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Abstract

To investigate the impact of human disturbance and subsequent recovery on soil nitrogen processes, nitrogen availability
during different seasons and at two soil depths in disturbed, rehabilitated and mature forests in tropical China was estimated
using the ion exchange resin (IER) bag method. Soil total mineral N (NH4*~N+NO;™~N) varied significantly depending on
forest and season. Overall, total mineral N concentrations ranked as follows: rehabilitated > mature > disturbed (forest); and
spring > fall > winter > summer (season). Of the total mineral N, NH,*—N was the major form in all forests (about 50-95%)
with its proportion varying depending on forest and season. The correlation between NH; " —N and NO3 "—N was strongest in the
mature forest, followed by the rehabilitated forest and by the disturbed forest. Harvesting understory and litter had significant
ettects on soil N—mineral N was higher in treatment plots (more disturbed) than in control plots (relatively less disturbed).
Although mineral nitrogen is produced, fewer plants and low microbial activity lead to low uptake and low immobilization
resulting in greater N leaching losses in treatment plots. The results of this study suggest that over the period of 50 year or so,
successful rehabilitation of soil N availability on severely degraded lands is possible, however, as long as harvesting of
understory and litter continues in the degraded forest, this rate and level of recovery is unlikely to be realized.
¢ 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Conversion to non-forest use is considered to be one
of the largest threats to tropical forests worldwide.
Currently, tropical deforestation is estimated to be on
the order of 10 million hectare per year during the
1990s (FAQ, 2001). However, of equal concern, but
yet poorly quantified, is degradation of tropical for-
ests, including reductions in biomass, fragmentation,
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and loss in biodiversity (FAO, 1996). Degradation is
generally the culprit when a forest has a significantly
lower biomass than would be expected given the
climate conditions and the soil type (Brown et al.,
1991). Factors behind degradation include: intensive
hrvesting for timber and fuelwood, unsustainable
agriculture, fires, and overgrazing by domestic ani-
mals. Removal of biomass causes nutrient losses
and changes in soil physical and chemical character-
istics (Allen, 1985; Montagnini and Buschbacher,
1989; Hornbeck et al.,, 1990; Lederle and Mroz,
1991; Steudler et al., 1991; Wang et al.. 1991). The
amount of nutrient loss depends on the intensity of
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the activities, environmental factors, and type and
successional state of the forest. If nutrient losses
cannot be recovered during regrowth, forests often
become degraded through time (Jordan et al., 1983;
Vitousek, 1983). Thus, it is important that nutrient
dynamics of human-impacted forests be well under-
stood to develop sustainable forest management plans.
However, disturbed ecosystems are among the least
studied in the tropics (Brown and Lugo, 1990).

Most of the land originally covered with primary
forests in southern China has been degraded by human
activities during the past several hundred years (Wang
et al., 1982). In extreme cases, the land became
completely non-vegetated (He and Yu, 1984).
Attempts to reverse this process of land degradation
have been initiated in the southern region of China.
Over the last few decades, large areas have been
reforested with a native pine species, Pinus massoni-
ana, to prevent further degradation of the landscape.
Cutting of the trees is now prohibited, but harvesting
of understory and litter is allowed to satisfy human
fuel needs. Compared with whole-tree harvest, this
practice removes less biomass from the forests, how-
ever, as understory and litter are relatively nutrient-
rich, this practice may prevent the recovery of soil
fertility and productivity of these forest ecosystems.
Compared with remnant mature forests of the region
and rehabilitated forests (reforested but no harvest-
ing), the disturbed forest appears to have lower
productivity and lower nutrient levels (Ehleringer
et al., 1986: Peng et al., 1989), but definitive data
are lacking.

We have previously reported on the organic matter
and nutrient cycling dynamics in reforested pine
forests in southern China (Brown et al., 1995 and
Mo et al., 1995). We found that harvesting understory
and litter removed substantial quantities of nutrients,
44-73% of the amount in litter and understory pro-
duction (depending on the element), a rate that
appeared to exceed most nutrient inputs from atmo-
spheric deposition (Mo et al., 1995). The current low
site productivity appears to be mainly caused by this
practice (Brown et al., 1995).

