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Abstract
& Context Soluble organic nitrogen is considered to reflect the
effect of forest types on soil nitrogen status. As a major process
affecting the soil-soluble organic nitrogen pool, degradation of
insoluble organic nitrogen in the production of soluble organic
nitrogen is mediated by a suite of soil enzymes.
& Aims This study aims to examine soil-soluble organic
nitrogen pools and their relationships with the activities of
soil enzymes in natural secondary forest stands and adjacent
larch plantation stands.
& Methods Four pairs of larch plantation stands and second-
ary forest stands were randomly selected from a mountainous
area, and the top 15 cm of the mineral soils were sampled from
each field.
& Results The soil-soluble organic nitrogen concentrations
were up to 2-fold greater in the secondary forest stands than
in the larch plantation stands, whereas the ratio of soluble
organic nitrogen/total nitrogen was comparable between the
two forest types. The concentrations of soluble organic nitrogen

were positively correlated with approximately 2-fold differen-
ces in urease and protease activities, a 1.2-fold difference in N-
acetyl-β-glucosaminidase and a 1.7-fold difference in L-aspar-
aginase between the two forest types.
& Conclusions Our results suggest that relationships between
soil-soluble organic nitrogen and enzyme activities are inde-
pendent on sampling time, and that the soil enzyme activities
can be used as potential indicators of soil soluble organic
nitrogen pools in the temperate forest ecosystem.

1 Introduction

Soil-soluble organic nitrogen (SON), defined as organic forms
of N extracted bywater or salt solutions (e.g., KCl andK2SO4),
consists of a mixture of structurally diverse N-containing com-
pounds (Chen and Xu 2008; Murphy et al. 2000). As the chief
component of soluble nitrogen, soil SON plays a vital role in N
cycling and therefore in determining soil N availability in
forest ecosystems. More than 50 % of the N in soil solution
has been reported to occur in organic form (Yu et al. 2002), and
certain plant species can directly obtain and utilize amino acids
as a principal source of N (Näsholm et al. 1998; Farrell et al.
2011). Moreover, a recent study (LeDuc and Rothstein 2010)
concluded that the dominance of plant-available organic nitro-
gen shifts with the age of the forest stand. A review of soil
SON studies indicates that the SON originating from different
forest types, forest stand ages, or soil types may vary in its
quality, quantity, and biodegradability (Burton et al. 2007a).
Thus, the mechanisms responsible for generating soil SON
include complex biotic and abiotic processes (Chen and Xu
2008). In biotic processes, SON can be directly produced from
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microbial turnover and indirectly through microbial generation
of extracellular enzymes (Neff et al. 2003). However, as both
plants and soil microorganisms may compete for the organic
nitrogen in the soil (Kaye and Hart 1997), it is also possible
that the SON pools may vary spatially within the forest eco-
system because of variation in microbial population density
and activity among different forest types.

SON is hypothesized to represent a transitional phase of
the transformation of N between soil insoluble organic N
and inorganic N (NH4

+–N) (Schimel and Bennett 2004).
During soil N mineralization, soil N-degrading enzymes that
use different substrates are the mediators and catalysts of
biochemical processes, and the different enzymes involved
in different stages of organic N degradation will not neces-
sarily respond in the same way (Sinsabaugh et al. 1991).
Therefore, the assessment of different N-degrading enzymes
can provide information on the status of the key reactions
that participate in the regulation of N transformation in soils.
Because enzyme activities determine the rate-limiting steps
in organic matter degradation, correlations between soil
organic carbon and enzyme activities are frequently ob-
served (Boerner et al. 2005; Sinsabaugh et al. 2008). How-
ever, the relationship between soil SON and soil enzyme
activities has received little attention (Xing et al. 2010).

