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Abstract With the continuing increase in human activi-
ties causing accelerating rates of anthropogenic nitrogen
deposition inputs into forests, there is considerable
interest in understanding the effects of nitrogen deposi-
tion on litter decomposition. Two dominant litters were
chosen from Zijin Mountain in China: Quercus acutiss-
ima from a broad-leaved forest and Pinus massoniana
from a coniferous forest. The litters were incubated in
microcosms and treated with a gradient of nitrogen
fertilization. During a 6-month incubation, changes in
chemical composition (i.e., lignin, total carbohydrate,
and nitrogen), litter mass losses, soil pH values, and the
activities of degradative enzymes were determined. Re-
sults showed that medium-nitrogen and high-nitrogen
fertilization significantly accelerated litter decomposi-
tion rates of leaves, while only the high-nitrogen fertil-
ization significantly accelerated litter decomposition
rates of needles. The results also showed that cellulase
and nitrate reductase were primarily responsible for lit-
ter decomposition in the broad-leaved forest, while
catalase, cellulase, and acid phosphatase were primarily
responsible for litter decomposition in the coniferous
forest under conditions of no N fertilization; catalase,
cellulase, and acid phosphatase were primarily respon-
sible for litter decomposition in the broad-leaved forest,
while catalase, cellulase, invertase, and nitrate reductase
were primarily responsible for litter decomposition in
the coniferous forest under conditions of N fertilization.
Nitrogen fertilization-stimulated litter decomposition
was due to the fact that the activities of enzymes, par-
ticularly cellulase, were accelerated.
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Introduction

Anthropogenic nitrogen (N) deposition is a global pro-
cess that increases N inputs into terrestrial ecosystems
(Lovett 1994). At present, atmospheric N deposition is a
major source of anthropogenic N in the terrestrial eco-
systems of the northeastern United States, Europe, and
Asia (Galloway and Cowling 2002). With more and
more anthropogenic N deposition input into the forest
ecosystems, the effects on litter decomposition have re-
cently received considerable interest, specifically in terms
of the global N cycle and potential feedbacks to the
carbon (C) cycle. Some studies reporting on the effects of
N deposition on litter decomposition have used “N
fertilization” methods and found neutral effects of N
fertilization on litter decomposition (Johnson et al. 2000;
Keller et al. 2005). This may be because (1) there is N
saturation for the soil microorganisms, (2) C substrate
quality was lower and the microbial communities did
not shown an obvious response to N fertilization
(Hobbie 2000), or (3) the forest was able to adapt to
external N input due to a greater capacity for self-
adjustment (Hobbie and Vitousek 2000). Other studies
have found positive effects of N fertilization on litter
decomposition (Sinsabaugh et al. 2002; Bragazza et al.
2006) due to the alleviated N limitations on microbial
metabolism (Sinsabaugh et al. 2002). Others still have
found negative effects of N fertilization on litter
decomposition (Magill and Aber 1998; Micks et al.
2004). This may be due to the formation of more re-
calcitrant forest floor material after complexation be-
tween N and polyphenols and/or the inhibition of lignin-
decomposing enzymes by low molecular N compounds
(Carreiro et al. 2000). These results are obviously
inconsistent. This may be due to the difference in the
litter types used, the type or the level of N fertilization,
or the time scale of the studies.

It is well known that exoenzymes can be used as an
indicator of microbial decomposition (Moorhead and
Sinsabaugh 2000), so changes in enzymatic activities
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under N fertilization could explain the effects of fer-
tilization on litter decomposition. Some previous
studies have shown that N fertilization accelerated the
activities of degradative enzymes, such as cellulase
(Waldrop et al. 2004; Sinsabaugh et al. 2005), phos-
phatase (Saiya-Cork et al. 2002; Sinsabaugh et al.
2005), polyphenol oxidase (Bragazza et al. 2006), and
urease (Saiya-Cork et al. 2002). However, other studies
have found that N fertilization restrained the activity
of cellulase (Sinsabaugh et al. 2002; Deforest et al.
2004), urease (Ajwa et al. 1999), polyphenol oxidase
(Gallo et al. 2004), peroxidase (DeForest et al. 2004),
and oxidative enzymes (Waldrop et al. 2004; Gallo
et al. 2004). This may be due to differences in the effects
of N fertilization in the presence of different types or
levels of different microorganism groups, which may
secrete different exoenzymes to soils. Thus, to under-
stand the role of exoenzymes during the litter decom-
position process, changes in the activities of soil
exoenzymes involved in litter decomposition were
monitored in this study.

