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Abstract Changbai Mountain, central in the distribution
of Pinus koraiensis, supports a virgin Korean pine forest
with vertical gradient distribution. Soil extracellular enzyme
activity (EEA) and enzyme stoichiometry (ES) are reliable
indicators of the energy and nutrients utilized by microbial
communities and of soil nutrient changes. We measured four
representative soil EEAs (sucrase, cellulase, urease, acid
phosphatase) at two soil layers (A: 0-5 cm and B: 5-10 cm)
beneath Korean pine forest at five elevations on Changbai
Mountain during growing season. The vertical and seasonal
variations of EEAs were analyzed by soil enzyme stoichiom-
etry to quantify the role of soil microorganism in the nutri-
ent cycling process. The activities of four soil extracellular
enzymes and the ratios of enzyme activity to soil microbial
biomass carbon (EA/ SMBC) did not vary with elevation.
The first partition point of multiple regression trees was in
September, and the second branch was split by elevation.
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Seasonal change had more influence on soil enzyme activity
(A layer: 75.6%; B layer: 71.3%) than did change in elevation
(A layer: 7.8%; B layer: 7.5%). Over one entire growing sea-
son, both vector length and vector angle were unchanged by
elevation, but varied significantly by month. Among the soil
physicochemical factors, available phosphorus and pH were
the main factors affecting the four soil EEAs. The ratio of
basal area of the coniferous tree to broad-leaved tree species
(Scon/Sty)» soil microbial biomass carbon (MBC) and nitro-
gen (MBN) influenced the four soil EEAs. The results of
vector analysis revealed that C and N sources were generally
sufficient, but P was limiting (vector angle >45°). The vector
angle for September was significantly higher than for other
months. This result verified that phosphorus was the limit-
ing factor affecting soil microorganism function in nutrient
metabolism and cycling. Soil enzyme stoichiometry proved
to be an efficient index for quantifying soil microorganism-
mediated nutrient cycling in the Korean pine ecosystem.

Keywords Korean pine forest - Soil extracellular
enzyme - Enzyme stoichiometry - Seasonality - Elevation

Introduction

In a forest ecosystem, microorganisms play important roles
in soil C and N turnover by participating in the circulation of
material and energy (Lucas et al. 2007; Boeddinghaus et al.
2015). Soil enzymes are important components of the forest
ecosystem and important participants in the material cycle
and energy flow of the forest ecosystem. The mineraliza-
tion of organic matter by microorganisms is an important
part of the biogeochemical cycle, and the degradation of
complicated organic components is realized by secreting
extracellular enzymes (Medeiros et al. 2018). Especially,
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the extracellular enzymes secreted by soil microorganisms
are important decomposers of forest litter that is mainly
composed of cellulose, lignin and chitin, and facilitate con-
version of stable organic carbon to available organic carbon
(Grandy et al. 2007; Veres et al. 2015). Four extracellular
enzymes, cellulase (CL), sucrase (SC), urease (UE) and acid
phosphatase (AP), are the most general indices for evaluat-
ing microorganisms related to the acquisition of C, N and
P resources (Jian et al. 2016). Therefore, the activity of soil
extracellular enzymes has important impacts on biochemical
processes, which determine the rates of material circulation
and directly affect the soil carbon cycle in forests. In this
way, they are also important in global carbon balance and
climate change.

Coniferous and broad-leaved mixed forests with Pinus
koraiensis as the main constructive species are the most
classic, diverse, and largest forest ecosystem among global
temperate coniferous/broad-leaved mixed forests. They
affect local air temperatures, precipitation, carbon dioxide,
nitrogen deposition, and soil carbon storage. Meanwhile,
they produce a redistribution effect on various climate fac-
tors, i.e., Pan Evaporation, the annual solar radiation amount
(Wang et al. 2015). The ecological values of the Korean pine
forest ecosystem highlight the importance of understanding
soil enzyme characteristics, which represent a key link in the
study of soil element circulation in the ecosystem. Spatial
and seasonal variation are important factors driving differ-
ences in soil enzyme activity (Li et al. 2008; Uksa et al.
2015). However, there is little knowledge about the rela-
tive importance of time or space (Baldrian et al. 2013; Ali
et al. 2015). Several studies have reported obvious seasonal
variation of soil extracellular enzyme activity (Wang et al.
2013; Das and Mondal 2019), whereas other studies reported
inconsistent results of soil extracellular enzyme activity at
various elevations (Rastin et al. 1988; Pathan et al. 2017).
Previous studies failed to compare the dynamic changes of
enzyme activity from the perspectives of time and space,
leaving a gap in our understanding of the enzymatic charac-
teristics of the Korean pine forest.