It is well known that the characteristics of vegetation influ-
ence soil N cycling in forest ecosystems. The SON may
regulate the rate of N transformation in the soil, i.e., the rate
of ammonification and nitrification, by affecting the substrate
associated with different plant species. Therefore, the effects
of forest types on soil SON pools have recently attracted
increasing attention (Zhu and Carreiro 2004). The forest type
can potentially affect the concentrations of soil SON through,
e.g., the alteration of soil microbial activity and microbial
communities (Booth et al. 2005) and changes in the quantity
and quality of plant residues returned to the soil (Burton
et al. 2007a). Note that the soil SON from the organic layer
in different forest types can influence forest productivity
(Kranabetter et al. 2007) as well as microbial activity and N
availability in the mineral layer (Kalbitz et al. 2000). Studies
that examined soil SON variation in broadleaved forests and
coniferous forests within a forest ecosystem appear to produce
inconsistent results. One study reported that concentrations of
soil SON did not differ significantly between silver birch
(broadleaf species) and Norway spruce (conifer species)
(Smolander and Kitunen 2002), whereas another study
showed that the concentrations of soil SON in broadleaved
forests were higher than those in the coniferous forests (Xing
et al. 2010). It is possible that the inconsistent findings about
soil SON in different plant species may be due to differences
in microbial transformation processes (Chen and Xu 2008).
Many studies have demonstrated that the effects of vegetation
types on soil nutrient storage or availability can be detected
by quantifying enzyme activity (Freeman et al. 2001; Weand

et al. 2010). For example, soil phenol oxidase activity, in-
volved in lignin degradation, is used as a potential indicator of
the variation in soil organic carbon storage in northern peat-
lands (Freeman et al. 2001). Our previous study also indicated
that soil acid phosphatase activity could indicate the soil P
availability in natural secondary forests and larch plantations
(Yang et al. 2010). Thus, knowledge of several N-degrading
enzyme activities may provide information on the variation in
soil SON with different forest types.

The temperate forest in Northeast China, primarily includ-
ing secondary forests and plantations, represents more than one
third of the forest area and standing tree volume in the entire
nation and provides both timber and environmental benefits.
Consequently, the temperate forest represents an important
ecosystem associated with the nation’s carbon accumulation.
Soil nutrients are a key factor that influences forest productiv-
ity. Many efforts have been made to understand the ecological
processes occurring in the soil of natural secondary forests and
larch plantations (Yang et al. 2010). However, the soil nitrogen
dynamics, such as the soil SON pool size and enzyme activity
associated with N cycling in these forests, generally remain
uncertain. Using adjacent natural secondary forest (SF) stands
and larch plantation (LP) stands in the montane region of
eastern Liaoning Province of Northeast China, we compared
the SON pool and enzyme activities associated with N degra-
dation between the SF stands and the LP stands. We hypoth-
esized that soil SON varies with forest types and that this
variation in the soil SON could be partially explained by the
activities of N-degrading enzymes. The objectives of this study
were (1) to compare the soil SON pool and the activities of N-
degrading enzymes, including N-acetyl-β-glucosaminidase,
urease, L-asparaginase, and protease between the SF stands
and the LP stands and (2) to determine the relationships
between the soil SON and N-degrading enzyme activities in
the SF stands and the LP stands.

2 Materials and methods

2.1 Study site and soil sampling

The study was conducted at the Qingyuan Experimental Sta-
tion, Institute of Applied Ecology, Chinese Academy of Sci-
ences, located in a mountainous area of Liaoning Province,
China (latitude 41°51′N, longitude 124°54′ E, elevation 500–
1,100 m above sea level). The climate of the region is a
continental monsoon type with a humid and rainy summer
and a cold and dry winter. The mean annual air temperature
varies between 3.9 and 5.4°C, and the maximum and mini-
mum temperatures are 36.5 and −37.6°C. The annual precip-
itation fluctuates between 700 and 850 mm, with more than
80% falling during June–August. The growing season is from
early April to late October (Zhu et al. 2007).
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The study site had been originally occupied by primary
mixed broadleaved-Korean pine forests until the 1930s and
subsequently subjected to decades of unregulated timber re-
moval. Large-scale burning was conducted in the early 1950s.
These fires completely removed the original forests, and the
site was occupied by secondary forests with naturally regen-
erating broadleaved native tree species. Since the 1960s,
patches of the natural secondary forests were partially cleared
and replaced by larch (Larix olgenis or Larix kaempferi
[Lamb.] Carr.) plantations. The natural secondary forests con-
sisted of Fraxinus rhynchophylla, Juglans mandshurica,
Phellodendron amurense, Quercus mongolica, and Acer
mono in the tree layer, Acer mandshricum, Acer triflorun,
Acer tegmentosum, and Syringa amurensis in the understory
component, and Cardamine leucantha, Allium monanthum,
Arisaema amurense, and Polygonatum involucratum in the
herbage component. The larch plantations contain Acer teg-
mentosum, Acer pseudosieboldianum, Schisandra chinensis,
Syringa wolfi, and Acanthopanax senticosus in the shrub layer
and C. leucantha, Rubia sylvatica, and Spuriopimpinella bra-
chycarpa in the herbage layer.