The goals of the present study were to: (1) measure
the effects of harvesting understory and litter in the
reforested pine forest on soil nitrogen availability
during different seasons; (2) test the hypothesis that
the soil nitrogen availability increases with restoration

of degraded forests; and (3) compare soil nitrogen
availability among different stages of forest succes-
sion, season, and depth. Results from such studies will
provide insight into the mechanisms underlying the
low productivity, low biomass, and low nutrient avail-
ability observed previously in the degraded site
(Brown et al., 1995; Mo et al., 1995); and the rate
of rehabilitation for the degraded forest.

2. Methods
2.1. Site description
This study was conducted in three forest types in the

UNESCO/MAB Dinghushan biosphere reserve
(DHSBR) in southern China: pine (disturbed), pine-

. broadleaf mixed (rehabilitated), and monsoon ever-

green broadleaf forests (MEBF-mature). In 1956, the
area became the first nature reserve in China and was
affiliated with the Academia Sinica. In 1978, a Forest
Ecosystem Experimental Station was established in
the reserve. One year later, the reserve was placed in
the UNESCO/MAB network of reserves for the humid
tropics. The biosphere reserve lies in the middie part
of Guangdong Province (112°10’E longitude and
23°10'N latitude).

The DHSBR occupies an area of approximately
1200 ha. The monsoon evergreen broadleaf forest,
at about 250-300 m above sea level (ASL) occupies
20% of the reserve area, the mixed pine and broadleaf
forest, at about 200 m ASL occupies 50%, and the pine
forest, at about 50-200 m ASL occupies 20% (Zhou
et al., 1986). The monsoon evergreen broadleaf has
been protected from human impacts for more than
400 years by monks in the temples. (There are three
temples in DHSBR: Baiyun (established in a.p. 678),
Yunrong monastery (a.n. 678) and Qingyun temple
(A.D. 1633).) The pine-broadleaf mixed forest origi-
nated from a planted pine forest that was naturally -
invaded and colonized by broadleaf species and is a
transitional forest from pine to monsoon evergreen
broadleaf forest. The age of this mixed forest is about
65 years (Wang et al., 1982). It is relatively inacces-
sible to the rural population, and litter and understory
harvesting have been minimal to absent. The pine
forest was planted in about 1930. It has been under
constant human pressures most of the time since it



J. Mo et al./Forest Ecology and Management 175 (2003) 573-583 575

was planted (generally the harvesting of understory
and litter). Thus, these forests vary both in level of
human impacts as well as stages of succession, site
conditions, and species assemblages (Wang et al.,
1982).

The reserve has a monsoon climate and is located
in a subtropical moist forest life zone (sensu, Hol-
dridge, 1967). The mean annual rainfall of 1927 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 soil in the three study sites is lateritic red earth
formed from sandstone, but the soil depths vary in
each site. In the monsoon evergreen broadleaf forest
the soil is deeper than 60 cm. In the mixed forest,
depth ranges from 30 to 60 cm, and in the pine forest
the depth is generally less than 30 cm to bedrock. The
major species in the MEBF (mature) are Castanopsis
chinensis, Schima superba, Cryptocarya chinensis, C.
concinna, Machilus chinensis in the tree layer and
Calamus rhabdicladus, Ardisia quinquegona and
Hemigramma decurrens in the understory layers
(Wang et al., 1982). Tree heights range from 4 to
30 m and diameters from 5 to 163 cm (Wang et al,,
1982).

The major species in the mixed pine broadleaf forest
(rehabilitated) are P. massoniana, S. superba, C. chi-
nensis, Craibiodendron kwangtungense, Lindera met-
calfiana, C. concinna in the tree layer and
Rhodomyrtus tomentosa, Evodia lepta, Dicranopteris
linearis var. dichotoma in the understory (Wang et al.,
1982). Tree heights range from 4 to 12 m and dia-
meters from 4 to 48 cm (Wang et al., 1982).