Changbai Mountain is well suited to study of climate
change in the Northern Hemisphere (Jiang et al. 2014).
Changbai Mountain National Nature Reserve has a complete
vertical belt of mountain vegetation and is a typical repre-
sentation of the northeast Asian forest ecosystem (Li et al.
2011). The Korean pine forest on Changbai Mountain is the
most complete and representative vertically zoned forest,
except for Xiao Xing'an Mountain, also in northeast China
(Jiang et al. 2014; Lyu et al. 2017). Its Korean pine forest are
mainly distributed at mid-high latitude elevations between
700 and 1300 m.

Because of the unique ecological value of the Korean
pine forest ecosystem, we sampled plots at five elevations
between 699 and 1177 m. We measured four representative
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EEAs associated with C, N, and P acquisition (cellulase,
sucrase, urease and acid phosphatase) during one growing
season. We analyzed the seasonal dynamic changes of soil
EEAs over the elevation gradient to quantify the impacts
of and season on four EEAs. We studied the relationships
between soil EEAs and soil physicochemical properties or
microbial biomass C and N pool sizes by use of multiple
regression trees (MRT) and variation partition analysis
(VPA). We used the soil enzyme stoichiometry of C, N, and
P acquisition to analyze resource utilization by soil micro-
organisms and to evaluate the important role of soil micro-
organism in the process of element circulation.

Materials and methods
Study sites and sampling

Changbai Mountain National Nature Reserve is located
in Jilin Province, China (41°41'49'-42°25'18"'N,
127°42'55"-128°16'48"E). The site has a typical temper-
ate continental monsoon climate, and soils are dark-brown.
Annual precipitation is between 800 and 1800 mm. Annual
relative humidity is 65-4%. Average annual temperature
ranges from 4.9 to 7.3 °C (Zhao et al. 2004; Ping et al.
2017). In 2013, we selected five study sites in Korean pine
forests at elevations of 699, 818, 937, 1044, and 1177 m on
Changbai Mountain. Three parallel plots (20X 20 m) sepa-
rated by a gap of 20 m between each were sampled at each
site. The vegetation survey of sample plots at five elevations
is presented in Table 1.

We selected ten random observation quadrats (15 X 15 cm)
for excavation of soil samples, which were mixed as a single
sample for each plot. After removing the litter layer and
soil animals on each quadrat, surface soils were sampled in
May, July, August, and September in 2013 at depths of 0-5
(A) and 5-10 (B) cm by the natural soil profile sampling
method. The soil samples were collected in aseptic bags
and then stored with ice bags in an insulated cooler chest.
Fresh soil samples, after removal of plant residues and roots,
were divided into two subsamples in the laboratory: Some
fresh soil was stored at 4 °C for later analysis of soil enzyme
activities and microbial biomass, and the remainder was air-
dried for determination of physicochemical properties and
other soil enzyme activities.

Biomass investigation

In our three sample plots at each of three elevations, we
identified to species and measured DBH (diameter at breast
height) of living plants for which DBH was >5 cm. We cal-
culated S, /S, for each sample plot (Table 1). The method
used to calculate the basal area was as follows:
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S =7 %X (D /2)°

where S is the basal area, and Dy is DBH.
Soil physicochemical assays

Soil moisture was determined by use of the low temperature
drying method (60 °C for 24 h). Soil pH was measured using
a pH meter in soil slurry (soil: water=1:2.5). Soil organic
C content was analyzed with a carbon—nitrogen analyzer
(Multi N/C 2 100 s). Soil available N content was measured
by using the alkali N-proliferation method. Soil available P
content was measured by the Olsen method (Lu 2000).

Soil microbial biomass measurements

The soil microbial biomass C and N were measured by the
chloroform-fumigation-extraction method (CFE) after Vance
et al. (1987). We used these equations for calculating MBC
and MBN:

Chnic = Fco/Kgce

Niie =F N/ Ken

where F. or Fy is the difference of fumigated and unfumi-
gated samples. Kg is the conversion coefficient of MBC,
which was 0.45. Kpy is the conversion coefficient of MBN,
which was 0.54.