Microcosm experiments have been found to be useful
for testing factors that influence decomposition under
controlled conditions (Naeem et al. 2000). Thus, this
study was carried out through a microcosm experiment
to assess litter decomposition and the relationship with
soil enzyme activities in a subtropical broad-leaved
forest (Quercus acutissima) and a coniferous forest (Pi-
nus massoniana) in Zijin Mountain in China, as well as
the response to a gradient of N fertilization. The
objectives of this study were (1) to determine the dif-
ference in litter decomposition between leaves and nee-
dles in response to a gradient of N fertilization, (2) to
study the effects of external N fertilization on the
activities of soil enzymes, and (3) to identify the major
degradative enzyme contributors involved in litter
decomposition in a subtropical forest after exposure to
N fertilization.

Materials and methods
Site description

Three discrete sites were chosen in two types of forests, a
broad-leaved forest (BF, dominated by Quercus acu-
tissima) and a coniferous forest (CF, dominated by Pi-
nus massoniana), located on Zijin Mountain (32°5'N,
118°48’E), Nanjing, China. The mountain has an area of
24 km? and a peak of 447.1 m. The study areas have a
subtropical humid climate. Annual mean temperature is
15.4°C with the monthly mean temperature reaching a
maximum of 28.2°C in July and a minimum of 1.9°C in
January. The average annual precipitation level is
1,106.5 mm, and the rainy season comes in June and
July. The level of natural atmospheric N deposition is
approximately 3 g N m 2 year . It is mainly in nitrate
form (Wang et al. 2007).

Table 1 Initial litter quality of Quercus acutissima leaves and Pinus
massoniana needles

Composition Leaves Needles
Lignin (mg g~ ") 301.40b 385.35a
Total carbohydrate (mg g~ ') 485.29b 526.75a
N (mg g™") 9.25a 7.99b
Lignin:N 32.57b 48.21a
C:N 52.44b 65.90a

Different letters in a row indicate a significant difference (P < 0.05;
ANOVA)

Experimental design

Quercus acutissima leaves and Pinus massoniana needles
were collected from the forest floor of the site in Sep-
tember 2008 (initial litter quality is shown in Table 1).
All the litter samples were taken back to the laboratory
and oven-dried at 70°C for 24 h to achieve constant
weight for further study. Meanwhile, five soil samples
from each forest type were collected from the top layers
of the forest soil. All soil samples were kept in sealed
bags and immediately (after ~2 h) taken back to the
laboratory for further study. Soil samples were passed
through a 2-mm sieve to remove leaves, plant roots, and
gravel. All soil samples were then homogenized by
thorough mixing and kept in a refrigerator at 4°C prior
to incubation.

To study litter decomposition, 1 g litter was mixed
with approximately 40 g soil in a 125-mL polypropylene
specimen chamber. Soils of BF and CF were selected as
the source of microorganisms. Leaves were incubated in
the soil of BF, and needles were incubated in the soil of
CF. The experimental design was full factorial, with two
litters (leaves and needles) x four levels of N fertiliza-
tion, i.e., low N (I g N m 2 year !, LN), medium N
(2gNm ?year ', MN), high N (3 g N m 2 year ',
HN), and control (no N fertilization, CK). As such,
there were eight total treatment combinations: BF with
low N (LN-BF), BF with medium N (MN-BF), BF with
high N (HN-BF), BF with control (CK-BF), CF
with low N (LN-CF), CF with medium N (MN-CF), CF
with high N (HN-CF), and CF with control (CK-CF). N
fertilization in the form of aqueous dissolved NH4NO;
was sprayed each week during the incubation. The
samples were kept in the dark and were covered with
plastic wrap to prevent evaporation. The length of the
incubation was 6 months.