Four paired stands of natural secondary forests and adja-
cent larch plantations 35–45 years old were randomly chosen
from separate watersheds over an area of 100 ha of experi-
mental fields, with slopes <15° and altitudes ranging from 589
to 836 m above sea level. The area of each paired stand ranged
from ∼3 to 5 ha. Four paired stands of natural secondary
forests and larch plantations were selected with different land-
forms (aspects and altitudes). The chosen four paired stands in
two forest types on various landforms can stand for the general
characteristics of the study area. A fixed 30×30 m plot was
established in each SF and LP stand for collecting soil sam-
ples. The soil is a typical brown forest soil, classified as Udalfs
according to the second edition of the USDA soil taxonomy.
The soil textures in the SF stands and LP stands were similar,
averaging 25.6 % sand, 51.2 % silt, and 23.2 % clay. In June
(summer) and October (autumn) 2010, 15 soil cores (5 cm
diameter) were randomly taken from each plot after the re-
moval of surface plant litter, sectioned into 0–5 and 5–15 cm
depths, and then mixed thoroughly to obtain a homogeneous
sample for each depth in a given stand. The soil samples were
sieved (<1.7 mm), cleaned of visible plant and root residues,
and stored at 4°C for later analyses.

2.2 Analysis of selected soil properties

The soil pH was estimated in a 1:2.5 soil–water mixture. The
gravimetric soil water content was calculated from the mass
loss after drying at 105°C until the soil remained at a measured
constant weight. The SOC and total N (TN) were analyzedwith
dry combustion on a Vario EL III elemental analyzer (Elemen-
tar Analysensysteme Comp., Hanau, Germany). The soil mi-
crobial biomass C andNwere determined using the chloroform

fumigation extraction method (Brookes et al. 1985; Vance et al.
1987). The selected soil and microbial properties for the SF
stands and LP stands are listed in Table 1.

2.3 Soluble organic N in soil

The soil SON in water and hot-water extracts was determined
with modifications of the methods described by Chen et al.
(2005). In brief, water extracts were prepared by mixing 10 g
(dry weight equivalent) of field moist soil and 40 ml of
distilled water (soil/water ratio 1:4) on an end-to-end shaker
for 1 h and filtering through Whatman no. 42 filter paper and
subsequently through a 0.45-μm filter membrane. For hot-
water extracts, 10 g (dry weight equivalent) of field moist soil
was mixed with 40 ml of water in a tube, and the tube was
placed in a hot-water bath for 18 h at 70°C. The tubes were
subsequently shaken for 5 min on an end-to-end shaker and
filtered through Whatman no. 42 filter paper followed by a
0.45 μm filter membrane. The concentrations of NH4

+–N and
NO3

−–N in the extracts were analyzed with an autoanalyzer
(AutoAnalyzer III, Bran+Luebbe GmbH, Germany). The con-
centration of total soluble N (TSN) in the same sample was
determined with a Shimadzu TOC-TN analyzer (Shimadzu
Corp., Kyoto, Japan). The SON was calculated as the differ-
ence between TSN and the sum of NH4

+–N and NO3
−–N. To

improve the accuracy, each soil was analyzed in duplicate.

2.4 Soil enzyme activities

N-acetyl-β-glucosaminidase activity was determined using
the substrate N-acetyl-β-glucosaminide. Soil (0.5 g fresh soil)
was incubated for 1 h at 37°C with 4 ml of 50 mM sodium
acetate buffer and 1 ml of the substrate solution. The reaction
was stopped, and color was allowed to develop by the addition
of 1 ml of 0.5MCaCl2 and 4 ml of 0.5MNaOH. The reaction
products were filtered, and the filtrates were analyzed colori-
metrically at 410 nm. The enzyme activity is expressed as
micromoles of p-nitrophenol produced per hour per gram
of soil.

Urease activity was estimated by mixing 5 g fresh soil, 9 ml
of 50 mM Tris buffer and 1 ml of the substrate solution
followed by incubation for 2 h at 37°C. The reaction was
stopped by the addition of 35 ml of 2.5 M KCl/0.32 mM
Ag2SO4 solution. The ammonia formed was distilled and
collected in boric acid mixed indicator solution and titrated
with 5 mM H2SO4 (Tabatabai and Bremner 1972). The en-
zyme activity was expressed in micromoles of ammonium
released per hour per gram of soil.

