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ABSTRACT

Soil acid phosphomonoesterase activity (APA) plays a vital role in controlling phosphorus (P) cycling and reflecting the current
degree of P limitation. Responses of soil APA to elevating nitrogen (N) deposition are important because of their potential applications
in addressing the relationship between N and P in forest ecosystems. A study of responses of soil APA to simulated N deposition
was conducted in three succession forests of subtropical China. The three forests include a Masson pine ( Pinus massoniana) forest
(MPF)—pioneer community, a coniferous and broad-leaved mixed forest (MF)—transition community and a monsoon evergreen broad-
leaved forest (MEBF)—climax community. Four N treatments were designed for MEBF: control (without N added), low-N (50 kg N
ha~! year—!), and medium-N (100 kg N ha—! year—!) and high-N (150 kg N ha~! year—!), and only three N treatments (i.e., control,
low-N, medium-N) were established for MPF and MF. Results showed that soil APA was highest in MEBF, followed by MPF and
MF. Soil APAs in both MPF and MF were not influenced by low-N treatments but depressed in medium-N treatments. However, soil
APA in MEBF exhibited negative responses to high N additions, indicating that the environment of enhanced N depositions would
reduce P supply for the mature forest ecosystem. Soil APA and its responses to N additions in subtropical forests were closely related
to the succession stages in the forests.
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INTRODUCTION

Tropical forests are likely to suffer from phospho-
rus (P) deficiency since they are established on highly
weathered and intense P adsorptive soils (Attiwill and
Adams, 1993). A large part of the total soil P is also
bound in the detritus as organic P and remains inac-
cessible to plants. P supply to plants strongly relies on
its mineralization, a process by which organic P is hy-
drolyzed into inorganic P. The process is catalyzed by
soil phosphatase enzymes (Frossard et al., 2000), which
play a critical role in maintaining and controlling the
rate of P turn-over in forest ecosystems (Vance et al.,
2003). Therefore, an increase in root-associated phos-
phatase activity is a suitable predictor of P limitation

in forest soils (Gress et al., 2007).

Soil phosphatase enzymes originate from fungi,
bacteria and root exudates (Johnson et al., 1999),
and comprise a group of enzymes such as phos-
phomonoesterases, phosphodiesterases and phospho-
triesterases (Tabatabai, 1982). Phosphomonoesterases
are the dominant phosphatases in most soils and are
divided into two types according to their pH optima.
One is alkaline phosphomonoesterase prevailing in soils
with high pH, e.g., calcareous soils. The other is acid
phosphomonoesterase, predominant in soils with low
pH (Juma and Tabatabai, 1988).

Atmospheric nitrogen (N) deposition in the tropi-
cal and subtropical regions is on the increase due to
increasing agricultural activities and fossil fuel combu-
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stion (Matson et al., 2002; Galloway et al., 2003).
There is strong evidence that many tropical and sub-
tropical regions are currently suffering from frequent
acid rains associated with high N deposition (Galloway
et al., 2003). The biological and ecological implications
of high N deposition on terrestrial ecosystems have
drawn a great deal of attention in recent years (Ti-
etema et al., 1998; Matson et al., 1999, 2002; Magill
et al., 2004). Increasing N input into natural ecosys-
tems may enhance plant demand for other nutrients,
particularly for P, leading to P limitation in natural
ecosystems (Aber et al., 1989). For tropical forests, P
limitation will result in low carbon storage (Hall and
Matson, 2003; Kellogg and Bridgham, 2003).

The rapidly expanding agricultural and manufac-
turing sectors and the growing volume of traffic in
China are associated with high emissions of N oxides
and atmospheric N deposition (30-73 kg ha=! year—1)
that are likely to impact natural ecosystems, particu-
larly the tropical forests (Foell et al., 1995; Busch et
al., 2001; Rodhe et al., 2002). The functional relation-
ship between soil acid phosphomonoesterase activity
(APA) and P availability in natural ecosystems pro-
vides a suitable entry point for assessing the impact
of increasing N deposition on tropical and subtropical
forests of China, which are likely to experience P limi-
tation. Previous studies have shown changes in soil
APA induced by N inputs in other natural ecosystems
elsewhere (Carreira et al., 2000; Turner et al., 2002;
Pilkington et al., 2005) and in China (Wang, Q. K. et
al., 2008). To the best of our knowledge, such inves-
tigations, except for Wang, Q. K. et al. (2008), have
not been conducted in any of the Chinese tropical and
subtropical forests.

Dinghushan Biosphere Reserve is a natural undis-
turbed subtropical forest located in the middle of
Guangdong Province in southern China, with dis-
tinct forest types at different succession stages, from
the pioneer community (Masson pine forest, MPF)
via the transition community (coniferous and broad-
leaved mixed forest, MF) to the regional climax vegeta-
tion (monsoon evergreen broad-leaved forest, MEBF)
(Zhou et al., 1986). These study sites have been ex-
posed to high atmospheric N deposition of 20-50 kg
N ha=! year™! in the last 15 years (Fang et al.,
2008). These forest stages are associated with different
P requirements, which could allow us to examine the
impact of increased N deposition on forest production
and stability. The study in this reserve has showed
that the N/P ratios in living leaves were increasing
with succession stages and that the standing biomass
and productivity of MEBF have been declining over

699

the last 30 years (Huang et al., 2011). Thus, the aim of
this study was to understand the response of soil APA
to the increased N deposition so as to provide impor-
tant information on P cycling in subtropical forests,
by hypothesizing that 1) soil APA would be greater in
MEBEF than those in both MPF and MF, 2) soil APAs
would be stimulated by N addition in both MPF and
MF due to their low soil N availability, and 3) N ad-
dition would have little or even negative effects on soil
APA in MEBF due to its high soil N availability.