Three sample replicates per treatment were system-
atically harvested each month after incubation. The soil
adhering to litter samples was carefully removed, and
the litter samples were then oven-dried at 70°C for 24 h
to achieve constant weight and used for chemical anal-
yses and mass losses. Replicated soil samples were also
harvested and mixed thoroughly per treatment. All
replicated soil samples were kept in sealed bags and
refrigerated at 4°C in preparation for pH and enzymatic
activity measurements.



Chemical analysis and enzymatic activity determination

Litter samples were analyzed to determine lignin, total
carbohydrate, and N concentrations, and litter mass
losses. Lignin concentration was determined by a gra-
vimeter using hot sulfuric acid digestion (Osono and
Takeda 2002). Total carbohydrate in the filtrate was
estimated by the phenol-sulfuric acid method (Osono
and Takeda 2002). N concentration was determined
with Kjeldahl digestion (Bremner 1996).

Soil samples were analyzed to determine pH values
and the activities of soil enzymes. Soil pH values were
measured using a glass electrode (1:2.5 soil-to-water
ratio) after shaking the samples to equilibration for
approximately 30 min (Dick et al. 2000). The activities
of soil enzymes involved in litter decomposition were
determined spectrophotometrically with little modifica-
tion: cellulase (E.C. 3.2.1.4; Ghose 1987), invertase (E.C.
3.2.1.26; Ohshima et al. 2007), polyphenol oxidase (E.C.
1.10.3.1; Perucci et al. 2000), catalase (E.C. 1.11.1.6;
Guan 1986), nitrate reductase (E.C. 1.7.99.4; Daniel and
Curran 1981), urease (E.C. 3.5.1.5; Nannipieri et al.
1980), and acid phosphatase (E.C. 3.1.3.2; Kandeler
et al. 1999). The activities of soil enzymes were assayed
within 1 week after sampling.

Statistical analyses

The constant potential mass loss over time was calcu-
lated by the following exponential equation (Olson
1963):

x =xoe ¥ (1)

where x is the original mass of a litter sample, x, is the
amount of litter remaining after time ¢, and k is the litter
decomposition coefficient (month™!).

Data were checked for deviations from normality and
homogeneity of variance before analysis. An analysis of
variance was applied to assess significant differences
between various treatments using SPSS (version 13.0).
Correlations were determined using the simple Pearson
product-moment correlation coefficient. Statistically
significant differences were set with P values <0.05,
unless otherwise stated.

Results
Litter decomposition

After a 6-month period of litter decomposition, the
cumulative mass losses of LN-BF, MN-BF, HN-BF,
CK-BF, LN-CF, MN-CF, HN-CF, and CK-CF were
20.41, 20.85, 22.40, 18.67, 16.98, 17.47, 18.54, and
16.39%, respectively (Fig. 1). Correspondingly, the
litter decomposition coefficients (k values) were 0.0430
(HN-BF), 0.0399 (MN-BF), 0.0377 (LN-BF), 0.0350
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Fig. 1 Changes in cumulative mass losses of the two litters during

litter decomposition. Symbols: open triangle LN-BF; open square

MN-BF; open circle HN-BF; open diamond CK-BF; filled triangle

LN-CF; filled square MN-CF; filled circle HN-CF; filled diamond

CK-CF. Error bars indicate standard error (SE)

Table 2 Decomposition coefficient (k values, month™') of the two
litters during a 6-month litter decomposition

Treatments Leaves Needles
CK 0.0350cd 0.0300e
LN 0.0377bc 0.0309¢
MN 0.0399b 0.0325de
HN 0.0430a 0.0343d

Different letters indicate a significant difference (P < 0.05; Tukey’s
HSD test)

(CK-BF), 0.0343 (HN-CF), 0.0325 (MN-CF), 0.0309
(LN-CF), and 0.0300 (CK-CF) (Table 2). N fertiliza-
tion-accelerated litter decomposition rates were, on
average, approximately 9.32 (LN-BF), 11.68 (MN-BF),
19.98 (HN-BF), 3.61 (LN-CF), 6.60 (MN-CF), and
13.15% (HN-CF) higher than those of CK, respec-
tively. In contrast, MN and HN fertilization signifi-
cantly accelerated the litter decomposition rates of
leaves, while only HN fertilization significantly accel-
erated the litter decomposition rates of needles
(Table 2, P < 0.05).

