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Abstract

Soil extracellular enzyme stoichiometry reflects the growth and metabolic processes
of microorganisms and the potential for soil nutrient limitations. However, knowledge of shifts
in soil extracellular enzyme stoichiometry and nutrient limitation within forest plantation
chronosequences remains limited. This study sampled soils from [Illicium verum plantations
of different ages in a tropical mountain area in southern China. Here, we determined the activities
of four extracellular enzymes (B-1,4-glucosidase, [-1,4-N-acetylglucosaminidase, leucine
aminopeptidase, and acid phosphate), C:N:P acquisition ratios, and soil physicochemical properties.
Results showed with increasing stand age, the soil total N (STN), soil available N (SAN), soil organic
carbon (SOC), and soil C:N:P ratios increased significantly, while the soil total P (STP) and soil available
P (SAP) showed no significant changes. Furthermore, as stands age increased the activities of the four
enzymes increased, the enzymatic N:P and C:P ratios decreased significantly, and the enzyme C:N ratio
showed no significant changes. Additionally, the activities of the four enzymes and their stoichiometry
were significantly positively correlated with the soil water content, SOC, STN and SAN but negatively
correlated with the STP and SAP. The enzymatic C:N:P ratio was 1:1:1.4, indicating that the soil P
availability limited the growth of microorganisms in /. verum plantations. Results provide important
insights into the sustainable management of /. verum plantations in southern China.
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Introduction

Soil extracellular enzymes are proteins with
a specific catalytic capacity secreted by soil
microorganisms and other organic tissues (such as
soil fauna, plant roots, and sand residues) and play
a critical role in regulating nutrient cycling and fixation
in soil system [1, 2]. Numerous studies show that
four soil extracellular enzymes (B-1,4-glucosidase,
BG; p-1,4-N-acetylglucosaminidase, NAG; L-leucine
aminopeptidase, LAP; acid phosphate, AP) are involved
in the C, N, and P cycles of soil microorganisms [3-5].
The ratios of BG, NAG + LAP and AP can be used to
calculate the soil extracellular enzyme stoichiometry.
These ratios represent the relative abundance of C-, N-,
and P-acquiring enzymes [3, 5] and reflect the nutritional
needs of microorganisms and the nutrition supply in
the soil [2, 6]. Therefore, the study of soil enzymatic
stoichiometry is fundamental to understanding nutrient
turnover, cycling and balance in soil systems and has
become a research hotspot in the past decade [7, 8].

Both biotic and abiotic factors impact soil
extracellular enzyme activities (EEAs) and their
stoichiometric ratios at different spatiotemporal scales
and ecosystems, such as stand age, soil quality, and
ecosystem stress [2, 8]. Brockett et al. [9] report
a significantly negative relationship between soil
moisture content and soil EEAs in a forest ecosystem.
Another study shows that the relationship between soil
nutrients and pH limits soil EEAs in a tundra ecosystem
[10]. A similar study also shows most changes in soil
EEAs are determined by soil C and N contents [11].
The proportion of microorganism acquisition in tropical
forests is affected by climatic conditions, vegetation
types, and soil geochemistry [12, 13]. Results from these
studies suggests the driving factors regulating variation
of soil EEAs may be enzyme specific or ecosystem
specific, and therefore, understanding for the underlying
mechanisms in soil EEAs variation and stoichiometry
are still limited.

Stand age can impact litter accumulation, root
exudates, and the soil microenvironment (water content,
pH, effective nutrient content), resulting in changes
in the structure and composition of microorganisms,
thus affecting soil EEAs [14]. A recent study shows
oxidative enzyme activity decreases with stand age,
while no significant change is found in the hydrolytic
enzyme activity [15]. However, another study found
hydrolytic enzyme activity increases with stand age
[16]. Furthermore, Qiao et al. [17] reported soil EEAs
(i.e., BG, a-cellulases, NAG, LAP, and AP) increase
with increasing stand age along a chronosequence
of Camellia oleifera plantations. Dong et al. [I18]
indicates the soil enzymatic C:N ratio is positively
correlated with stand age, while the soil enzymatic
N:P ratio is negatively correlated with stand age in
Pinus massoniana plantations. How the stand age of
plantations affects soil EEAs and stoichiometric ratios
requires further exploration.