MATERIALS AND METHODS
Site description

The study was conducted in Dinghushan Biosphere
Reserve located in the middle of Guangdong Province
in southern China (112° 33’ E, 23° 10’ N), about 84
km from Guangzhou City and with an area of 1133
ha. It has a typical subtropical monsoon humid cli-
mate. The average annual precipitation is 1927 mm,
of which about 80% occurs between April and Septem-
ber. The annual average temperature is 21 °C, with
the lowest monthly mean temperature at 12.6 °C in
January and the highest at 28 °C in July. The mean
annual relative humidity is 80%.

MPF, MF and MEBF are the main forest types
in Dinghushan Biosphere Reserve, which represent a
sequence of natural succession stages. The MPF, be-
longing to the primary stage of succession, was planted
in the 1950s. It is from 50 to 200 m above sea level
(a.s.l.), occupying 20% of the reserve area and the
dominant species is Pinus massoniana (Brown et al.,
1995). The MF is a sub-climax forest community that
was a coniferous plantation established in the 1930s,
but due to colonization from natural dispersal of re-
gional broadleaf species, its composition has greatly
changed over time. It is at about 200 m a.s.l., ac-
counting for 50% of the reserve area and the main
canopy species are Pinus massoniana, Schima superba,
and Castanopsis chinensis (Wang and Ma, 1982). If
sufficient time is allowed, it may develop into a mon-
soon evergreen broad-leaved forest type. The MEBF,
a regional climax forest community, has been well pro-
tected for more than 400 years. It is at about 200-350
a.s.l., holding 20% of the reserve area, and the main
canopy species are Castanopsis chinensis, Machilus
chinensis, Schima superba, Cryptocarya chinensis, and
Syzygium rehderianum.

The elevation, aspect and slope of the three forests
are similar with slopes ranging from 15° to 35°. The
soils of the three forests are lateritic red earth formed
from sandstone, with variable soil depths. The soil de-
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pth is less than 40 cm in MPF, ranges from 30 to 60
cm in MF and is deeper than 60 cm in MEBF (Brown
et al., 1995).

Ezxperimental design

The experiment was started in each of the three
forests in July 2003. Three N addition treatments were
designed in MPF and MF: control (without N added),
low-N (50 kg N ha=! year™!), and medium-N (100
kg N ha=! year™!), and four N addition treatments
were set up in MEBF: control, low-N, medium-N, and
high-N (150 kg N ha~! year~!). Each treatment had
3 replicates resulting into a total of 30 plots estab-
lished in the three forests (9 in MPF, 9 in MF and 12
in MEBF). Each plot measured 20 m x 10 m, with a
10 m wide buffer strip around it. All plots and treat-
ments were laid out randomly. For each N application,
NH4NOj fertilizer was weighed, mixed with 20 L wa-
ter, and sprayed monthly onto the ground below the
canopy using a backpack sprayer. The same amount
of water without N added was applied to the control
plots (Mo et al., 2006).

Soil sampling

In July 2009, soil samples were collected from two
mineral soil layers (top soil layer, 0-10 cm; lower soil
layer, 10-20 cm) after removal of the litter layer. Fif-
teen soil cores (2.5 cm in diameter) were taken ran-
domly and homogenized into one sample for each soil
profile per plot. Thus, there were a total of six soil
samples including two soil layers in each treatment.
Soil samples were put in sealed plastic bags and im-
mediately taken to the laboratory. After the removal
of roots, stones, and other impurities, each soil sam-
ple was screened to pass a 2-mm sieve and stored at 4
°C until analysis of soil APA. The measurement pro-
cedures of soil APA were completed within 28 days. A
subsample of each soil sample was air-dried for analysis
of related soil chemical properties.

Determination of soil chemical properties and soil APA

Gravimetric soil moisture was determined from
mass loss after the soil sample was dried at 105 °C
for 24 h. Soil pH was measured in a deionized water
suspension using a glass electrode at a ratio of 25 mL
water to 10 g soil (Liu et al., 1996). Soil organic matter
(SOM) was determined by dichromate oxidation before
titration with a Fe?t solution (Liu et al., 1996). To-
tal N (TN) was analyzed by semimicro-Kjeldahl diges-
tion followed by steam distillation and final titration
of ammonium (Liu et al, 1996). Total P (TP) was
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measured colorimetrically after digestion (Liu et al.,
1996). Available P was extracted with 0.03 mol L1
NH,F-0.025 mol L~! HCI and determined colorimetri-
cally (Liu et al., 1996).

Soil APA was measured according to Schneider et
al. (2000), using para-nitrophenyl phosphate (p-NPP)
as a substrate in a modification of the original method
from Tabatabai and Bremner (1969). One gram of fresh
soil was placed into a 100 mL Erlenmeyer flask and
incubated for 30 min in a water bath at 30 °C with
4 mL of modified universal buffer (MUB, pH = 6.5)
containing 1 mL of 100 mmol L~! p-NPP substrate.
After incubation, the flask was immediately placed on
ice, and then 1 mL of 2 mol L~! CaCl, and 4 mL
of 0.2 mol L™! NaOH were added to terminate the
reaction and extract the formed para-nitrophenol (p-
NP). The sample was diluted with 90 mL of deionized
water and then filtered through Whatman-42 filter pa-
per. Further dilution would be made if soil APA was
too high. Absorbance of released p-NP was determined
spectrophotometrically at 400 nm. Four replicates in-
cluding one blank were used for each soil sample. For
the blank, p-NPP was added after (instead of before)
the incubation. Enzymatic activity was expressed in
umol p-NP g=! h=!. All soil chemical properties and
soil APA were expressed on an oven-dry soil weight
basis.