Lignin and total carbohydrate concentrations of the
two litters under conditions of N fertilization and CK
were not significantly changed during the litter decom-
position process in all treatments (data not shown). N
concentrations of the two litters showed similar trends,
with a slight increase during the first 4 months and a
slow decrease in the latter 2 months in all treatments,
and there were significant differences between N fertil-
ization and CK treatments during the latter 3 months of
incubation (data not shown). The ratio of lignin:N and
C:N of needles showed a trend of a slow decrease in the
first 4 months and a slight increase in the latter
2 months, while those of leaves had no wide variation
during the litter decomposition process (data not
shown). Lignin:N of leaf litter was significantly corre-
lated with mass losses during the litter decomposition
process in MN and HN fertilization, while no significant
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Table 3 Relationship between

composition and mass losses of Lignin Total N Lignin:N C/N
the two litters carbohydrate
BF
CK R 0.42 0.70 0.40 0.30 0.25
P 0.4019 0.1250 0.4325 0.5606 0.6351
LN R? 0.41 0.63 0.33 0.20 0.20
P 0.4195 0.1768 0.5171 0.7070 0.7089
MN R? 0.51 0.64 0.63 0.76* 0.64
P 0.2980 0.1703 0.1762 0.0415 0.1672
HN R 0.27 0.64 0.66 0.87* 0.68
P 0.5995 0.1733 0.1524 0.0238 0.1385
CF
CK R? 0.38 0.45 0.63 0.70 0.67
P 0.4551 0.3671 0.1766 0.1248 0.1487
* * *
BF broad-leaved forest, N § 8'2(5)95 8'2(1)09 8'343165 8'(8)516 gggn
CK control, LN low nitrogen, — py R 0.48 0.45 0.87* 0.92% 0.91%
MN medium nitrogen, /N high P 0.3361 0.3720 0.0253 0.0088 0.0106
pitrogen, CF coniferous forest gy R 0.50 0.44 0.85* 0.85* 0.89*
s+¢p < 0001 L, an P 0.3095 0.3816 0.0342 0.0324 0.0167

relationships were found in LN fertilization or CK
(Table 3, P < 0.05). N concentrations and the ratios of
lignin:N and C:N of needle litter were significantly cor-
related with mass losses during the litter decomposition
process in N fertilization, while no significant relation-
ship was found in CK (Table 3, P < 0.05).

Soil pH values and enzymatic activities

During the 6-month incubation period, soil pH values
increased slightly during the litter decomposition process
in all treatments, while there was no significant differ-
ence between N fertilization and CK treatments in the
two forests (data not shown).

N fertilization accelerated the activities of the degra-
dative enzymes, such as catalase, cellulase, invertase, acid
phosphatase, polyphenol oxidase, and urease, of the two
forests in most cases during the decomposition process
(Fig. 2a—c, e—g). N fertilization restrained nitrate reductase
activities in the two forests in most cases during the
decomposition process (Fig. 2d). Under CK treatment,
cellulase and nitrate reductase activities were positively
correlated with litter mass losses in BF, while catalase,
cellulase, and acid phosphatase activities were positively
correlated with litter mass losses in CF (Table 4,
P < 0.05). Under N fertilization, catalase, cellulase, and
acid phosphatase activities were positively correlated with
litter mass losses in BF, while catalase, cellulase, invertase,
and nitrate reductase activities were positively correlated
with litter mass losses in CF (Table 4, P < 0.05).