Enzyme activity assays

Sucrase and cellulase were assayed by using 3,5-dinitrosali-
cylic acid colorimetry. For surcease, enzyme activity was
expressed as the quality of glucose in 1 g soil for 24 h. Cel-
lulase was indicated by the quality of glucose in 10 g soil for
72 h. Urease was assayed by use of the colorimetric method
of ammonium. Acid phosphatase was assayed by the 4-nitro-
phenyl phosphate disodium salt hexahydrate colorimetric
method (Guan 1986).

Vector analysis of soil enzymes

Vector analysis quantifies the regulation capacity of soil
microorganisms on C, N and P resources by using the
untransformed proportion of enzyme activity related to
C, N and P acquisition (e.g.[CL + SC]/[CL + SC + UE] or
[CL +SCJ/[CE+SU + AP]) (Moorhead et al. 2013). The
vector lengths and angles of EEAs were calculated by using
Microsoft Excel (Office for Windows 2013). The formulae
for vector length and angel were:

Length = \/(x2 +y?)
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Angle (degrees) = DEGREES (tan~'(x, ¥))

where x is [CL +SC]/[CL+SC+ AP], y is [CL+SC]/
[CL +SC+ UE] (Moorhead et al. 2016). Positive correla-
tion between vector length and C-limitation yields a vector
angle >45°, indicating P-limitation. Conversely, a vector
angle <45° indicates N-limitation (Chen et al. 2018; Cui
et al. 2018).

Statistical analyses

One-way ANOVA (SPSS 19.0, IBM Corp., Armonk, NY,
USA) was used to assess differences in mean soil enzyme
activity among samples from the five elevations and two soil
layers. Least significant differences (LSD) were calculated
to test equality of means of all the measured variables at
an alpha level of 0.01. The relationship between soil envi-
ronmental factors and soil enzyme activity was analyzed
by VPA with the vegan package in R 3.4.3 (Vegan Com-
munity Ecology Package, https://CRAN.R-project.org/
package=vegan) (Zhang et al. 2019). the mvpart package
was used for MRT analysis in R (https://ftp.auckland.ac.nz/
software/CRAN/src/contrib/Descriptions/mvpart.html) (Ge
et al. 2008).

Results
Soil biotic and abiotic factors

All indicators of soil physicochemical properties differed
significantly by elevation. Over the course of the grow-
ing season, all indicators increased with elevation from
699 to 937 m, where they peaked and then declined with
further increase in elevation to 1044 and 1177 m, showing
an inverted "V" shaped curve. Each index decreased with
increasing soil depth, and all indicators differed by soil layer,
except organic carbon at 1044 m and microbial biomass car-
bon at 699, 818, and 1177 m (Table 2).

Multivariate regression trees analysis

MRT analysis can visualize the relationships of four soil
EEAs with environmental variables in a tree diagram with
two or three branches based on months or elevations (Fig. 1a
and b). For soil layer A, monthly and elevation explained
83.4% of the variance of the soil EEAs (Fig. 1a). The first
branch of the MRT for soil EEAs was split by month. The
soil EEAs for September were placed into a single group,
and the soil EEAs for May, July and August were assigned
to one group. This first split in this tree explained 63.3% of
the variation in soil EEAs. The two groups were split further
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Table 2 Soil physical and chemical properties at different altitudes

Sample Layer (cm) SOC (gkg™') AN (mgkg™) Ap(mgkg™') pH WC (%) SMBC (mgkg™')  SMBN (mg kg™
69m 0-5 7133 +8.6%  407.75+£17.6%% 68.17+£5.7%* 541+0.13% 51+£52%  1170.85+188.274% 211.94+77.794¢
5-10 59.44+4.34%  37275+153%° 50.19+3.4%% 523+0.094° 44+4.1%°  1018.84+166.814 141.07+32.10"¢
818m 0-5 65.39+6.18%  41825+22.7% 53.89+8.6% 562+0.128% 38+7.0%  058.03+106.485% 194.17+41.154
5-10 101.05+11.3% 278.25+15.8%° 41204228 5351+0255° 28+9.78°  618.18+112.265® 158.19493.52%2
937m 0-5 77.28+3.8%%  530.25423.3%% 549546.5% 5.43+0.394% 58+2.8%  1287.18+135.09%* 203.94 4+ 129.434%
5-10 59.44+325%  56525+20.1° 46.49+5.6° 520+0.60%° 52421  996.15+43.27%%  141.01 £81.324¢
1044 m 0-5 83.2249.6P*  407.75+£23.9% 60.24+7.9P% 53240187 524494  1094.68 +201.81°% 224.30+161.174?
5-10 86.19+4.1°%  2765+11.2%° 4279441 513+0.12P% 33+£8.9P°  423.88+104.08""  84.91 +38.204¢
1177m 0-5 80.17+54F  3185+14.6% 5231+6.65 5.02+0.15% 34450 685.194£223.245  112.80+£75.1142
5-10 62424295  162.75+10.7%° 17.41+£2.7%° 4.94+0.15% 30+13.55°  517.31+50.80%°  103.74 +89.69A¢