Statistical analysis

Homogeneity of variances and normality of distri-
butions of data sets were checked. Data that were not
homogeneous were logarithmically transformed prior
to analysis. An independent-samples t-test was used
to test difference between two soil depths. A one-
way ANOVA with Tukey multiple comparison test was
performed to determine statistical differences of soil
chemical properties and soil APA among the forests
and N treatments. All analyses were conducted with
SPSS 11.5 for Windows. Statistically significant dif-
ferences were accepted at P < 0.05 unless otherwise
stated.

RESULTS
Soil chemical properties

Soil pH was the lowest in the control plots in
MEBEF, followed by MPF and MF (Table I). SOM and
TN contents were significantly higher in MEBF than
in MF and MPF in two soil layers of 0—10 and 10-20
cm. The differences between MF and MPF were how-
ever not significant. TP contents in all three forests
showed no significant differences. Available P content
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TABLE 1
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Soil chemical properties® and their responses to nitrogen (N) additions in Masson pine forest (MPF), coniferous and broad-leaved
mixed forest (MF) and monsoon evergreen broad-leaved forest (MEBF) of subtropical China

Soil layer Forest Treatment Soil pH SOM TN TP Available P
om mgg™! mg kg?
0-10 MPF Control 3.89abP) 24.0b 0.95b 0.18a 0.61b
Low-N 3.82 25.2 0.96 0.19 0.64
Medium-N 3.78 21.7 0.85 0.16 0.54
MF Control 3.91a 15.0b 0.70b 0.16a 0.59b
Low-N 3.83 17.4 0.90 0.18 0.21
Medium-N 3.82 15.2 0.77 0.18 0.36
MEBF Control 3.70b 41.9a 1.85a 0.20a 1.57a
Low-N 3.69 44.4 1.88 0.22 1.79
Medium-N 3.59 44.7 1.80 0.23 1.55
High-N 3.62 45.0 1.77 0.23 1.72
10-20 MPF Control 3.99ab 13.2b 0.67b 0.20a 0.27a
Low-N 3.90 14.2 0.68 0.17 0.46
Medium-N 3.92 12.8 0.64 0.17 0.18
MF Control 4.10a 8.7b 0.59b 0.19a 0.16a
Low-N 4.06 8.0 0.61 0.18 0.08
Medium-N 4.03 7.9 0.61 0.16 0.16
MEBF Control 3.87b 23.7a 0.97a 0.18a 0.38a
Low-N 3.92 25.4 0.99 0.19 0.51
Medium-N 3.76 24.6 1.12 0.19 0.47
High-N 3.80 28.0 1.14 0.20 0.57

a)SOM = soil organic matter; TN = total nitrogen; TP = total phosphorus.
b) Mean values followed by different letter(s) within a column for a given soil layer are significantly different among the controls of the

three forests at P < 0.05.

was significantly (P < 0.01) higher in MEBF than
those in MF and MPF only in top soil layer (0-10 cm),
but not in lower soil layer (10-20 cm), while the differ-
ences between MF and MPF were not significant.

Soil pH, SOM, TN, TP and available P in the three
forests were not significantly influenced by N additions.
However, N addition treatments in the three forests
almost lowered soil pH when compared with controls

except for low-N treatments in the lower soil layer of
MEBF (Table I).

Soil APA in control plots

The top soil layer (0-10 cm) in the control plots
showed a significantly (P < 0.01) higher soil APA level
than the lower soil layer (10-20 cm) (Fig.1). The dif-
ferences of soil APA between the two soil layers varied
with forest types. In MEBF, the soil APA in the top
soil layer was approximately twice (1.92) as high as
that in the lower soil layer, while in MF and MPF,
the ratios of soil APA in the top soil layer to that in
the lower soil layer were 1.67 and 1.63, respectively.
In the top soil layer, soil APA was significantly higher
(P < 0.01) in MEBF (21.40 pmol p-NP g=! h=1) than
those in both MPF (11.25 umol p-NP g=! h=1) and
MF (9.03 wmolp-NP g~ h=1), but there was no signi-
ficant difference between MPF and MF. The same re-
sults occurred in the lower soil layer, with 11.14 pmol

p-NP g=! h=! in MEBF, 6.72 pmol p-NP g=! h~! in
MPF and 5.55 pmol p-NP g=! h™! in MF. Soil APA
in MEBF was significantly higher than that in MF or
MPF (P < 0.01).
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Fig. 1 Soil acid phosphomonoesterase activity (APA) in control
plots of Masson pine forest (MPF), coniferous and broad-leaved
mixed forest (MF) and monsoon evergreen broad-leaved forest
(MEBEF) of subtropical China. Vertical bars represent the stan-
dard errors of the means (n = 3). Bars with the same letter for
a given soil layer are not significantly different among the three
forests at P < 0.05.