The pine forest (disturbed) is dominated by P.
massoniana. Pine trees range from 100 to 1000
trees ha™', with diameters of 4-32 cm and heights
of 3-11 m (Brown et al.,, 1995). Age of pine trees
range from 12 to 69 years, with a mean value of 30
years. In addition to pine trees, there were a few
eucalyptus trees (Eucalyptus robusta). Understory
species included grasses, ferns, vines and shrubs for
a total of 43 species (Brown et al., 1995).

To investigate the impact of harvesting understory
and litter in the pine forest (disturbed) on nitrogen

availability we used a paired-plot design, with 20
replicates (Brown et al., 1995). Each pair consisted
of a treatment (continued harvest) and control (no
harvest) plot, 10 m x 10 m in size, and surrounded by
a 10 m wide buffer strip. In the treatment plots, local
people continued to harvest litter and understory
according to their practice (about 2-3 times a year)
from the beginning of the experiment in May 1990.
Control plots were protected from any harvesting.
Each plot of a pair was similar in soil, slope, aspect,
and elevation to its matched plot.

2.2. Field sampling and sample analyses

The ion exchange resin (IER) bag method was used
to evaluate nitrification (production of NO; -N) and
nitrogen mineralization (production of NH,™-
N+NO; -N) (Binkley and Matson, 1983, Binkley,
1986, Anderson and Ingram, 1989; Mark et al,
1989). Because IER bags were in contact with the soil
solution and exposed to approximately the same soil
environmental conditions as tree roots, analysis of IER
extracts provided a measure of the relative concentra-
tion of NH4*—N and NO; "N in the soil solution during
the incubation period. The concentration of NH; " -N
and NO;7-N in the resin bags represents the net
difference between two processes: nitrogen mineraliza-
tion and nitrogen uptake by plants and microbes. We
refer to the concentration of NH;*-N and NO; N in
the resin bags as an index of N availability.

At the beginning of the study, 120 IER bags were
prepared by placing about 12 g of mixed cation +
anion resin (about 5 g dry weight, 105 °C for 24 h)
in bags made from nylon hose, which were then
stapled shut (Binkley and Matson, 1983, Anderson
and Ingram, 1989). Because there were three study
sites, these 120 bags were randomly divided into three
sets (40 bags per set) and then buried in randomly
chosen locations (20 locations per site). At each
location, one bag was buried at 2-7 cm and one at
92-17 cm, below the forest floor/mineral soil inter-
face. The first 120 bags were placed in the field on 15
September 1992, and picked up 3 months later (15
December 1992). The bags were placed in an ice chest
for transportation and then stored in a refrigerator until
extraction. This experiment was repeated three times:
from 14 December 1992 to 14 March 1993; 15 March
to 14 June 1993, and 15 June to 14 September 1993.
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For the experiment on the impact of harvesting
understory and litter on nitrogen availability, 100
IER bags were prepared by placing about 10 g of
mixed cation + anion resin in nylon hose. Five of
the paired plots were randomly selected, and 20 bags
(10 for control and 10 for treatment plot) were buried
2-7 cm below the forest floor/mineral soil interface on
30 May 1990. Bags were retrieved on 14 August 1990,
placed in an ice box for transportation and then stored
in a refrigerator until extraction. The experiment was
repeated from 14 August 1990 to 7 March 1991, 7
March 1991 to 21 May 1991, and 23 December 1991
to 16 May 1992,

Soil and roots attached to the resin bags were
carefully removed by hand prior to extraction. The
resin bags were extracted with 100 ml of 1IN KCL by
shaking in a shaker for 1 h (Binkley and Matson,
1983). Ammonium (NH,*-N) was determined with
an autoanalyzer and nitrate (NO; -N) with colori-
metric determination (Anderson and Ingram, 1989) in
the South China Institute of Botany (SCIB), Academia
Sinica.