Values are means =+ standard deviation. Different capital letters in the same column indicate significant differences among different altitudes at
the significance level of 0.01. Different lowercase letters in the same column indicate significant differences among different layers at the 0.01
level. Note AN, SOC, Ap, SMBC and WC represent available nitrogen, soil organic carbon, available phosphorus, soil microbial biomass carbon

and water content, respectively. The same abbreviations appear below

by sampling month and sampling elevation, which explained
12.3% and 7.8% of the variation, respectively. The tree of
soil EEAs at soil layer B was also split by sampling month
into two groups. Monthly dynamics and elevation explained
78.8% of the variance of the soil EEAs (Fig. 1b). The first
partition form of soil layer B was the same as that of soil
layer A, and the amount of explanation for the variance of
the soil EEAs was 71.8%. Only in September, the second
segmentation was carried out by 900 m as the node, and
the amount of interpretation was 7.5%. Overall, seasonal
dynamics was the main factor affecting soil EEAs.

Factors affecting soil extracellular enzyme activity

Soil microbial biomass C and available P explained the
largest percentage of variation in sucrase activity, 18% and
18%, respectively. The effects of available N, water content,
soil microbial biomass N and pH on sucrase were relatively
homogeneous, with values of 15%, 15%, 13% and 12%,
respectively (Fig. 2a). S, /S, was the main factor affect-
ing cellulase activity, and the interpretable variation was
66%. The interpretable variation in pH was 20% (Fig. 2b).
The biotic factor was the main factor influencing the acid
phosphatase activity. The effects values of S_ /S, , MBC
and MBN on acid phosphatase were 19%, 16% and 15%,
respectively (Fig. 2c). Among abiotic factors, pH explained
most variation (21%), followed by available P, which at
17% (Fig. 2c). Available P explained the largest percentage
of variation in urease activity (34%). Soil MBC explained
15% of the variation (Fig. 2d). There were some differences
between the main factors influencing activities of the four
enzymes and the explained degree of variation. However,
MBC, MBN, S_,./S,.. available phosphorus, and pH had
significant effects on the four soil extracellular enzymes.

Ratios of extracellular enzyme activity to soil microbial
biomass carbon

The soil microbial community and specific microbial meta-
bolic processes are important in soil material cycling and
organic C degradation. The four ratios (EA/SMBC) did not
vary by elevation, indicating that elevation did not signifi-
cantly affect the participation of microorganisms in soil car-
bon cycling (Table 3).

Vector analysis on soil extracellular enzyme activity

Over the entire growing season, the vector lengths were < 1
at all elevations, and the vector angles were >45° (Fig. 3).
This indicated that C and N resources were sufficient for soil
microorganisms, but P was limited regardless of elevation.
But month (a surrogate for season) did affect the utiliza-
tion of nutrients for soil microorganisms. Among the sam-
pling months, the vector length was significantly lower in
September than in other months, and the vector angle was
markedly higher in September than in other months. The
results showed that the C source in September was relatively
abundant at all elevations, and P was limited.

Discussion
Effects of elevation on soil extracellular enzyme activity

Throughout the growing season, the effect of elevation on
soil EEA were less than the effects of season. This cor-
roborates the conclusions of Xun et al. (2015) and Peng
and Wang (2016) who reported no differences in EEAs
and EEAs/MBC by elevation. These results indicate that
elevation change had no direct effect on soil EEAs or on

@ Springer
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Fig. 1 Multivariate regression tree of the soil enzyme activities with
different sampling locations/elevations and sampling time. Note: The
standardized enzyme activities were used to construct MRT. Bar plots
show the multivariate means of enzyme activities at each branch,

the microbial ability to participate in soil nutrient cycling
in ecosystems with the same dominant tree species. Others
have reported that soil enzyme activity and the soil micro-
bial biomass of forest ecosystems are determined by the
dominant tree species (Saetre and Baath 2000; Snajdr et al.
2008; Saetre 2010). It has long been known that trees in late
succession, especially dominant species, have a particularly
homogenous impact on the soil environment.