Effects of N addition on soil APA

Responses of soil APA to N addition varied with
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forest type, soil depth and N treatment level (Fig. 2). In
the top soil layer of MPF, soil APA was a little higher
(no statistical differences) in low-N treatment (11.88
umol p-NP g=! h~1) than that in the control (11.25
umol p-NP g=! h~1) (Fig. 2a), but it significantly de-
creased by 29% in the medium-N treatment (7.97 pmol
p-NP g=! h™!) compared with the control. In the
lower soil layer, soil APA declined with increasing
N addition but without significant differences among
the three treatments (Fig.2b). It ranked as medium-N
(5.04 pmol p-NP g~ h™1) < low-N (6.03 wmol p-NP
g ! h™!) < control (6.72 umol p-NP g~ h~1).
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Fig. 2 Effects of nitrogen (N) addition on soil acid phospho-
monoesterase activity (APA) in the (a) top soil layer (0-10 cm)
and (b) lower soil layer (10-20 cm) in Masson pine forest (MPF),
coniferous and broad-leaved mixed forest (MF) and monsoon
evergreen broad-leaved forest (MEBF) of subtropical China.
Vertical bars represent the standard errors of the means (n = 3).
Bars with the same letter for a given forest are not significantly
different among the N treatments at P < 0.05.

In the top soil layer of MF, the highest level (9.31
umol p-NP g~ h™1) of soil APA was recorded in the
low-N treatment plots, followed by the control (9.03
umol p-NP g=! h™1) and medium-N treatment (7.66
umol p-NP g=! h=1), but there were no significant dif-
ferences among them (Fig. 2a). In the lower soil layer of
MF, soil APA in the control plots (5.55 umol p-NP g~*
h~1) was higher than those in both low-N (4.55 pwmol
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p-NP ¢g=! h™!) and medium-N (4.75 wmol p-NP g=!
h™1) treatments, with no significant differences among
them (Fig.2b). As a whole, N addition had no signifi-
cant effects on the soil APA in either soil layer of MF.

In MEBF, N addition depressed soil APAs in both
soil depths compared with those of the control. For
the top soil layer, soil APA was significantly lower
(P < 0.01) in each N addition treatment than in the
control (Fig.2a). Compared with the control (21.40
wmol p-NP g=! h™1), soil APA of the top soil layer
decreased by 28%, 26% and 41% in low-N (15.49 pmol
p-NP g=! h=1), medium-N (15.73 pmol p-NP g=! h—1),
and high-N (12.56 umol p-NP g=! h~!) treatments,
respectively. Soil APA had no significant difference
among all N addition treatments. For the lower soil
layer, soil APA in each N addition treatments was
lower than that in the control, but the differences were
not significant among them (Fig.2b). The mean soil
APA was 11.14, 9.49, 10.71, and 10.34 umol p-NP g~1
h~! in the control, low-N, medium-N and high-N treat-
ments, respectively.

DISCUSSION
Broad implications by soil APA values

Soil APAs in the three forests of Dinghushan Bio-
sphere Reserve were relatively high compared with the
values measured in other acidic forest soils (Pang and
Kolenko, 1986; Schneider et al., 2000; Trasar-Cepeda
et al., 2000; Dinesh et al., 2004), and they were much
higher than other subtropical forest soils (Chen, 2003;
Wang, Q. K. et al, 2008). Low available P content
in the area could be responsible for high soil APA.
The production of phosphatases by plant roots and mi-
crobes would be enhanced when soil available P is in
shortage. Moreover, another reason for high soil APA
could be the long-term high atmospheric N deposition
in this region (Huang et al., 1994; Zhou and Yan, 2001;
Fang et al., 2008). High N stock in soil pools through
atmospheric N deposition would require more availa-
ble P to prevent P deficiency that would limit plant
growth. Thus, the high soil APA in this studied area
reflected a regional deficiency in soil available P. This
also partly explained the result of a significantly posi-
tive (rather than negative) relationship between soil
APA and available P (Table II).

Soil APA was higher in the top soil layer than in the
lower soil layer, showing a decreasing trend with min-
eral soil depths. The result was consistent with other
reports, which demonstrated that the APAs in differ-
ent soil depths reduced with the decrease of SOM, TN
and TP (Pang and Kolenko, 1986; Chen et al., 2000,
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TABLE II

Pearson correlation coefficients between soil acid phosphomo-
noesterase activity (APA) and some soil chemical properties®
in Dinghushan Biosphere Reserve

SOM TN TP Available P

Pearson correlation  0.831 0.83 0.489 0.677
P value <0.01 <001 <0.01 <o0.01

2)SOM = soil organic matter; TN = total nitrogen; TP = total
phosphorus.

2008; Turner et al., 2002). Significantly positive rela-
tionships (P < 0.01) were observed between soil chem-
ical properties (SOM, TN, TP) and soil APA (Ta-
ble II), indicating that the better the soil nutrient
status, the higher the soil APA would be. In addi-
tion, microbes, the producers of soil acid phosphomo-
noesterase, use carbon and N as their energy and nu-
trient sources and, consequently, the microbial biomass
was depressed with soil depths (Taylor et al., 2002; Yi
et al., 2006). Thus, the decline of soil APA with soil
depths was driven by soil nutrient and microbes allo-
cation.

Effects of forest succession on soil APA

The soil APA in control plots was significantly
higher in MEBF than those in both MF and MPF,
which indicated that soil APA was enhanced by the
stage of forest succession (MPF—MF—MEBF). Con-
sequently, the increase in soil APA should reflect an
enhanced requirement for P by plants and/or microbes
in the late succession forest. This result is supported
by the suggestion that P is possibly one of the fac-
tors limiting the plant productivity in the mature
forest of Dinghushan Biosphere Reserve (Mo et al.,
2000). Among the three forests, the highest soil APA
in MEBF can be ascribed to the improved vegetation
conditions (Huang et al., 1998) and soil nutrient status
(Table I) in the process of forest succession (Harrison,
1983; Grierson and Adams, 2000). Former studies also
reported that root biomass and soil microbial biomass
were higher in MEBF than those in MPF and MF (Fu
et al., 1995; Yi et al,, 2003). Therefore, the explana-
tions for the highest soil APA in MEBF among the
three forests included the advantaged nutrient status
and the greater quantity of enzyme producers in ma-
ture forest.