L-asparaginase activity was measured following a method
developed by Frankenberger and Tabatabai (1991). Soil (5 g
fresh soil) was incubated for 2 h at 37°C with 9 ml of 0.1 M
Tris buffer and 1 ml of the substrate solution. The reaction was
stopped by the addition of 35 ml of 2.5 M KCl/0.32 mM
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Ag2SO4 solution. The ammonia formed was distilled and col-
lected in boric acid mixed indicator solution and titrated with
5 mM H2SO4. The L-asparaginase activity was expressed in
micromoles of ammonium released per hour per gram of soil.

Protease activity was estimated by mixing 1.0 g fresh soil,
5 ml of 50 mM Tris buffer and 5 ml of 2 % sodium caseinate
followed by incubation for 2 h at 50°C (Ladd and Butler
1972). The aromatic amino acids released during incubation
were extracted with Folin-Ciocalteu’s reagent and measured at
700 nm. The enzyme activity was expressed in micromoles of
tyrosine released per hour per gram of soil.

2.5 Statistical analyses

The data were analyzed using a split-plot analysis of variance
(ANOVA)within the general linear procedure. Before analysis,
data were tested for normality and homogeneity of error var-
iances to determine whether transformations were needed.
Pairwise comparisons were also made between forest types at
each depth and between the different sampling depths. Pearson
linear correlations were used to assess the relationships be-
tween the soil SON and the activities of enzymes (including N-
acetyl-β-glucosaminidase, urease, L-asparaginase, and prote-
ase) andmicrobial biomass. The statistical analyses (a split-plot
ANOVA, an ANOVAwith a Tukey pairwise comparison and a
Pearson correlation) were performed with SPSS 13.0 for Win-
dows. Soil enzyme activities were expressed on a per soil C
basis (specific enzyme activities) so that variations in enzyme
activity could be related to the quality of soil organic matter.

3 Results

3.1 Soil-soluble organic N

The concentrations of soil SON extracted by water and hot
water were examined in summer (June) and autumn (October)

of 2010. The SON concentrations were significantly higher in
the SF than those in the LP stands for both extractant types.
Thus, we only presented the SON extracted by water in this
paper.

In the 0–5 cm soil layer, the concentrations of soil SON
ranged from 61.1 μg g−1 in the LP stands to 123.4 μg g−1 in the
SF stands, comprising 53.4–73.0 % of TSN and 1.5–2.1 % of
soil TN (Table 2). The SON concentrations in the SF stands
were approximately 2-fold greater than those in the LP stands
for the two sampling times in the 0–5 cm soil layer. In the 5–
15 cm soil layer, the values of SON ranged from 4.8 to
19.4 μg g−1, comprising 30.6–44.8 % of TSN and 0.2–0.5 %
of soil TN, whereas there was no significant difference in the
SON concentrations between the SF and the LP stands. In
general, the SON/TSN and SON/TN ratios did not differ be-
tween the SF and LP stands for the two sampling times in the 0-
to 5- and 5- to 15-cm layers. The concentrations of SON and
ratios of SON/TSN and SON/TNwere lower in the 5- to 15-cm
soil layer than in the 0- to 5-cm soil layer for both forest types.
The data on inorganic N showed that the NO3

−–N was the
predominant form in both types of stands and decreased with
soil depth. The NH4

+–N concentrations did not differ signifi-
cantly with forest type or soil depth (Table 2).

3.2 Soil enzyme activities

The soil enzyme activities were significantly greater in
the SF stands than those in the LP stands in the 0- to 5-
cm soil layer and decreased with the soil depth (Table 3).
The significant difference in enzyme activities between
the SF and LP stands was more pronounced in the 0- to
5-cm soil layer. Specifically, the activities of urease and
protease in the SF stands were approximately 2-fold
greater than those in the LP stands in both soil layers,
and the activities of N-acetyl-β-glucosaminidase and L-
asparaginase were approximately 1.2- and 1.7-fold great-
er, respectively, than those in the LP stands. The enzyme

Table 1 The selected soil and microbial properties in adjacent natural secondary forest (SF) stands and larch plantation (LP) stands

Sampling time Soil depth (cm) Forest type Soil organic
C (g kg−1)