Hllicium verum (Magnoliaceae), also known as
star anise, is an important economic tree species
broadly planted in the mountainous areas in tropical
and subtropical regions of southern China including
Guangxi, Guangdong, Fujian, and Yunnan Provinces
[19]. The fruit from /. verum is widely used as a cooking
ingredient and in important traditional Chinese medicine
for treating rheumatism, stomachache, and insomnia
[20]. The fruit, branch, bark, and leaf are rich in fennel
oil, which has antioxidant, antiviral and antibacterial
properties [21]. Guangxi Province is the origin and main
production area of /. verum, and the star anise yield
accounts for nearly 90% of total annual production in
China [22, 23]. However, the yield of star anise per unit
area is generally unstable and low because of improper
plantation management in Guangxi, which hinders
sustainable development in the star anise industry of
China [19, 23].

Most studies have focused on the traditional use,
phytochemistry, pharmacology and toxicology of star
anise [20, 21, 24]. Less attention has been given towards
exploring planting and management measures, especially
the effects of soil biological and physicochemical
properties on planting quality and yield. A previous
study shows soil nutrients are low in Gauanxi’s /. verum
plantations [25]. Moreover, a recent study indicates
that the associations between nutrient links, soil
microbial properties, and the detritus food web govern
ecosystem functioning in /. verum plantations [19]. The
development of plantations inevitably causes differences
in nutrient availability for soil microorganisms among
stands with different ages, therefore affecting the
limiting factors of soil microbial nutrients. However,
there are no studies on soil EEAs and stoichiometry
along an /. verum plantation chronosequence in southern
China, and the major limiting factors of microbial
nutrients in the plantations are still unclear.

In this study, we analyze soil physicochemical
properties, soil EEAs, and enzymatic stoichiometry
in I verum plantations, among different stand ages,
in a tropical mountainous area of southern China. We
hypothesized that (1) soil EEAs increase with stand age
and soil physicochemical properties would affect the
soil EEAs and stoichiometry, and (2) microorganisms
would be limited by P in the /. verum plantations. Our
aim is to promote the sustainable use of soil resources
and enhance the management strategies of I verum
plantations in southern China.

Materials and Methods
Study Area

The study area is located in a mountainous area
(E107°58'50", N21°48'25") in Fangchenggang City,
Guangxi Province, southern China, at an elevation
of 350-670 m (Fig. 1). The study site is in a tropical
monsoon climate area. The annual sunshine is 1525 h,
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Fig. 1. The location of the sampling site in a tropical mountainous area in southern China.

the average annual temperature is 21.9°C, and the
average annual rainfall is greater than 2900 mm. The
soil type is an acid lateritic red soil. The common
understory plants in the /. verum plantations include:
Paeonia  delavayi, Maesa japonica, Melicope
pteleifolia, Arthraxon hispidus, Dicranopteris pedate,
and Oplismenus undulatifolius. The study area is one
of the main production areas of star anise in Guangxi
Province. This 1. verum plantation covers nearly 7000 ha
with an annual yield of 6000 t dry fruits of star anise.

Soil Sampling

Soils were sampled in July of 2021, during peak
growing season. Four stand ages (5a, 12a, 18a, and 25a)
of 1. verum plantations were selected. Seven plots (each
20 x 20 m) were set up for each stand age (Fig. 1). Surface
soil (0-20cm) was collected with a 10 cm diameter
auger after removing the litter, roots and gravel. Five
soil samples were collected along an S-shaped curve
within each plot and then mixed together. The fresh soil
samples were first placed in 4°C ice boxes in the field
and then kept in a 4°C refrigerator in the laboratory.
Some soil samples were used to determine water content
and extracellular enzymes, and the rest were air-dried

to measure soil properties. The site properties and stand
characteristics of /. verum plantations are presented
in Table 1.