Effects of N addition on soil APA

In the top soil layer of MPF and MF, soil APAs
had no significantly positive responses to the low-N
treatments. Litter decomposition experiments demon-
strated that soil N was a limiting factor in both MPF

703

and MF (Mo et al., 1995, 2006). No responses of soil
APA to N addition suggest that there is no shift from
N to P acquisition as a result of the release of N limi-
tation in the two forests. The results are inconsistent
with the other studies showing that N fertilization in-
creased soil APA since moderate N addition may miti-
gate the N limitation and stimulate the need for P in
the ecosystems (Saiya-Cork et al., 2002; Sinsabaugh et
al., 2002, 2005; Allison et al., 2006; Wang, Q. K. et al.,
2008).

Different from the effect of low-N treatment on soil
APA, the medium-N treatment induced a mild reduc-
tion of soil APA in MPF and MF. This is partially sup-
ported by the result of Wang, H. et al. (2008), which
showed that soil microbial biomass had been decreased
by the medium-N treatments in MPF and MF. In this
case, the reduction of soil APA could be attributed to
the depressed microbial population. Aber et al. (1989)
noted that chronic N addition to N-limited forest soils
would initially enhance soil microbial activity, but over
time would cause a carbon-limited state after microbial
demand for N was satisfied. Thus, the reduction of soil
APA with medium-N treatments in MPF and MF may
be due to the N satisfied; or perhaps N addition would
induce a significant reduction of soil APA in MPF and
MF over a long period of time.

The results of N addition in MEBF showed a dif-
ferent trend from those of MPF and MF. N addition
treatments had negative effects on soil APA compared
with the control in MEBF. The inhibition of soil APA
was even more pronounced by the high-N treatment.
The results were similar to the study in southern Edin-
burgh (Carreira et al, 2000), where soil APA was
significantly lower under N- and S (sulfur)-containing
acid-mist treated trees than that under control trees.
These results are also supported by the experiment car-
ried out in a spruce forest stand in Solling (Enowashu
et al., 2009), central Germany, which showed that soil
phosphatase activities increased in the clean rain treat-
ment (reduced N input).

There are some possible reasons responsible for the
above results. First, soil pH was the lowest in MEBF
among the three forests, and it was further declined
upon the N addition treatments although the diffe-
rences were not significant (Table I). The relatively
low soil pH value can cause a decrease in soil microbial
biomass in MEBF (Wang, H. et al.,, 2008). This was
supported by other studies (Smolander et al,, 1994;
Joergensen et al., 1995), which demonstrated that N
addition induced the reduction of microbes. This was
also partially supported by the results of significantly
negative effects of N addition on litter decomposition
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in MEBF (Mo et al., 2006). Furthermore, there was a
considerable risk of aluminium (Al) toxicity in MEBF
with enhancing Al content in N treatments (Lu et al.,
2009), which was adverse to soil conditions and in-
directly inhibited the growth of plants and microbes
(Liu, 2000; Wang, H. et al., 2008). The depressed
plants and microbes would necessarily lead to the re-
ducing production of soil APA. Finally, MEBF is likely
to be N saturated due to both long-term high atmo-
spheric N deposition (Zhou and Yan, 2001) in this re-
gion and self-accumulation in mature forests (Vitousek,
1982, 1984). Soil available N was significantly higher
in MEBF than that in MPF and MF. The propor-
tions of NO3z-N were also the highest in MEBF, fol-
lowed by MPF and MF (Huang et al., 2009; Lu et
al., 2009). Higher NO3 -N proportion in soil available
N has been regarded as a sign of N saturation (Aber
et al., 1998). A nutrient imbalance is likely to happen
in MEBF with the N saturation status, and, hence,
this condition is disadvantageous to microbial growth
that requires balanced nutrient proportions (Kuper-
man, 1999). Moreover, N addition greatly elevated
NO;3 -N and resulted in a relatively low percentage of
NH;-N in soil inorganic N (Fang et al., 2004). This
may lead to the reduction of soil APA in N addition
treatments because ammonium, rather than nitrate, is
important to determine the increase of soil APA (John-
son et al., 1999). Therefore, the combined effects of soil
acidification and N saturation on soil APA are likely
to induce a decline in the mineralization of organic P
and eventually exacerbate P-deficient stress in the sub-
tropical mature forest.

CONCLUSIONS

With the process of forest succession (MPF—MF
—MEBF), it was evident that the changes in vegeta-
tion conditions, which may affect soil properties, such
as soil pH, organic carbon contents, N availability and
microbial biomass, resulted in the greatest value of soil
APA in the mature forest (MEBF). This was further
supported by the different responses of soil APA to N
addition treatments. In both MPF and MF, which are
still N limited, soil APAs were slightly elevated in low-
N treatments but depressed in medium-N treatments.
In contrast, soil APA in MEBF exhibited negative re-
sponses to N addition, which was probably due to both
long-term high atmospheric N deposition in this region
and self-accumulation in mature forests. In addition,
the relative high values of soil APA found in the stu-
died region may reflect the intensity of P limitation in
subtropical forests. Especially in MEBF, the signifi-
cant decreases of soil APA in response to the N addi-

W. J. HUANG et al.

tion indicate that the enhancement of N content may
aggravate P deficiency in the mature forest.