Total N
(g kg−1)

C/N MBC
(mg kg−1)

MBN
(mg kg−1)

Soil pH

Jun 2010 0–5 SF 65.8±2.9* 6.0±0.3* 11.0±0.3 958.6±71.3* 153.8±16.4* 6.3±0.2*

LP 43.7±1.6 3.9±0.2 11.2±0.2 562.7±25.3 90.1±5.2 5.4±0.1

5–15 SF 36.4±3.0* 3.6±0.4* 10.2±0.2 548.0±55.5* 95.4±10.0* 5.8±0.2

LP 20.9±2.1 2.1±0.3 10.0±0.2 353.0±20.9 46.0±6.9 5.3±0.1

Oct 2010 0–5 SF 66.1±2.3* 6.0±0.3* 11.0±0.4 737.9±58.1* 116.4±10.3* ND

LP 44.4±2.2 4.1±0.3 11.0±0.3 410.6±12.3 67.7±4.8 ND

5–15 SF 36.9±2.7* 3.7±0.3* 10.0±0.2 392.6±32.6* 66.4±5.3* ND

LP 21.4±2.6 2.2±0.3 10.1±0.3 243.0±13.5 35.1±4.6 ND

MBC microbial biomass C; MBN microbial biomass N. Values shown in tables are means ± standard errors (n04). ND denotes not determined

*P<0.05 levels, significant differences between the secondary forest and larch plantation of the corresponding depth
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activities showed trends similar to those observed for the
SON at the two sampling times.

In the 0- to 5-cm soil layer, the activity of protease was
significantly higher and the activity of N-acetyl-β-glucosami-
nidase was significantly lower if expressed on a soil organic C
basis in the SF stands than in the LP stands, whereas the
activities of urease and L-asparaginase per unit soil organic
Cwere comparable between the two forest types (Table 3). All
the enzyme activities per unit soil organic C were lower in the
5- to 15-cm soil layer than in the 0- to 5-cm soil layer for both
forest types in October 2010 (with the exception of urease in
the 5- to 15-cm soil layer in the LP stands).

3.3 Relationships between soil SON and enzyme activities
and microbial biomass

For each sampling time (June or October 2010), the concen-
trations of soil SON were positively correlated with the soil N-
acetyl-β-glucosaminidase, urease, L-asparaginase, and prote-
ase activities per unit soil mass in both the SF and the LP stands
(Fig. 1; P<0.01, n016). The concentrations of SON were
correlated with the enzyme activities per unit soil organic C
according to the sampling time. Specifically, significant and
positive correlations were found for soil SON pools and en-
zyme activities in October 2010 but not in June 2010 (Fig. 2).
A strong positive correlation was found between SON and
microbial biomass C and between SON and microbial biomass
N at both sampling times (Fig. 3).

4 Discussion

Our results demonstrate that the two forest types differ mark-
edly in soil SON. The differences in soil SON concentrations
appeared to be related to the amount of N-degrading enzymes
per unit soil mass regardless of sampling time. An overall
feature of our results was that the modification of the soil

enzyme-catalyzed reaction rates involved in N cycling could
partially explain the difference in the concentrations of SON
between the SF and the LP stands.

Compared with the LP stands, the SF stands showed higher
SON concentrations, and this trend was more pronounced in the
top soil layer. This finding is consistent with those of previous
studies in temperate forest regions (Zhong and Makeschin
2003) and subtropical forest regions (Burton et al. 2007a).
However, the SON concentration found in our study area,
particularly in the 0- to 5-cm soil layer, is much higher than that
reported from other temperate forests (Zhong and Makeschin
2003). The soil sampling strategy (number of samples over
space and time), sample preparation (sieving and drying), soil
storage, and soil solution extraction technique are all known to
influence soil SON concentrations (Jones and Willett 2006). In
addition, the specific characteristics of tree species could also
affect the uptake of soil SON; and then affect the soil SON
concentration in the forest stand. Scott and Rothstein (2011)
reported that the tree species growing in the low-fertility habitats
preferred simple organic N (amino acids) than those growing in
the high-fertility habitats for the temperate forests. The soil
NH4

+–N and NO3
−–N did not differ significantly between the

SF and LP stands in the 0- to 5-cm soil layer. This result was
inconsistent with the findings of a previous study of forest
ecosystems by Burton et al. (2007b) and indicated that soil
SON is more sensitive than inorganic N as an indicator of N
availability for the two forest types. We found that the ratios of
SON/TSN and SON/TN were comparable between the two
forest types. This finding suggests that the processes regulating
the three N pools (SON, TSN, TN) are at least partially coupled.
A significant correlation between the SON and soil total N (P<
0.01) supports this hypothesis (data not shown).