Measurement of Soil Properties and EEAs

The pH of air-dried soil samples was determined by
PHS-3C pH meter (Leici Instruments Co., Shanghai,
China). The soil water content (SWC) was measured
using standard gravimetric method. SOC was
determined by the H,SO,-K2Cr,O, oxidation method.
STN was measured via the Kjeldahl method. STP was
measured colorimetrically after wet digestion of samples
with H,SO,+HCIO,. SAN was analyzed with the
microdiffusion technique after samples were subjected
to alkaline hydrolysis. SAP was analyzed by the Olsen
method. All methods were used for determining soil
physicochemical properties as described by Lu [26].

The four soil EEAs were measured using the methods
of Peng & Wang [27]. 4-MUB-B-D-glucopyranoside,
4-MUB-N-acetyl-B-D-glucosaminide, L-leucine-7-
amino-4-methylcoumarin, and 4-MUB-phosphate were
selected as fluorometric substrates of BG, NAG, LAP,
and AP, respectively. 1 g of fresh soil stored at —4°C
was weighed into a beaker, 125 mL of acetic acid buffer

Table 1. Site properties and stand characteristics of //licium verum plantations with four stand ages. Values are the mean+standard error.

Stand ages (a) Elevation (m) Slope (°) Mean DBH (cm) St?;iﬁ?;;)ity Tree height (m) Canog)};)cover
5 350-521 27.4+1.7 11.2+£0.9 1324422 6.7£1.1 84.4+2.4
12 463-621 23.2+1.4 16.7£1.3 1124+16 10.9£1.5 87.4+3.3
18 412-670 28.7+2.1 22.4+1.8 982+11 13.3+1.8 77.4+2.2
25 369-594 30.9+2.4 27.3£2.1 77448 15.6+2.3 73.4+4.5
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(50 mmol/L, pH 5.0) was added, and the mixture
was mixed with a vortex oscillator to prepare a soil
suspension. Next, 200 pL of soil suspension was added
to each well of a 96-well microplate, and 50 pL of
substrate (200 pmol/L, prepared with ultrapure water)
was added. All microplates were incubated in the dark
at 20°C for 4 h, and then 10 pL of NaOH solution
(I mol/L) was added to each well to terminate the
culture. After one minute, a multifunctional microplate
reader (Synergy H4, BioTek, Winooski, USA) was used
for excitation at 365 nm and fluorescence measurement
at 450 nm.

Data Analysis

One-way ANOVA was used to test the significance
between stand ages (LSD, o = 0.05). When necessary,
data was logarithmically (log) transformed to meet the
assumption of normality and homoscedasticity. Pearson
analysis was then applied to determine the relationships
of soil EEAs, enzyme stoichiometric ratios and soil
physicochemical properties according to the significance
level using SPSS 26.0 (IBM-SPSS Inc., Chicago,
USA). Redundancy analysis (RDA) is a well-known
multivariate statistical technique that commonly used
to explore and explain the relationships among multiple
variables [28]. The associations between soil EEAs,
enzyme stoichiometric ratios, and soil physicochemical
properties were examined by RDA, performed using
CANOCO 4.5 [28].

Results and Discussion

Changes in Soil Properties, Soil EEAs
and Stoichiometry in /. verum Plantations

As shown in Table 2, the soil from the I verum
plantations was acidic (4.57+0.18). Soil pH decreased
with increasing stand age. The soil pH values at 18 a and
25 a were significantly lower than 5 a and 12 a (p<0.05).
SWC increased with increasing stand age. Stands at
18 a and 25 a were significantly higher than 5 a and 12
a (p<0.05). The SOC, STN, soil N:P ratio (SNP), soil C:P
ratio (SCP), soil C:N ratio (SCN), and SAN significantly
increased with increasing stand age (p<0.05), while the
STP and SAP did not significantly change with stand
age (Table 2).