ACKNOWLEDGEMENT

The authors thank Mr. Mo Ding-Sheng, Mr. He
Hai-Qing, Miss Li Yin, Miss Li Yan-Hong and others
for the field sample collection and analysis.

REFERENCES

Aber, J. D., Nadelhoffer, K. J., Steudler, P. and Melillo, J. M.
1989. Nitrogen saturation in northern forest ecosystems.
BioScience. 39: 378-386.

Aber, J. D., McDowell, W., Nadelhoffer, K. J., Magill, A., Be-
rntson, G., Kamakea, M., McNulty, S., Currie, W., Rustad,
L. and Fernandez, I. 1998. Nitrogen saturation in northern
forest ecosystems: Hypotheses revisited. BioScience. 48:
921-934.

Allison, S. D., Nielsen, C. and Hughes, R. F. 2006. Elevated
enzyme activities in soils under the invasive nitrogen-fixing
tree Falcataria moluccana. Soil Biol. Biochem. 38: 1537—
1544.

Attiwill, P. M. and Adams, M. A. 1993. Nutrient cycling in
forests. New Phytol. 124: 561-582.

Brown, S., Lenart, M. T., Mo, J. M. and Kong, G. H.
1995. Structure and organic matter dynamics of a human-
impacted pine forest in a MAB reserve of subtropical China.
Biotropica. 27: 276-289.

Busch, G., Lammel, G., Beese, F. O., Feichter, J., Dentener,
F. J. and Roelofs, G. J. 2001. Forest ecosystems and the
changing patterns of nitrogen input and acid deposition to-
day and in the future based on a scenario. Enwviron. Sci.
Pollut. R. 8: 95-102.

Carreira, J. A., Garcia-Ruiz, R., Lietor, J. and Harrison, A. F.
2000. Changes in soil phosphatase activity and P transfor-
mation rates induced by application of N- and S-containing
acid-mist to a forest canopy. Soil Biol. Biochem. 32: 1857—
1865.

Chen, C. R., Condron, L. M., Davis, M. R. and Sherlock, R. R.
2000. Effects of afforestation on phosphorus dynamics and
biological properties in a New Zealand grassland soil. Plant
Soil. 220: 151-163.

Chen, C. R., Condron, L. M. and Xu, Z. H. 2008. Impacts of
grassland afforestation with coniferous trees on soil phospho-
rus dynamics and associated microbial process: A review.
Forest Ecol. Manag. 255: 396—409.

Chen, H. J. 2003. Phosphatase activity and P fractions in soils of
an 18-year-old Chinese fir (Cunninghamia lanceolata) plan-
tation. Forest Ecol. Manag. 178: 301-310.

Dinesh, R., Chaudhuri, S. G. and Sheeja, T. E. 2004. Soil bio-
chemical and microbial indices in wet tropical forests: Ef-
fects of deforestation and cultivation. J. Plant Nutr. Soil
Sci. 167: 24-32.

Enowashu, E., Poll, C., Lamersdorf, N. and Kandeler, E. 2009.
Microbial biomass and enzyme activities under reduced ni-
trogen deposition in a spruce forest soil. Appl. Soil Ecol.
43: 11-21.

Fang, Y. T., Mo, J. M., Zhou, G. Y., Gundersen, P., Li, D. J. and
Jiang, Y. Q. 2004. The short-term responses of soil available
nitrogen of Dinghushan forest to simulated N deposition in
subtropical China. Acta Ecol. Sin. (in Chinese). 24: 2353—
2359.



RESPONSES OF PHOSPHATASE TO NITROGEN DEPOSITION

Fang, Y. T., Gundersen, P., Mo, J. M. and Zhu, W. X. 2008. In-
put and output of dissolved organic and inorganic nitrogen
in subtropical forests of South China under high air pollu-
tion. Biogeosciences. 5: 339-352.

Foell, W., Green, C., Amann, M., Bhattacharya, S., Carmichael,
G., Chadwick, M., Cinderby, S., Haugland, T., Hettelingh,
J. P., Hordijk, L., Kuylenstierna, J., Shah, J., Shrestha, R.,
Streets, D. and Zhao, D. 1995. Energy use, emissions, and
air pollution reduction strategies in Asia. Water Air Soil
Poll. 85: 2277-2282.

Frossard, E., Condron, L. M., Oberson, A., Sinaj, S. and
Fardeau, J. C. 2000. Processes governing phosphorus availa-
bility in temperate soils. J. Environ. Qual. 29: 15-23.

Fu, S. L., Yi, W. M. and Ding, M. M. 1995. Mineralization of
soil microbial C, N, P and K in different vegetations types
at Dinghushan Biosphere Reserve. Acta Phytoecol. Sin (in
Chinese). 19: 217-224.

Galloway, J. N., Aber, J. D., Erisman, J. W., Seitzinger, S. P.,
Howarth, R. W., Cowling, E. B. and Cosby, B. J. 2003. The
nitrogen cascade. BioScience. 53: 341-356.

Gress, S. E., Nichols, T. D., Northcraft, C. C. and Peterjohn, W.
T. 2007. Nutrient limitation in soils exhibiting differing ni-
trogen availabilities: What lies beyond nitrogen saturation?
FEcology. 88: 119-130.

Grierson, P. F. and Adams, M. A. 2000. Plant species affect acid
phosphatase, ergosterol and microbial P in a Jarrah (Fu-
calyptus marginata Donn ex Sm.) forest in south-western
Australia. Soil Biol. Biochem. 32: 1817-1827.