Samples for measuring soil properties were col-
lected on 15 September 1992. Ten locations were
randomly chosen in each study site and two cores
of soil were collected from each location, one from a
depth of 0—-10 cm and one from 10 to 20 cm. Soils
were dried to a constant weight at 40 °C immediately
after collection. Soil samples were ground to pass
through a 2 mm mesh sieve. Subsamples of soil
materials were dried to 105 °C, and all results were
reported on 105 °C basis (Nanjing Soil Institute,

1978). All soil analyses were done according to
standard methods (Nanjing Soil Institute, 1978).

Main effects of site (forest), soil depth, and season,
and their interaction on nitrogen availability were
determined in a three-way analysis of variance
(ANOVA). Least square regression analysis was used
to determine the relationship between ammonium and
nitrate values. A paired t-test was used to test the
difference in values of NH,"-N and of NO; -N
between treatment (understory and litter removal)
and control plots. Differences for all tests were con-
sidered to be significant at the 0.05 level.

3. Results
3.1. Soil properties

The concentration of organic matter, total N, and
water content in soil of the study sites were ranked in
the order: mature > rehabilitated > disturbed forest,
and decreased with soil depth (Table 1). In contrast,
pH and bulk density values in soil were owest in
mature, second in rehabilitated and highest in disturbed
forest, and both increased with soil depth (Table 1).

3.2. Patterns in NH;"-N+NO; N concentrations

Significant main effects were observed in concen-
trations of total mineral N (NH,"-N+NO; -N)
depending on forest and season (Figs. 1-2 and
Table 2; P < 0.001). Concentrations of total mineral

Table 1

Soil properties in disturbed, rehabilitated and mature forests in tropical China (mean S.E. in parenthesis; n = 10 for all samples).

Forest type Soil Organic Total N (%) C/N pH Bulk density = Moisture
depth (cm) matter (%) g cm™Y) content (%)

Disturbed (pine) 0-10 3.67 (0.14) 0.11 (0.01) 19.01 (0.80)  3.99 (0.02) 1.34 (0.04) 27.83 (1.22)
10-20 1.79 (0.19) 0.07 (0.01) 14.57 (1.08)  4.07 (0.01) 1.47 (0.04) 21.97 (0.98)
Mean 273 (0.17) 0.09 (0.01» 1679 (0.94)  4.03 (0.02) 1.41 (0.04) 24.90 (1.10)

Rehabilitated (mixed) 0-10 4.87 (0.58) 0.13 (0.02) 2135 (1.05)  3.79 (0.03) 1.24 (0.03) 28.39 (1.04)
10-20 2.02 (0.11) 0.07 (0.00) 1645 (0.89)  3.92 (0.01) 1.36 (0.04) 23.55(0.77)
Mean 3.45 (0.35) 0.10 (0.01) 18.90 (0.97)  3.86 (0.02) 1.30 (0.04) 2597 (0.91)

Mature’ 0-10 7.24 (0.74) 0.25 (0.02) 16.81 (0.70)  3.76 (0.07) 1.06 (0.02) 4391 (1.70)
10-20 3.46 (0.41) 0.13 (0.01) 15.02 (1.02)  3.81 (0.05) 1.37 (0.03) 33.23 (0.67)
Mean 5.35 (0.58) 0.19 (0.01) 1591 (0.86)  3.79 (0.06) 1.21 (0.03) 38.57 (1.19)

“ Monsoon evergreen broadleaf forest.
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Fig. 1. A comparison of NH,"-N+NO; N concentrations among different forests in Dinghushan biosphere reserve, southern China.
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Table 2

F-statistic and probability of significant difference by analysis of variance for the main effects and their interactions on NH,*-N + NO; -N
values in disturbed, rehabilitated, and mature forests in a MAB biosphere reserve of subtropical China