The changes in the four EEAs showed an increasing
trend as stand age increased (Fig. 2). There was no
significant difference in the BG activity between
the 18 a and 25 a stands, but they were significantly
higher than the 5 a and 12 a stands (p<0.05) (Fig. 2a).
NAG activity significantly increased from the 5 a to
18 a stands (p<0.05) but decreased slightly in the 25
a stands (p>0.05) (Fig. 2b). LAP activity increased
with increasing stand age, but there was no significant
difference between 18 a and 25 a (p>0.05) (Fig. 2c). AP
activity increased significantly with increasing stand age

Table 2. Soil physicochemical properties in //licium verum plantations with four stand ages.
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pH —soil pH; SWC — soil water content; SOC — soil organic carbon; STN — soil total nitrogen; STP — soil total phosphorus; SCN — soil C:N; SCP — soil C:P; SNP — soil N:P; SAN — soil available
nitrogen; SAP — soil available phosphorus. Different lowercase letters indicate significant differences among different stand ages (p<0.05). Values are presented as the means+standard errors

(n="7).
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(p<0.05) (Fig. 2d). The soil enzymatic C:N:P ratio was
1:1:1.4. The soil ECN showed no significant difference
among the four stand ages (Fig. 3a), while both soil ECP
and ENP significantly decreased with increasing stand
age (p<0.05) (Fig. 3(b-c).

This study shows STN, SAN, SOC, SCN, SCP, and
SNP and four EEAs increased with stand age (Table
2, Fig. 2) and relates to the litter yield, decomposition
rate, and root biomass in I verum plantations at
different stand ages. The young I verum plantations
(5 a) have a fast growth rate, requiring sufficient soil
nutrients to meet growth needs and compete with soil
microorganisms for N and P nutrients. Therefore, this
is likely the reason the soil nutrients and EEAs were
lower. However, in the mature plantations (18 a and
25 a), the growth of I verum is relatively slow, the soil
nutrient accumulation rate is lower, and the soil EEAs
increases gradually and tends to be relatively stable.
The understory litter and plant residues increase with
stand age, enhancing the contents of SOC and STN. In
addition, with the increase in stand age, the enhanced
soil biological activity promotes the decomposition and
transformation of soil organic matter, thereby further
facilitating the release of C and N. Moreover, the growth
and development of the root system of I verum may
contributes to the reduction of soil erosion, thus leading

to a decrease in the loss of soil C and N. Therefore,
which provides C and N sources for soil microorganisms
to grow, and further enhances the soil EEAs [29].
Some studies show soil EEAs are significantly higher
in soils with vegetation with more root biomass [30,
31]. Therefore, 1. verum plantations develop more fine
roots with increasing stand age, which can produce
more soil extracellular enzymes by releasing exudates
[32]. In addition, long-term soil microbial C fixation,
N fixation and atmospheric N deposition also led to the
accumulation of soil nutrients with increasing stand age,
thereby enhancing the soil EEAs.

The soil was red soil with a high content of iron
and aluminum ions in the study area, thus P is easily
complexed into forms that are more inaccessible to
plants and microorganisms, resulting in serious soil P
limitation [12]. Moreover, abundant rainfall and leaching
further decreases the soil P availability [33]. Therefore,
STP and SAP are low in I verum plantations. Previous
studies have also shown SAP in I verum plantations
within Guangxi ranges from 0.8 to 1.5 mg/kg,
and P is severely deficient in the study area [25].
Notably, AP activity increases with stand age (Fig. 2),
which is related to the soil P deficiency in the study area.
In conclusion, the soil EEAs increase with the age of
1. verum plantations, supporting our first hypothesis.
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Fig. 2. Soil extracellular enzyme activities in //licium verum plantations with four stand ages. Significant differences are marked by

lowercase letters (p < 0.05). The error bars are the standard errors.
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Fig. 3. Soil enzyme stoichiometric ratios in [llicium
verum plantations with four stand ages. Letters above error bars
indicate significant differences at p<0.05. The error bars are the
standard errors.

Factors Influencing the Soil EEAs
and Stoichiometry in /. verum Plantations

As shown in Table 3, soil pH and the activities of
NAG and AP (p<0.05) were significantly and negatively
correlated. SWC and SOC had significantly positive
correlations with the four EEAs and their ratios
(p<0.05) (Table 3). STN and SAN showed a significant
positive correlation with the four soil EEAs, while STP,
SAN and SAP showed a significant negative correlation
with ECP and ENP (p<0.05). The RDA results showed
that the explanatory variables of the first axis and the

second axis were 57.45% and 18.27%, respectively
(Fig. 4). SWC, SOC, SCN, SCP, SNP, BG, NAG, LAP,
AP, and ECN showed significantly positive correlations
with each other and negative correlations with soil pH,
ECP and ENP (p<0.05) (Fig. 4).