Hall, S. J. and Matson, P. A. 2003. Nutrient status of tropi-
cal rain forests influences soil N dynamics after N additions.
Ecol Monogr. 73: 107-129.

Harrison, A. F. 1983. Relationship between intensity of phos-
phatase activity and physico-chemical properties in wood-
land soils. Soil Biol. Biochem. 15: 93-99.

Huang, W. J., Liu, J. X., Tang, X. L., Huang, Y. H., Liu, S.
Z., Chu, G. W. and Zhou, G. Y. 2009. Inorganic nitrogen
and available phosphorus concentrations in the soils of five
forests at Dinghushan, China. Chin. J. Appl. Environ. Biol.
(in Chinese). 15: 441-447.

Huang, W. J., Zhou, G. Y. and Liu, J. X. 2011. Nitrogen and
phosphorus status and their influences on aboveground pro-
duction under increasing nitrogen deposition in three succes-
sional forests. Acta Oecol. doi:10.1016/j.actao.2011.06.005.

Huang, Z. L., Ding, M. M., Zhang, Z. P. and Yi, W. M.
1994. The hydrological processes and nitrogen dynamics in a
monsoon evergreen broad-leaved forest of Dinghushan. Acta
Phytoecol. Sin. (in Chinese). 18: 194-199.

Huang, Z. L., Kong, G. H. and Wei, P. 1998. Plant species diver-
sity dynamics in Dinghu Mountain forests. Chin. Biodivers.
(in Chinese). 6: 116-121.

Joergensen, R. G., Anderson, T. H. and Wolters, V. 1995. Car-
bon and nitrogen relationships in the microbial biomass of
soils in beech (Fagus sylvatica L.) forests. Biol. Fert. Soils.
19: 141-147.

Johnson, D., Leake, J. R. and Lee, J. A. 1999. The effects of
quantity and duration of simulated pollutant nitrogen de-
position on root-surface phosphatase activities in calcare-
ous and acid grasslands: a bioassay approach. New Phytol.
141: 433-442.

Juma, N. G. and Tabatabai, M. A. 1988. Comparison of kinetic
and thermodynamic parameters of phosphomonoesterases
of soils and of corn and soybean roots. Soil Biol. Biochem.
20: 533-539.

Kellogg, L. E. and Bridgham, S. D. 2003. Phosphorus reten-
tion and movement across an ombrotrophic-minerotrophic

705

peatland gradient. Biogeochemistry. 63: 299-315.

Kuperman, R. G. 1999. Litter decomposition and nutrient dy-
namics in oak-hickory forests along a historic gradient of
nitrogen and sulfur deposition. Soil Biol. Biochem. 31:
237-244.

Liu, G. S., Jiang, N. H., Zhang, L. D. and Liu, Z. L. 1996.
Soil Physical and Chemical Analysis and Description of Soil
Profiles (in Chinese). Standards Press of China, Beijing.

Liu, J. X. 2000. Effect of aluminum toxicity on forests under
acid deposition. J. Trop. Subtrop. Bot. (in Chinese). 8:
269-274.

Lu, X. K., Mo, J. M., Gundersern, P., Zhu, W. X., Zhou, G.
Y., Li, D. J. and Zhang, X. 2009. Effects of simulated N
deposition on soil exchangeable cations in three forest types
of subtropical China. Pedosphere. 19: 189-198.

Magill, A. H., Aber, J. D., Currie, W. S., Nadelhoffer, K. J., Mar-
tin, M. E., McDowell, W. H., Melillo, J. M. and Steudler,
P. 2004. Ecosystem response to 15 years of chronic nitro-
gen additions at the Harvard Forest LTER, Massachusetts,
USA. Forest Ecol. Manag. 196: 7-28.

Matson, P. A., McDowell, W. H., Townsend, A. R. and Vitousek,
P. M. 1999. The globalization of N deposition: ecosystem
consequences in tropical environments. Biogeochemistry.
46: 67-83.

Matson, P., Lohse, K. A. and Hall, S. J. 2002. The globalization
of nitrogen deposition: Consequences for terrestrial ecosys-
tems. Ambio. 31: 113-119.

Mo, J. M., Brown, S., Lenart, M. and Kong, G. H. 1995. Nu-
trient dynamics of a human-impacted pine forest in a MAB
Reserve of subtropical China. Biotropica. 27: 290-304.

Mo, J. M., Brown, S., Xue, J. H., Fang, Y. T and Li, Z. A. 2006.
Response of litter decomposition to simulated N deposition
in disturbed, rehabilitated and mature forests in subtropical
China. Plant Soil. 282: 135-151.

Mo, J. M., Zhang, D. Q., Huang, Z. L., Yu, Q. F. and Kong, G.
H. 2000. Distribution pattern of nutrient elements in plants
of Dinghushan lower subtropical evergreen broad-leaved for-
est. J. Trop. Subtrop. Bot. (in Chinese). 8: 198-206.

Pang, P. C. K. and Kolenko, H. 1986. Phosphomonoesterase
activity in forest soils. Soil Biol. Biochem. 18: 35-40.

Pilkington, M. G., Caporn, S. J. M., Carroll, J. A., Cresswell, N.,
Lee, J. A., Emmett, B. A. and Johnson, D. 2005. Effects of
increased deposition of atmospheric nitrogen on an upland
Calluna moor: N and P transformations. Environ. Pollut.
135: 469-480.