A variety of factors have been identified in the literature as
influences on the changes in the soil SON for the two forest
types. For example, differences in the rate of litter input, root
production and root exudates due to changes in species com-
position may be the primary drivers that alter the soil SON

Table 2 Soil NH4
+–N, NO3

−–N, SON (soluble organic N) in water extracts, SON/TSN (total soluble N) and SON/TN (total N) in adjacent natural
secondary forest (SF) stands and larch plantation (LP) stands

Sampling time Soil depth (cm) Forest type SON (μg g−1) NH4
+–N (μg g−1) NO3

−–N (μg g−1) SON/TSN (%) SON/TN (%)

Jun 2010 0–5 SF 123.4±22.4* 6.3±0.9 56.8±7.8 64.9±4.0 2.1±0.4

LP 71.1±25.5 6.4±0.9 39.7±3.1 53.4±11.3 1.8±0.3

5–15 SF 19.4±4.8 5.4±0.3 20.4±1.4* 41.0±6.8 0.5±0.1

LP 7.4±1.7 5.2±0.8 10.9±1.3 30.6±4.2 0.4±0.1

Oct 2010 0–5 SF 97.5±9.4* 1.9±0.3 34.5±8.1 73.0±4.4 1.6±0.2

LP 61.1±5.5 1.5±0.3 25.3±1.2 69.1±2.5 1.5±0.2

5–15 SF 11.7±3.3 1.7±0.2 11.9±2.1* 44.8±7.5 0.3±0.1

LP 4.8±1.1 2.4±0.4 6.4±0.7 33.8±5.2 0.2±0.0

Values shown in tables are means±standard errors (n04)

*P<0.05 levels, significant differences between the secondary forest and larch plantation of the corresponding depth
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(Burton et al. 2007a; Smolander and Kitunen 2002). In addi-
tion, soil microbial activity and turnover can influence soil
SON concentrations and subsequently soil N cycling through
mineralization-immobilization processes (Cookson et al.
2007). However, changes in soil N mineralization between
the SF and LP stands could also influence the soil SON pools
(data not shown). In our study area, the SF stands had signif-
icantly higher leaf litter and fine root production than the LP
stands (Yang et al. 2010). This result helps to explain the effects
of the vegetation type on the soil SON. However, these changes
in SON pools were not based on the soil C/N ratios because the
C/N was relatively stable in the same soil layer for the two
forest types. Therefore, the differences in the amount of leaf
litter and root biomass partially explain the effects of the forest
type on the soil SON concentrations.

Soil enzyme activities are the chief driving factors for
organic matter decomposition and N transformation in soil,T

ab
le

3
T
he

ac
tiv

iti
es

of
so
il
en
zy
m
es

pe
r
un

it
so
il
m
as
s
in

ad
ja
ce
nt

na
tu
ra
l
se
co
nd

ar
y
fo
re
st
(S
F
)
st
an
ds

an
d
la
rc
h
pl
an
ta
tio

n
(L
P
)
st
an
ds

S
am

pl
in
g
tim

e
S
oi
l

de
pt
h
(c
m
)

F
or
es
t
ty
pe

N
-a
ce
ty
l-
β-

gl
uc
os
am

in
id
as
e

(μ
m
ol

g−
1
so
il
h−

1
)

U
re
as
e

(μ
m
ol

g−
1

so
il
h−

1
)

L
-a
sp
ar
ag
in
as
e

(μ
m
ol

g−
1

so
il
h−

1
)

P
ro
te
as
e

(μ
m
ol

g−
1

so
il
h−

1
)

N
-a
ce
ty
l-
β-

gl
uc
os
am

in
id
as
e

(μ
m
ol

g−
1
so
il
C

h−
1
)

U
re
as
e

(μ
m
ol

g−
1

so
il
C
h−

1
)

L
-a
sp
ar
ag
in
as
e

(μ
m
ol

g−
1

so
il
C
h−

1
)

P
ro
te
as
e

(μ
m
ol

g−
1

so
il
C
h−

1
)