Effects of seasonal variability on soil enzyme activity

Seasonal dynamics of soil enzyme activity in forests are
fundamental to the evaluation of soil quality and material

@ Springer

and the numbers of samples included in that splits are shown under
bar plots. Jul, July; Aug, August; Sep, September. a the soil layer of
0-5 cm; b the soil layer of 5—10 cm

cycles in a regional ecosystems (Medeiros et al. 2018).
We detected inconsistency in the seasonal dynamics of
soil enzymes at different elevations (Fig. S1). Therefore,
we adopted an advanced statistical analysis (multivariate
regression trees, MRT) to directly examine the relative
importance of elevational and seasonal variation on soil
enzyme activity. In our study, MRT was divided for the
first time according to a time dimension (month), resulting
in significantly different vector lengths and vector angles
by month at different elevations. This indicated that sea-
sonal dynamics was an important factor affecting enzyme
activity. This is consistent with the result of many studies
that the change of soil extracellular enzyme activity in the
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Fig. 2 Variation partition
analysis of the effects of biotic
factors and soil variables on the
activity of the four enzymes

Biotic factor
SMBC 18%
SMBN 13%

Soil variables
60%

Unexplained
9%

Biotic factor
50%

Soil variables

Biotic factor
Son/Sp: 66%

con’

Soil variables
pH 20%

AN 15%
AP 18%
WC 15%
Unexplained
H 129
pH 12% 14%

Biotic factor
Seon/Spr 19%
SMBN 15%

Soil variables
AP 34%

39%

<

S5y 19% AP 17%
SMBC 16% phosphatase pH 21%
SMBN 15% A ﬁ
Unexplained Unexplained
C 11% D 32%
Table 3 The ratios of Sample Soil layer (cm) Cellulose/SMBC Sucrase/SMBC Urease/SMBC  Acid phosphatase/SMBC
enzymatic activity to soil
microbial biomass carbon at 699m  0-5 0.022+0.0054*  0.023+0.009"* 0.002+£0.0014% 0.042+£0.0124
different altitudes 5-10 0.036+0.0168°  0.030+0.0114% 0.004+0.0014° 0.043 +0.013A
813m 0-5 0.036+0.008%*  0.022+0.016%% 0.003 £0.0014% 0.053£0.02142
5-10 0.053+0.0234%  0.054£0.0334%  0.004+0.0024% 0.092 +0.034%
937m 0-5 0.026+0.006**  0.017 £0.006%% 0.002+0.0014% 0.040+0.010%2
5-10 0.030+0.0124%  0.033+0.0134% 0.002+0.001° 0.049 +0.004%2
1044 m 0-5 0.026+0.0114%  0.032+0.020%% 0.002+0.000% 0.052+0.02242
5-10 0.109+0.0714°  0.073£0.0374% 0.004 +0.0024° 0.196 +0.020""
1117m 0-5 0.073+0.0514%  0.061 £0.0574% 0.003 £0.0034% 0.277+0.251B2
5-10 0.076 £0.0254%  0.044 +0.020%* 0.003 +£0.002%* 0.323 +0.072B2

forest ecosystem is closely related to seasonality ( Rastin
et al. 1988; Henry et al. 2012 Siles et al. 2017;). The vector
analysis simultaneously showed that the soil microorgan-
isms had relatively stable utilization efficiency of C and
sufficient C sources throughout the entire growing season.
In contrast to the adequate concentrations of C, soil micro-
organisms are mainly limited by P resources on Chang-
bai Mountain. This corroborates the findings of Vitousek
et al. (2010) who used vector analysis to conclude that soil
microorganisms were less limited by C than P resources
in tropical rainforest. In fact, it is generally considered
that P is the limiting factor of soil microorganism in forest
ecosystems (Waring et al. 2014; Chen et al. 2018).

Soil EEA and the vector angle in September were sig-
nificantly greater than in May, July and August, while the
vector length in September was significantly shorter than in
other months. Because the litter content increases greatly
in autumn, and the "detonator effect” of litter leads to an

increase of soil microbial activity and metabolism, soil
microbial communities are metabolically active to degrade
stabilizing organic C (e.g., cellulose, lignin, and chitin) into
active organic C in September. In particular, the significant
increases of acid phosphatase and urease activity have been
shown to promote P and N cycling, while the organic prod-
ucts could also be used as C sources that enhance micro-
bial decomposition capacity (gnajdr et al. 2008; Stone
et al. 2014; Fan et al. 2014). This result also proved that
the dynamic changes of acid phosphatase and urease were
closely related to soil C metabolism, which is basically con-
sistent with the continuous decay process of litter.