Many studies report abiotic factors have a significant
impact on soil EEAs and that the contribution rate
is greater than biotic factors [34]. In a synthesis of
40 studies, soil EEAs are found to be largely influenced
by the soil pH, soil organic matter, and climate factors
[35]. Soil EEAs and their stoichiometry are affected
directly by SWC and soil pH and indirectly by SOC,
STN, and SAN [8, 36]. Our study shows SWC is
positively correlated with four soil EEAs in I verum
plantations (Table 3, Fig. 4), which is consistent with
the findings of previous studies [35]. A higher SWC
can accelerate root growth and similarly enhance the
activity of microorganisms [37], directly enhancing
the ability of plants and microorganisms to secrete
extracellular enzymes [38]. A high SWC contributes
to leaching of nutrient elements in soil and accelerates
the absorption of soil nutrients by plants. This results
in a decrease of soil nutrient availability [39], thus
increasing the nutrient demand of microorganisms and
indirectly affecting the soil EEAs. pH is a critical soil
property affecting soil EEAs and stoichiometry [35, 40].
A low soil pH enhances the geochemical adsorption
of P and prevents P from migrating through the soil
[3], leading to a decrease in P availability in I verum
plantations.

The contents of soil nutrients can greatly affect
soil EEAs and their stoichiometric ratios by affecting
soil available substrate and soil C:N:P stoichiometric
characteristics [34]. The correlation analysis shows soil
ECP and ENP have a significantly positive correlation
with SOC (Table 3). The high ECP and ENP in soil
indicates SOC content increased, which simultaneously
promotes the secretion of extracellular enzymes by soil
microorganisms. Therefore, SOC is an important factor
affecting the soil EEAs and enzymatic stoichiometry
in I verum plantations. Our results are consistent
with previous studies, showing soil nutrition and
stoichiometry have great effects on soil EEAs and
enzymatic stoichiometry [10, 37]. Overall, the SWC, soil
nutrients, and soil C:N:P stoichiometry are identified
as the major soil variables affecting soil EEAs and
enzymatic stoichiometry in /. verum plantations, which
is consistent with our first hypothesis.

Soil P Limitation in /. verum Plantations

The extracellular enzyme stoichiometry represents
a biogeochemical balance between substrate availability
and microbial resource allocation in soil system [41, 42].
Sinsabaugh et al. [35] reported that the stoichiometric
ratios of soil EEAs are 1:1:1 in the global ecosystem.
Consequently, the supply rates of assimilable substrates
of C, N, and P are often quantitatively similar,
demonstrating the stoichiometric homeostasis of soil
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Table 3. Correlations between soil enzyme activities, enzymatic stoichiometry, and soil physicochemical properties.
pH SWC SOC STN STP SCN SCP SNP SAN SAP
BG -0.124 0.413™ 0.655™ 0.622" 0.053 0.464™ 0.392" 0.352" 0.532"™ 0.362"
NAG -0.425" 0.264" 0.443™ 0.422" 0.042 0.442™ 0.262" 0.404™ 0.394" 0.203
LAP -0.203 0.542" 0.592™ 0.424™ 0.141 0.152 0.142 0.152 0.435™ 0.416™
AP -0.312° 0.352" 0.624™ 0.625™ -0.342" 0.352™ 0.552™ 0.562™ 0.254" 0.336
ECN 0.043 0.342" 0.452 0.092 0.142 -0.052 0.124 0.226 0.303" 0.132
ECP 0.193 0.285" 0.242 -0.363" -0.344" 0.362™ 0.152 -0.024 -0.334" -0.312°
ENP 0.104 0.345° 0.352° 0.263" 0.342° -0.352™ 0.024 -0.152 0.274" -0.353™