Ju
n
20

10
0–
5

S
F

2.
5
±
0.
1*

8.
8
±
2.
2*

3.
9
±
0.
4*

1.
8
±
0.
2*

37
.9
±
2.
1

13
3.
2
±
33

.5
58

.8
±
5.
2

27
.6
±
2.
6*

L
P

1.
9
±
0.
1

4.
7
±
0.
6

2.
5
±
0.
2

0.
9
±
0.
2

44
.5
±
2.
5*

10
7.
7
±
16

.2
57

.1
±
2.
2

21
.4
±
3.
4

5–
15

S
F

0.
9
±
0.
1*

4.
6
±
1.
9

2.
0
±
0.
5*

0.
9
±
0.
2*

25
.9
±
0.
7

12
4.
2
±
44

.3
54

.8
±
5.
4

23
.7
±
4.
3

L
P

0.
8
±
0.
1

2.
5
±
1.
0

1.
2
±
0.
1

0.
4
±
0.
1

39
.0
±
3.
2*

12
3.
4
±
38

.0
56

.0
±
4.
6

22
.1
±
5.
2

O
ct

20
10

0–
5

S
F

3.
2
±
0.
3*

17
.6
±
3.
5*

4.
0
±
0.
5*

2.
1
±
0.
2*

48
.9
±
3.
9

26
9.
3
±
59

.3
*

60
.7
±
7.
5

32
.7
±
4.
8

L
P

2.
5
±
0.
2

8.
5
±
1.
3

2.
4
±
0.
3

1.
2
±
0.
2

55
.6
±
2.
7*

19
4.
7
±
21

.3
54

.7
±
3.
9

27
.4
±
3.
3

5–
15

S
F

0.
8
±
0.
1

6.
1
±
2.
7

1.
5
±
0.
5

0.
6
±
0.
2

21
.2
±
1.
4

16
0.
5
±
45

.3
41

.0
±
10

.1
16

.9
±
2.
9

L
P

0.
7
±
0.
1

3.
8
±
1.
4

0.
8
±
0.
2

0.
4
±
0.
0

34
.2
±
2.
7*

17
8.
7
±
45

.0
37

.3
±
3.
8

19
.1
±
3.
5

V
al
ue
s
sh
ow

n
in

ta
bl
es

ar
e
m
ea
ns

±
st
an
da
rd

er
ro
rs

(n
0
4)

*P
<
0.
05

le
ve
ls
,
in
di
ca
te

si
gn

if
ic
an
t
di
ff
er
en
ce
s
be
tw
ee
n
th
e
se
co
nd

ar
y
fo
re
st
an
d
la
rc
h
pl
an
ta
tio

n
of

th
e
co
rr
es
po

nd
in
g
de
pt
h

0 5 10 15 20 25

y = 6.07x - 10.95
r = 0.886**

L-asparaginase

0 1 2 3 4

SO
N

 (
µg

 g
-1
)

0

50

100

150

200

250

y = 42.96x - 46.94
r = 0.803**

0 1 2 3 4 5

y = 28.86x - 19.08
r = 0.909**

Protease 

0 1 2

SO
N

 (
µg

 g
-1
)

0

50

100

150

200

250

y = 78.00x - 23.65
r = 0.741**

Soil enzyme activity (µmol g-1  soil h-1)

0 1 2 3

y = 54.67x - 15.59
r = 0.948**

N-Acetyl-β -Glucosaminidase

0 1 2

S
O

N
 (

µg
 g

-1
)

0

50

100

150

200

250

y = 67.55x - 48.87
r = 0.877**

0 1 2 3 4

y = 33.24x - 15.42
r = 0.935**

Urease

0 2 4 6 8 10

S
O

N
 (

µg
 g

-1
)

0

50

100

150

200

250

y = 14.91x - 21.32
r = 0.729**

Jun. 2010 Oct. 2010

Fig. 1 Relationships between soil soluble organic N and N-acetyl-β-
glucosaminidase, urease, asparaginase, and protease per unit soil mass for
the natural secondary forest and the larch plantation (n016, i.e., four
plots×two soil depths×two forest types). **P<0.01, significance
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and changes in the activities of N-degrading enzymes will
affect the soil N availability. For example, protease is involved
in the degradation of proteins to peptides, and urease may
hydrolyze urea into NH4