Rodhe, H., Dentener, F. and Schulz, M. 2002. The global distri-
bution of acidifying wet deposition. Environ. Sci. Technol.
36: 4382-4388.

Saiya-Cork, K. R., Sinsabaugh, R. L. and Zak, D. R. 2002. The
effects of long term nitrogen deposition on extracellular en-
zyme activity in an Acer saccharum forest soil. Soil Biol.
Biochem. 34: 1309-1315.

Schneider, K., Turrién, M. B. and Gallardo, J. F. 2000. Modified
method for measuring acid phosphatase activities in forest
soils with high organic matter content. Commun. Soil Sci.
Plan. 31: 3077-3088.

Sinsabaugh, R. L., Carreiro, M. M. and Repert, D. A. 2002. Allo-
cation of extracellular enzymatic activity in relation to litter
composition, N deposition, and mass loss. Biogeochemistry.
60: 1-24.

Sinsabaugh, R. L., Gallo, M. E., Lauber, C., Waldrop, M. P.
and Zak, D. R. 2005. Extracellular enzyme activities and
soil organic matter dynamics for northern hardwood forests
receiving simulated nitrogen deposition. Biogeochemistry.
75: 201-215.



706

Smolander, A., Kurka, A., Kitunen, V. and Malkonen, E. 1994.
Microbial biomass C and N, and respiratory activity in soil
of repeatedly limed and N- and P-fertilized Norway spruce
stands. Soil Biol. Biochem. 26: 957-962.

Tabatabai, M. A. 1982. Soil enzymes. In Page, A. L., Miller, R.
H. and Keeney, D. R. (eds.) Methods of Soil Analysis. Part
2. Chemical and Microbiological Properties. 2nd Edition.
American Society of Agronomy, Madison. pp. 903-948.

Tabatabai, M. A. and Bremner, J. M. 1969. Use of p-nitrophenyl
phosphate for assay of soil phosphatase activity. Soil Biol.
Biochem. 1: 301-307.

Taylor, J. P., Wilson, B., Mills, M. S. and Burns, R. G. 2002.
Comparison of microbial numbers and enzymatic activities
in surface soils and subsoils using various techniques. Soil
Biol. Biochem. 34: 387—-401.

Tietema, A., Boxman, A. W., Bredemeier, M., Emmett, B. A.,
Moldan, F., Gundersen, P., Schleppi, P. and Wright, R. F.
1998. Nitrogen saturation experiments (NITREX) in conife-
rous forest ecosystems in Europe: a summary of results.
Environ. Pollut. 102: 433-437.

Trasar-Cepeda, C., Leirés, M. C. and Gil-Sotres, F. 2000. Bio-
chemical properties of acid soils under climax vegetation
(Atlantic oakwood) in an area of the European temperate-
humid zone (Galicia, NW Spain): specific parameters. Soil
Biol. Biochem. 32: 747-755.

Turner, B. L., Baxter, R. and Whitton, B. A. 2002. Seasonal
phosphatase activity in three characteristic soils of the En-
glish uplands polluted by long-term atmospheric nitrogen
deposition. Environ. Pollut. 120: 313-317.

Vance, C. P., Uhde-Stone, C. and Allan, D. L. 2003. Phosphorus
acquisition and use: critical adaptations by plants for secu-
ring a nonrenewable resource. New Phytol. 157: 423-447.

W. J. HUANG et al.

Vitousek, P. 1982. Nutrient cycling and nutrient use efficiency.
Am. Nat. 119: 553-572.

Vitousek, P. M. 1984. Litterfall, nutrient cycling, and nutrient
limitation in tropical forests. Ecology. 65: 285-298.

Wang, B. S. and Ma, M. J. 1982. The successions of the forest
community in Dinhushan. Trop. Subtrop. For. Ecosys. (in
Chinese). 1: 142-156.

Wang, H., Mo, J. M., Lu, X. K., Xue, J. H., Li, J. and Fang,
Y. T. 2008. Effects of elevated nitrogen deposition on soil
microbial biomass carbon in the main subtropical forests of
southern China. Acta Ecol. Sin. (in Chinese). 28: 470-478.

Wang, Q. K., Wang, S. L. and Liu, Y. X. 2008. Responses to
N and P fertilization in a young Fucalyptus dunnii planta-
tion: Microbial properties, enzyme activities and dissolved
organic matter. Appl. Soil Ecol. 40: 484-490.

Yi, Z. G., Yi, W. M., Ding, M. M., Zhou, L. X., Zhang, D. Q.
and Wang, X. M. 2006. Vertical distribution of soil organic
carbon, soil microbial biomass and soil CO2 concentration
in Dinghushan Biosphere Reserve. Ecol. Environ. (in Chi-
nese). 15: 611-615.

Yi, Z. G., Yi, W. M., Zhou, G. Y., Zhou, L. X., Zhang, D. Q.
and Ding, M. M. 2003. Soil carbon effluxes of three major
vegetation types in Dinghushan Biosphere Reserve. Acta
Ecol. Sin. (in Chinese). 23: 1673-1678.

Zhou, G. Y. and Yan, J. H. 2001. The influences of regional
atmospheric precipitation characteristics and its element in-
puts on the existence and development of Dinghushan forest
ecosystems. Acta Ecol. Sin. (in Chinese). 21: 2002-2012.

Zhou, H. C., Li, M. J., Zhou, Y. R., He, D. Q. and Huang, Y.
J. 1986. The vegetation map of Dinghushan Biosphere Re-
serve with reference to its illustration. Trop. Subtrop. For.
Ecosyst. (in Chinese). 4: 43-49.