Forest Depth Season Forest x season Forest x depth Depth x season

F P F P F P F P F P F P
All forests 13.794  <0.001  0.001 0972 36232 <0.001 11445 <0.001 0.067 0.935 0314 0.815
Pine 0.010 0.920 10945  <0.001 0.561 0.642
Mixed 0.003 0.960 27961  <0.001 0.082 0.970
Mature 0.419 0.526 1.014 0.389 1.966 0.122

N varied significantly among different forests. Over-
all, rehabilitated forest was highest in total mineral N
concentrations (Fig. 1; 41.04 +8.33 and 40.77 +
7.09 pg per day g~ dty resin in depth of 0-10 cm
and 10-20 cm, respectively), followed by mature for-
est (21.57 £4.38 and 23.45 +5.12 pg per day g~'
dry resin in depth of 0—~10 cm and 10-20 cm, respec-
tively) and by disturbed forest (20.86 + 3.47 and
16.13 +2.94 ug per day g~' dry resin in depth of
0-10 cm and 10-20 cm, respectively). The values of
NH,"-N+NO; N also exhibited significant seaso-
nal variations (Fig. 2 and Table 2; P < 0.001) and
generally showed the following order: spring (total
mean value: 47.64 + 14.67 ug per day g ! dry resin) >
fall (23.51 + 2.30 ug per day g~ ' dry resin) > winter
(18.76 +2.06 ug per day g~' dry resin) > summer
(16.81 £ 3.29 ug per day g~' dry resin), However,
when analyzed by separate forest type, mature forest,
unlike the other forests, had no significant seasonal
variation (Table 2; P < 0.001 for disturbed and reha-
bilitated forest; P > 0.389 for mature forest).

Although no significant main effects were found
with soil depths (Fig. 1 and Table 2), variations with
depth were found depending on forest. The concen-
trations of total mineral N in the top soil was 1.3 times
that in deeper soil in disturbed forest, similar to each
other in rehabilitated forest, and 0.9 times that in
deeper soil in mature forest.

In addition to significant main effects, interactions
of forest and season for total mineral N concentrations
were also significant (Fig. 2 and Table 2; P < 0.001).
These results indicate that (1) the effect of forest type
on N availability significantly differed depending on
season or (2) the effect of season on N availability
significantly differed depending on forest. For exam-
ple, in spring the mineral N concentrations exhibited
the following order: rehabilitated (mean total mineral

N: 92.57 & 13.45 ug per day g~' dry resin) > dis-
turbed (34.03 +5.52 pg per day g~' dry resin) >
mature (16.32 & 3.16 pg per day g~ ' dry resin). How-
ever, in summer the order was rehabilitated (23.01 +
3.41 pg per day g~ dry resin) > mature (12.63+
2.32 pg per day g~' dry resin) > disturbed (9.72+

. 1.47 g per day g~' dry resin; forest x season). In

disturbed forest, the mineral N concentrations were
highest in spring season (35.49 + 5.89 pg per day g~
dry resin) and lowest in summer (9.72 + 1.47 pg per
day g™! dry resin). In rehabilitated forest, the highest
concentrations were also found in spring season
(93.20 + 13.28 ug per day g~' dry resin), but the
lowest were generally in winter (18.87 + 3.90 pg
per day g~ dry resin; forest x season).

3.3. Relationship of ammonium and nitrate

Of the total mineral N, ammonium was the major
form in both soil depths and in all forests (Fig. 3).
However, the percentages of total mineral N as NH,"
varied significantly depending on forest and on season,
but not on depth (P < 0.001 for the main effect and
interaction of forest x season; data not shown in
Table). The percentages of NH,™ in both soil depths
in disturbed forest were similar to those in rehabili-
tated forest (Fig. 3; disturbed forest: 86.58-93.41%,
rehabilitated forest: 86.48-94.61%), but the percen-
tages of NH,™ in these two forests were significantly
higher than those in mature forest (49.61-84.71%). A
comparison by season shows that the percentages of
NH, " in mature forest were highest in fall season, but,
in disturbed forest the highest percentages were found
in spring season (forest x season).