Discussion
Litter decomposition

Results of this study showed that decomposition rates of
the two litters increased along the gradient of increasing

N fertilization. This was consistent with the results of
Kuperman (1999). N fertilization accelerated litter
decomposition rates by enhancing the growth of
microorganisms that decompose labile compounds of
the litter (Sinsabaugh et al. 2002). However, our results
showed that the responses of the decomposition for the
two litters with different physicochemical properties
were different. The litter mass losses of leaves were
higher than those of needles under the same level of N
fertilization, and the MN and HN fertilization signifi-
cantly accelerated the litter decomposition rates for
leaves, while only HN fertilization significantly acceler-
ated the litter decomposition rates for needles. This may
be because microbial communities in the broad-leaved
forest are more responsive to N fertilization than those
in the coniferous forest.

The level of atmospheric N deposition in the fast
developing regions of China was approximately 3-5 g
N m 2 year ! in 2003 (Wang et al. 2007), thus, the most
natural ecosystems in undeveloped regions are thought
to be lower than this level. Therefore, according to the
results of this study, litter decomposition rates in the
broad-leaved forest would dramatically increase under
increased atmospheric N deposition. At the same time,
lower levels of atmospheric N deposition will not have
significant effects on litter decomposition rates in the
coniferous forest in most natural ecosystems in undev-
eloped regions.

Soil pH value and enzymatic activities

Haynes and Mokolobate (2001) have shown that soil pH
values increased during litter decomposition. Results in
this study were consistent with their results. This may be
due to the production of ammonium during litter
decomposition (Hoyt and Turner 1975) or the accumu-
lation of organic matter in the soil (van Antwerpen and
Meyer 1999). However, N fertilization had no significant
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Table 4 Relationship between

enzymatic activities and litter Catalase  Cellulase Invertase  Nitrate Acid Po}yphenol Urease
mass losses in the two forests reductase  phosphatase  oxidase
BF
CK R* 052 0.94%* 0.54 0.76* 0.68 0.15 0.39
P 0.2859 0.0052 0.2639 0.041 0.14 0.7731 0.4402
LN R* 035 0.87* 0.23 0.09 0.75 0.31 0.39
P 04923 0.0243 0.6557 0.8629 0.0843 0.5469 0.4452
MN R*> 042 0.88* 0.75 0.69 0.68 0.13 0.09
P 04011 0.0214 0.0886 0.1304 0.1391 0.8009 0.8635
HN R* 0.79* 0.93%* 0.60 0.50 0.79* 0.19 0.24
P 0.0413 0.0074 0.2081 0.3090 0.0429 0.7115 0.6507
CF
CK R*> 091% 0.96%* 0.13 0.58 0.77* 0.11 0.06
P 0.0109 0.0019 0.81 0.2251 0.0425 0.83 0.913
LN R*> 0.79% 0.97** 0.58 0.60 0.36 0.05 0.14
BF Broad-leaved forest, P 00414 0.0011 0.2283 0.2045 0.4851 0.9287 0.7857
CK control, LN low nitrogen, MN R* 045 0.98%%*%  ().78% 0.81% 0.62 0.38 0.58
MN medium nitrogen, HN high P 0.3689 0.0004 0.0446 0.049 0.1863 0.4517 0.2324
nitrogen, CF fomferous forest N R 0.71 0.97%* 0.76* 0.86* 0.43 0.14 0.11
*f*; 2'%5601}) < 0.01, and P 0.1127 0.0016 0.0415 0.0282 0.3891 0.7964 0.8381

effects on soil pH values in this study. We conjecture
that this may be due to the metabolites produced by soil
microorganisms during litter decomposition, which had
a neutralizing effect on the acidity after NH4NO;
hydrolysis.

Investigators have revealed that cellulase and invert-
ase are responsible for C mineralization (Romani et al.
2006; Antonious 2009), urease and nitrate reductase are
responsible for N mineralization (Antonious 2009), and
acid phosphatase is responsible for phosphorus (P)
mineralization during litter decomposition (Dick et al.
2000), while polyphenol oxidase is responsible for the
decomposition of recalcitrant polymers, such as lignin
and humic acids (Allison et al. 2008). Catalase is sus-
ceptible to external disturbance (Baczek-Kwinta and
Koscielniak 2009). Results in this study showed that N
fertilization accelerated enzymatic activities, such as
those of cellulase, invertase, acid phosphatase, poly-
phenol oxidase, and urease, and that the activities of
those enzymes increased along the gradient of increasing
N fertilization in most cases during the litter decompo-
sition process. This suggested that the C, N, and P
mineralization increased after N fertilization.

