of
S. superba in the nutrient-rich mature forest may be reduced.
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