Ammonium supply is a factor regulating nitrifica-
tion in these forests, but the supply varied depending
on season and forest (Table 3). In fall and winter
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Fig. 3. A comparison of percentage of ammonium of total mineral N among different forests in Dinghushan biosphere reserve, southern

China.

seasons, NO3~ values were highly positively corre-
lated with NH, ™ values at both soil depths in all forests
(P < 0.05, Table 3). In summer season, this relation-
ship was only found in the deeper soil in mature forest.
A comparison of the different forests showed that the
correlation between NO3;~ and NH,* was strongest in
the mature forest, followed by rehabilitated forest and
by disturbed forest.

Table 3

Correlation coefficients of NH,*~N and NO; -N in disturbed,
rehabilitated and mature subtropical forests in China (n = 20 for all
seasons and depths)

Forest Soil Fall Winter Spring Summer
depth (cm)

Disturbed 0-10 0.625" 0.554° 0382 0.148
10-20 0.672° 0.573° 0438 0.117

Rehabilitated  0-10 0.753" 0.609° 0480 0.130
10-20 0.699" 0751 0.704" 0.022

Mature 0-10 0.835" 0905 0.616" 0426
10-20 079" 0832° 0877 0903

" Significant at (P < 0.05).

3.4. Effects of organic matter removal

Harvesting understory and litter had a significant
impact on NH,* and NO; ™~ concentrations in the resin
bags (Fig. 4). During the first 3 months of the experi-
ment, there was no significant difference in NH,"
between treatment and control plots. From the third
month to the end of this experiment, concentration of
NH,4* was significantly higher in treatment plots than
in control plots (P < 0.05). Nitrate values responded
in similar way to NH4"*, but with more pronounced
differences in the last two time periods.

Y4, Discussion

4.1. Impacts of organic matter harvesting on
nitrogen availability in the disturbed forest

Relatively little information is available about N
mineralization in tropical forest soils, especially in
disturbed ecosystems, although it is well accepted that
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there is a close relationship between forest productiv-
ity and N supply from the soil. Compared to the
complete harvesting of the forest, harvesting of litter
and understory removes fewer nutrients from the
forest sites. Our previous results indicated that this
practice still removed substantial quantities of nutri-
ents, 44-73% of the total litter and understory pool, a

rate that appeared to exceed most nutrient inputs from
atmospheric deposition (Mo et al., 1995).

However, another effect of organic matter removal
is not so obvious. This is the impact on mineral
nitrogen leaching losses. It is reported that distur-
bances in forest ecosystems transform considerable
amounts of organic N to more mobile forms and
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therefore, increase the potential for leaching losses of
nitrogen (Bonilla and Roda, 1990; Adams and Attiwill,
1991). When perturbation is less severe, nitrate-leach-
ing losses are reduced (Jordan et al., 1979). That
mineral N was higher in treatment plots (more dis-
turbed) than in control plots (relatively less disturbed),
especially for NO; ™, suggests that leaching losses were
higher, a trend consistent with these previous findings.

There are three possible explanations for the varia-
tions of mineral N level caused by the practice of
organic matter removal.

(1) This practice changed the cycles of soil drying
and wetting. Removal of understory and litter
increased the exposure of the soil surface to
sunlight and rainfall. This results in higher
fluctuation of soil temperature and moisture, or
more stress for microorganism. Cycles of wetting
and drying greatly affect decomposition of
organic matter and the turnover of biomass
(Van Veen et al., 1984) and cause flushes in net
mineral nitrogen level (Marrs et al., 1991).

(2) This practice decreased the uptake of mineral
nitrogen by plants. Plants influence mineral
nitrogen concentrations mainly through uptake.
The faster plants grow and the more biomass they
contain, the more inorganic nitrogen is taken up
(after the practice of understory harvesting was
stopped, biomass production and N concentration
in the understory increased; unpublished data
from related studies at this site). It can be inferred
that because of the ongoing removal of unders-
tory in treatment plots, the uptake of mineral
nitrogen by plants is less there than in control
plots (Mo et al., 1995).