Some investigators have suggested that soil micro-
organisms, especially fungi, usually dominate at N-lim-
ited sites (Tietema 1998). Thus, the accelerated
enzymatic activities in this study may be attributed to
the alleviation of N limitation on soil microorganisms
(Sinsabaugh et al. 2002). It could be expected that ni-
trate reductase activities would be increased when
nitrogen was added directly. On the contrary, however,
nitrate reductase activities decreased unexpectedly after
N fertilization in this study. The reason may be that
denitrification accelerated after nitrate inputs (Rudd
et al. 1988). The inconsistencies in the effects of N fer-
tilization on the activities of soil enzymes may be
attributed to differences in the response of the metabolic
activities of different microorganism groups, which
may secrete different enzymes into the forest soils

for litter decomposition under different levels of N
fertilization.

Results in this study show that cellulase and nitrate
reductase were primarily responsible for litter decom-
position in the broad-leaved forest, while catalase, cel-
lulase, and acid phosphatase were primarily responsible
for litter decomposition in the coniferous forest under
conditions of no N fertilization; catalase, cellulase, and
acid phosphatase were primarily responsible for litter
decomposition in the broad-leaved forest, while catalase,
cellulase, invertase, and nitrate reductase were primarily
responsible for litter decomposition in the coniferous
forest under conditions of N fertilization. The results
suggest that the type and quantity of the major degra-
dative enzymes involved in litter decomposition differed
in different forests under different treatment. This may
be due to the difference in the physicochemical proper-
ties of the two litters or the two forest soils under dif-
ferent treatments, which, in turn, may have effects on
the activities of microbial metabolism, particularly on
the enzymatic secretion. The results also suggest that the
accelerated litter decomposition rates under external N
fertilization may be due to the increased activities of
those enzymes, particularly cellulase. Some studies have
also suggested that a major effect of N fertilization is to
stimulate litter decomposition through an increase in
cellulase activities (Sinsabaugh et al. 2002).

Results in this study showed that N fertilization
accelerated the litter decomposition in a subtropical
forest. The higher litter decomposition rates may cause
an increase in the greenhouse gas CO, in the atmosphere
(Jenkinson et al. 1991). Elevated atmospheric CO, might
also lead to a warmer climate (Trenberth 1999), which
could enhance the rates of litter decomposition in forest
ecosystems (Hobbie 1996). Therefore, anthropogenic N
deposition can lead to related changes in climatic fac-
tors, such as increasing atmospheric CO, concentration
and temperature, which, in turn, generally have multiple
effects on forest ecosystems. Some studies have reported



that the effects of N fertilization on early decomposition
stages and later stages may be totally different (Moran
et al. 2005). Thus, further studies, especially field studies,
are required to characterize the long-term effects of N
fertilization on litter decomposition in forest ecosystems.

Acknowledgments This study was supported by the National Nat-
ural Science Foundation of China (30870419, 40971151) and Pro-
ject 948 of State Forestry Administration (2006-4-13). We are
grateful to two anonymous referees for their helpful comments to
improve this manuscript.

References

Ajwa HA, Dell CJ, Rice CW (1999) Changes in enzyme activities
and microbial biomass of tall grass prairie soil as related to
burning and nitrogen fertilization. Soil Biol Biochem 31:769—
777

Allison SD, Czimczik CI, Treseder KK (2008) Microbial activity
and soil respiration under nitrogen addition in Alaskan boreal
forest. Global Change Biol 14:1156-1168

Antonious GF (2009) Enzyme activities and heavy metals con-
centration in soil amended with sewage sludge. J Environ Sci
Health A 44:1019-1024

Baczek-Kwinta R, Koscielniak J (2009) The mitigating role of
environmental factors in seedling injury and chill-dependent
depression of catalase activity in maize leaves. Biol Plantarum
53:278-284