+–N (Tabatabai 1994). In accordance
with the soil SON concentrations, the soil enzyme activities
per unit soil mass were higher in the SF stands than those in
the LP stands. In the last decade, the new paradigm indicated
that the key point in the N cycle is the depolymerization of N-
containing compounds (Schimel and Bennett 2004). General-
ly, the complex organic polymers are too large to be immedi-
ately bioavailable; but they can be depolymerized by enzymes
to release simple organic N, such as amino acids, amino
sugars, which are bioavailable N for plant uptake. Our results
indicated that enzyme activities were critical factors that in-
fluence N availability, especially soluble organic nitrogen, for

both the forest types. However, the specific enzyme activities
(calculated on an organic C basis) varied with the forest type.
Our results indicate that factors other than the soil organic C
contents are important in influencing certain N-degrading
enzymes. It is generally considered that microbial biomass
changes were occurring simultaneously with shifts in enzyme
activity (Allison et al. 2007). The soil microbial biomass,
microbial activity or microbial community composition may
be the crucial factor affecting soil enzyme activities (Cookson
et al. 2007; Sinsabaugh et al. 1991). Šnajdr et al. (2008)
showed that differences in enzyme activities were accompa-
nied by differences in the microbial community composition
in the upper layers of Quercus petraeu forest soil. In contrast,
Lucas et al. (2007) found that small additions of N-containing
organic compounds can cause changes in the structure of the
soil microbial community but that community changes do not
necessarily impact enzyme activities. Consequently, the direc-
tion of soil-enzyme effects on SON may depend on the
microbial species as well as the microbial biomass and activity
present in different ecosystems.

The observed differences in the concentrations of the soil
SON between the SF stands and the LP stands have been
relatively well explained by the variation in enzyme activi-
ties per unit soil mass. Correlations between soil SON and
enzyme activities per unit soil mass were also observed in
other studies (Xing et al. 2010). Such results suggest that the
production of soil SON was strongly affected by N-
degrading enzymes although a portion of the SON was
produced by plants, roots and microorganisms. For exam-
ple, the activities of urease and protease in the SF stands
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glucosaminidase, urease, asparaginase, and protease per unit soil organic
C for the natural secondary forest and the larch plantation (n016, i.e., four
plots×two soil depths×two forest types). **P<0.01, significance
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the larch plantation (n016, i.e., four plots×two soil depths×two forest
types). **P<0.01, significance

Soil N availability in temperate forests 801



were approximately 2-fold greater than those in the LP
stands, and corresponding differences in soil SON were
found between the two forest types. Note that the predom-
inance of soil enzyme activities is strongly related to the
ecological role and kinetic characteristics of the enzymes
studied regardless of the effects of soil physiochemical
properties (Tabatabai 1994). In our study area, urease activ-
ity was more predominant than the activities of N-acetyl-β-
glucosaminidase, protease, and L-asparaginase for both for-
est types. This result was consistent with the results of
previous studies in subtropical forest ecosystems by Xing
et al. (2010). Additions of different N-degrading enzymes to
soils could further demonstrate the effect of the modification
of the soil enzyme-catalyzed reaction rates on soil SON. To
our knowledge, however, no previous reports addressed the
relationship between soil specific enzyme activity and soil
SON. In our study, soil SON was correlated with specific
enzyme activity for the two forest types in a way that
depended on the sampling time. This result indicates that
the measurements of specific enzyme activity lacked suffi-
cient resolution to differentiate the changes in soil SON
between the SF stands and LP stands.

In general, the trends in the change in the soil SON pools
and enzyme activities per unit soil mass with forest type
were consistent for the two sampling times (i.e., June 2010
and October 2010). Significant and positive correlations
were also found for the soil SON pools and enzyme activ-
ities per unit soil mass for each sampling time, indicating
that the association between soil SON and N-degrading
enzyme activity was not obscured by the seasonal fluctua-
tion in soil SON, enzyme activity or both caused by the soil
environment.

In conclusion, the natural secondary forests are more
effective than the larch plantations at maintaining soil N
availability, especially soluble organic N. The relationships
between soil SON and enzyme activities are independent on
sampling time. The soil enzyme activity is the crucial factor
for N transformation in the soil. Reductions in these enzyme
activities may be a factor that limits the soil SON. Accord-
ingly, a better understanding of the microbial properties
involved in the dynamics of soil SON, such as microbial
activity and community composition, would yield further
insights into the ways in which SON pools are influenced by
enzyme activities.
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