The role of enzyme stoichiometry in soil environmental
assessment

Forest soil enzymes, as products of soil microbial activi-
ties, are influenced by ecological factors, such as the
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Fig. 3 Vector lengths and angles in a whole growth season created
from proportions of extracellular enzyme activities at different eleva-
tions. Note: Statistical characteristics of vector lengths and angles
in sampling times created from proportions of extracellular enzyme
activities at different elevations. a, ¢ the soil layer of 05 cm; b, d: the
soil layer of 5—10 cm; all samples included values for cellulase (CL),

physicochemical properties of forest soil, substrate quality,
vegetation type, and biodiversity (Salazar et al. 2011; Ge
et al. 2012). All of soil extracellular enzymes participate
in the process of C metabolism in forest ecosystems and
can serve as indicators to reveal the status of C pools and
soil microbial communities (Moorhead et al. 2016; Peng
and Wang 2016). Most researchers used statistical methods
such as canonical correlation analysis (CCA), redundant
analysis (RDA), and principal component analysis (PCA)
to study relations between soil extracellular enzymes and
soil biotic and abiotic factors for exploring the response
of soil extracellular enzymes to ecosystem change (Gin-
rich 1967; Evans et al. 2006; Pietikdinen et al. 2007;
Stone et al. 2014; Hendriksena et al. 2016). However,
these methods only indicated the correlation and relative
influence of various environmental factors on soil extra-
cellular enzymes. The status of the ecosystem was not
evaluated and given feedback by the metabolic capacity
of the soil extracellular enzymes, and the assessment of a
single enzyme activity level has failed to explain the pat-
terns of material circulation in forest ecosystems (Salazar
et al. 2011; Chen et al. 2017). Therefore, since the 1990s,
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sucrase (SC), urease (UE) and acid phosphatase (AP). All values are
presented as the means +standard errors (SE). Enzyme activities in
mg kg~! d7!, angles in degrees, lengths unitless. Calculations for vec-
tor length and angle described in text. Two-way ANOVA results are
included in the figure to explore the effect of seasonal and elevations

Sinsabaugh et al. have tried to use enzyme stoichiometry
to assess the regulation of soil microbial metabolism on
nutrient cycling and energy flows (Sinsabaugh et al. 2009;
Sinsabaugh and Shah 2012; Waring et al. 2014). With
the optimization of the enzyme stoichiometry analysis
method, the complementary role of enzyme stoichiometry
and conventional analytical methods in ecological research
have become more apparent.

In our study, the results of MRT and vector analysis
were identical. Seasonal dynamics had significant impacts
on soil EEAs, but elevation had no impact on soil EEAs.
Furthermore, we found that soil available P may be a key
factor affecting enzyme activity. Because the results of
VPA showed that the effect of available P on soil EEAs
was relatively higher than for other physicochemical
factors. This was verified by the vector analysis that P
source was the limiting factor affecting the soil micro-
bial metabolism level. Therefore, the complementation of
soil EEA analysis and ES indicates the P-limitation in the
Korean pine forest ecosystem, which effectively proved
that soil microorganisms play a significant role in regulat-
ing the material cycle of the soil ecosystem by secreting



Season-dependence of soil extracellular enzyme activities in a Pinus koraiensis forest on... 1721

extracellular enzymes (Vitousek et al. 2010; Salazar et al.
2011; Waring et al. 2014; Chen et al. 2018). Dong et al.
(2019) found that the content of soil P was significantly
and positively correlated with soil EEA, a result inferred
by vector analysis and leading to the supposition that
increasing P-limitation may be the principal reason for
grassland degradation. We conclude that the application of
enzyme stoichiometry helps explain the nutrient limitation
and energy flows of forest ecosystems.

Conclusion

In the Korean pine forest ecosystem on Changbai Moun-
tain, change in elevation had no direct impact on soil EEA
and microbial participation ability in soil nutrient cycling.
This verified the conclusion that a constructive species has
a profound and consistent impact on the soil environment.
Seasonal change also had significant impacts on soil EEA.
Over the entire growing season, the C and N resources of
Korean pine forest were sufficient, but P was the limiting
factor for soil microorganism participating in the material
metabolism cycle. Enzyme stoichiometry proved to be an
important method to study the regulation of soil microorgan-
isms on nutrient metabolism and cycles.
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