Bragazza L, Freeman C, Jones T, Rydin H, Limpens J, Fenner N,
Ellis T, Gerdol R, Hajek M, Hajek T, lacumin P, Kutnar L,
Tahvanainen T, Toberman H (2006) Atmospheric nitrogen
deposition promotes carbon loss from peat bogs. Proc Natl
Acad Sci USA 103:19386-19389

Bremner JM (1996) Nitrogen-total. In: Sparks DL (ed) Methods of
soil analysis. Part 3. Chemical methods. SSSA-ASA, Madison,
pp 1085-1121

Carreiro MM, Sinsabaugh RL, Repert DA, Parkhurst DF (2000)
Microbial enzyme shifts explain litter decay responses to sim-
ulated nitrogen deposition. Ecology 81:2359-2365

Daniel RM, Curran MP (1981) A method for the determination of
nitrate reductase. J Biochem Biophys Methods 4:131-132

DeForest JL, Zak DR, Pregitzer KS, Burton AJ (2004) Atmo-
spheric nitrate deposition, microbial community composition,
and enzyme activity in northern hardwood forests. Soil Sci Soc
Am J 68:132-138

Dick WA, Cheng L, Wang P (2000) Soil acid and alkaline phos-
phatase activity as pH adjustment indicators. Soil Biol Biochem
32:1915-1919

Gallo M, Amonette R, Lauber C, Sinsabaugh RL, Zak DR (2004)
Microbial community structure and oxidative enzyme activity
in nitrogen-amended north temperate forest soils. Microb Ecol
8:218-229

Galloway J, Cowling E (2002) Reactive nitrogen and the world:
200 years of change. Ambio 31:64-71

Ghose TK (1987) Measurement of cellulase activities. Pure Appl
Chem 59:257-268

Guan SY (1986) Soil enzyme and its research methods (in Chinese).
Agricultural Press, Beijing

Haynes RJ, Mokolobate MS (2001) Amelioration of Al toxicity
and P deficiency in acid soil by additions of organic residues: a
critical review of the phenomenon and the mechanisms in-
volved. Nutr Cycl Agroecosys 59:47-63

Hobbie SE (1996) Temperature and plant species control over litter
decomposition in Alaskan Tundra. Ecol Monogr 66:503-522

Hobbie SE (2000) Interactions between litter lignin and soil
nitrogen availability during leaf litter decomposition in a
Hawaiian montane forest. Ecosystems 3:484-494

Hobbie SH, Vitousek PM (2000) Nutrient limitation of decompo-
sition in Hawaiian forests. Ecology 81:1867-1877

1127

Hoyt PB, Turner RC (1975) Effects of organic materials added to
very acid soils on pH, aluminum, exchangeable NHy4, and crop
yields. Soil Sci 119:227-237

Jenkinson DS, Adams DE, Wild A (1991) Model estimates of CO,
emissions from soil in response to global warming. Nature
351:304-306

Johnson DW, Cheng W, Ball JT (2000) Effects of CO, and N
fertilization on decomposition and N immobilization in pon-
derosa pine litter. Plant Soil 224:115-122

Kandeler E, Tscherko D, Spiegel H (1999) Long-term monitoring
of microbial biomass, N mineralisation and enzyme activities of
a Chernozem under different tillage management. Biol Fert
Soils 28:343-351

Keller JK, Bridgham SD, Chapin CT, Iversen CM (2005)
Limited effects of six years of fertilization on carbon minerali-
zation dynamics in a Minnesota fen. Soil Biol Biochem
37:1197-1204

Kuperman RG (1999) Litter decomposition and nutrient dynamics
in oak-hickory forests along a historic gradient of nitrogen and
sulfur deposition. Soil Biol Biochem 31:237-244

Lovett GM (1994) Atmospheric deposition of nutrient and pollu-
tants in North America: an ecological perspective. Ecol Appl
4:629-650

Magill AH, Aber JD (1998) Long-term effects of experimental
nitrogen additions on foliar litter decay and humus formation
in forest ecosystems. Plant Soil 203:301-311