(3) This practice changed the quantity and quality of
the standing litter. Fresh materials decompose
faster than older materials (Berg and Soderstrom,
1979). In control plots, the substrate is continu-
ally renewed by litterfall, while the substrate in
treatment plots is largely removed and the
remainder becomes progressively enriched in
substances more resistant to decomposition. We
inferred that there would be more microorgan-
isms in control plots than in treatment plots after
a certain period because of the higher quantity
and quality of organic matter. More microorgan-
isms mean more available nitrogen would be

immobilized (N was the only element immobi-
lized in decomposing litter in control sites; Mo
et al., 1995).

Harvesting understory and litter not only removes
the nutrients therein, but it also removes organic
matter and thus, substrate for microbial activity.
Although mineral nitrogen is produced, fewer plants
and low microbial activity lead to low uptake and low
immobilization resulting in greater leaching losses in
treatment plots and thus, higher concentrations in the
resin bags. We propose that this mechanism is one of
the major reasons that the nutrient standing stocks,
forest biomass, rates of biomass production, and
decomposition rates of the disturbed pine forest are
low for its age as shown in our previous work (Brown
et al., 1995, Mo et al., 1995).

4.2. Does soil nitrogen availability increase
with restoration of the degraded forest?

We have demonstrated that harvesting understory
and litter resulted in direct and indirect loss of soil N in
disturbed forest. As humans have disturbed the pine
forest site for a long time, the land has become
severely degraded. This is also reflected in the differ-
ence in soil N concentrations between the pine forest
and mature forest (Table 1). Soil N concentration in
mature forest was twice that of the disturbed forest.
Then, the question is whether the soil N availability
increases with restoration of the degraded forest and if
so how long would this process take? In order to
answer this question, we compared data for disturbed
forest with that for rehabilitated forest and mature
forest (Figs. 1 and 2). Although we assume that a
comparison along this successional gradient will
reflect the expected changes in soil N availability over
time, we must recognize that each forest type has a
different complement of species, with pine dominat-
ing the degraded site, co-dominant in the rehabilitated
aite, and completely absent from the mature site. The
differences in species assemblages affect many
aspects of the N cycle (e.g. stocks and rate of cycling).
Of relevance to the discussion here on soil N avail-
ability is the potential differences in the C/N ratio of
the foliage, litter and soil in the different forest sites as
these factors influence the rate of nitrogen mineraliza-
tion by decomposers. Such data exist for the degraded
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and mature forest sites (Mo et al., 1995; Ding et al.,
2001; Table 1). The C/N ratios for fresh leaves, litter,
and soil of the degraded forest are 37, 83, and 16.8,
respectively; for the mature forest the corresponding
values are 32, 36, and 15.9. Only the litter for the
mature forest site is lower than for the degraded site,
the other values are practically the same. The high C/N
ratio for the litter of the degraded forest is due to
significant retranslocation of N from foliage resulting
in low N concentration in litter, a common observation
in N-poor sites (Mo et al., 1995).

Even though the rehabilitated forest is only about 10
year older than the disturbed forest, on average, and is
growing on the same soil type, its mineral N avail-
ability values were up to 2.0-2.5 times higher than
those of the disturbed forest. The mineral N values in
the rehabilitated forest were 1.7—1.9 times higher than
those of the mature forest. The reason for the lower
mineral N values in mature forest compared to those of
the rehabilitated forest was likely caused by the higher
plant N uptake in the mature forest than in the
rehabilitated forest (higher total and leaf biomass in
the mature forest; Ding et al., 2001). A comparison of
the results between disturbed and rehabilitated forests
suggests that over the period of 50 year or so, success-
ful rehabilitation of nutrient availability on severely
degraded lands is possible. This is similar to the results
we obtained for the rehabilitation of forest biomass
and primary productivity (Brown etal., 1995, Moetal.,
1995). However, as long as harvesting of understory
and litter continues in the degraded forest, this rate and
level of recovery is unlikely to be realized.
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