Micks P, Downs MR, Magill AH, Nadelhoffer KJ, Aber JD (2004)
Decomposition litter as a sink for 15 N-enriched additions to
an oak forest and a red pine plantation. For Ecol Manage
196:71-87

Moorhead DL, Sinsabaugh RL (2000) Simulated patterns of litter
decay predict patterns of extracellular enzyme activities. Appl
Soil Ecol 14:71-79

Moran KK, Six J, Horwath WR, van Kessel C (2005) Role of
mineral-nitrogen in residue decomposition and stable soil or-
ganic matter formation. Soil Sci Soc Am J 69:1730-1736

Naeem S, Hahn DR, Schuurman G (2000) Producer decomposer
co-dependency influences biodiversity effects. Nature 403:762—
764

Nannipieri P, Ceccanti B, Cervelli S, Matarese E (1980) Extraction
of phosphatase, urease, proteases, organic-carbon, and nitrogen
from soil. Soil Sci Soc Am J 44:1011-1016

Ohshima T, Tamura T, Sato M (2007) Influence of pulsed electric
field on various enzyme activities. J Electrostat 65:156-161

Olson JS (1963) Energy storage and the balance of producers and
decomposers in ecological systems. Ecology 44:322-331

Osono T, Takeda H (2002) Comparison of litter decomposing
ability among diverse fungi in a cool temperate deciduous forest
in Japan. Mycologia 94:421-427

Perucci P, Casucci C, Dumontet S (2000) An improved method to
evaluate the o-diphenol oxidase activity of soil. Soil Biol Bio-
chem 32:1927-1933

Romani AM, Fischer H, Mille-Lindblom C, Tranvik LJ (2006)
Interactions of bacteria and fungi on decomposing litter: dif-
ferential extracellular enzyme activities. Ecology 87:2559-2569

Rudd JWM, Kelly CA, Schindler DW, Turner MA (1988) Dis-
ruption of the nitrogen cycle in acidified lakes. Science
240:1515-1517

Saiya-Cork KR, Sinsabaugh RL, Zak DR (2002) The effects of
long term nitrogen deposition on extracellular enzyme activity
in an Acer saccharum forest soil. Soil Biol Biochem 34:1309—
1315

Sinsabaugh RL, Carreiro MM, Repert DA (2002) Allocation of
extracellular enzymatic activity in relation to litter composition,
N deposition, and mass loss. Biogeochemistry 60:1-24

Sinsabaugh RL, Gallo ME, Lauber C, Waldrop M, Zak DR (2005)
Extracellular enzyme activities and soil carbon dynamics for
northern hardwood forests receiving simulated nitrogen depo-
sition. Biogeochemistry 75:201-215

Tietema A (1998) Microbial carbon and nitrogen dynamics in
coniferous forest floor material collected along a European
nitrogen deposition gradient. For Ecol Manage 101:29-36



1128

Trenberth KE (1999) Conceptual framework for changes of
extremes of the hydrological cycle with climate change. Clim
Change 42:327-339

van Antwerpen R, Meyer JH (1999) Soil degradation II. Effect of
trash and inorganic fertilizer application on soil strength. Proc
S Afr Sug Technol Assoc 73:14-20

Waldrop MP, Zak DR, Sinsabaugh RL (2004) Microbial com-
munity response to nitrogen deposition in northern forest eco-
systems. Soil Biol Biochem 36:1443-1451

Wang TJ, Jiang F, Li S, Liu Q (2007) Trends in air pollution during
1996-2003 and cross-border transport in city clusters over the
Yangtze River Delta region of China. Terr Atmos Ocean Sci

18:995-1009



	Response of degradative enzymes to N fertilization during litter decomposition in a subtropical forest through a microcosm experiment
	Abstract
	Introduction
	Materials and methods
	Site description
	Experimental design
	Chemical analysis and enzymatic activity determination
	Statistical analyses

	Results
	Litter decomposition
	Soil pH values and enzymatic activities

	Discussion
	Litter decomposition
	Soil pH value and enzymatic activities

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