ECN — In(BG):In(LAP + NAG); ECP — In(BG): In(AP); ENP — In(LAP + NAG):In(AP); pH — soil pH; SWC — soil water content;

SOC — soil organic carbon; STN — soil total nitrogen; STP — soil total phosphorus; SCN — soil C:N; SCP — soil C:P;
SNP — soil N:P; SAN — soil available nitrogen; SAP — soil available phosphorus. * p<0.05; " p<0.01. BG, NAG, LAP,
and AP indicate B-1,4-glucosidase, -1,4-N-acetylglucosaminidase, leucine aminopeptidase, and acid phosphatase, respectively.

microorganisms [2, 3]. However, there are significant
differences in soil enzyme stoichiometry owing to
substrate availability, as well as biotic and abiotic
factors [43]. In the present study, the ratio of soil C-, N-,
and P-acquiring enzyme activity in /. verum plantations
is 1:1:1.4, which deviates from 1:1:1 at the global scale.
This indicates the study area has a high activity of
P-acquiring enzymes, reflecting the relative lack of P

in soil. As stands increase in age, the soil P-acquiring
enzyme activity increases significantly, while the soil
ECP and ENP decrease significantly (Fig. 2 and 3).
This indicates microorganisms become more restricted
by P with increasing stand age, verifying our second
hypothesis.

Resource  allocation  theory  suggests  soil
microorganisms can produce extracellular enzymes

<
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Stand ages
@ 25a
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® 12a
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-10

RDAI1 (57.45%) 1.0

Fig. 4. Ordination plots of redundancy analysis to identify the relationships among the soil enzyme activities, enzymatic stoichiometry,
and soil physicochemical properties in four stand ages (5 a, 12 a, 18 a, and 25 a). ECN — In(BG):In(LAP + NAG); ECP — In(BG):
In(AP), ENP— In(LAP + NAG):In(AP); pH — soil pH; SWC — soil water content; SOC — soil organic carbon; STN — soil total nitrogen;
STP — soil total phosphorus; SCN — soil C:N; SCP — soil C:P; SNP — soil N:P; SAN — soil available nitrogen; SAP — soil available
phosphorus. BG, NAG, LAP, and AP indicate B-1,4-glucosidase, B-1,4-N-acetylglucosaminidase, leucine aminopeptidase, and acid

phosphatase, respectively.
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by consuming abundant elements to mine relatively
limited elements [44, 45]. The high demand for P of
the microorganisms reflects the deficiency of elemental
P. The P concentration in soil is determined mainly by
the weathering of minerals and is gradually consumed
by plant growth during stand development [2]. The
increased input of plant residues led to a decrease in soil
pH with plantation time (Table 2), while the migration
of P was limited by lower pH in the soil system [46]. In
response to the increase in C and N and the decrease in
P in soil during stand development, soil microorganisms
can gradually enhance the expression of AP enzyme,
resulting in lower ratios in soil ECP and ENP with stand
age (Fig. 3). Our results are consistent with most studies
that consider P in the tropics to be the limiting factor
for ecosystem productivity [12, 47, 48]. Therefore, more
attention should be given to the input of P elements in
the management of /. verum plantations.

Conclusions

Our study showed STN, SAN, SOC, soil C:N:P
ratios, and the four soil EEAs increased with increasing
stand age in [ verum plantations, while the contents of
STP and SAP showed no significant changes. The soil
ECN showed no significant difference with stand age,
while the soil ECP and ENP both significantly decreased
with increasing stand age. SWC and soil nutrients were
major factors affecting the soil EEAs and stoichiometry
in . verum plantations. The soil enzymatic C:N:P
ratio was 1:1:1.4, indicating soil microorganisms were
severely limited by P availability. Therefore, phosphate
fertilizer should be applied to promote plant growth
for stable and high fruit yield in /. verum plantations.
Our results offer insights into the effect of forest
plantation chronosequences on soil extracellular
enzyme stoichiometry and nutrient limitation in tropical
mountain areas.

Acknowledgments
This study was funded by the Guangxi Natural
Science  Foundation  (2021GXNSFFA196005 and

2021GXNSFAA196024) and the National Natural
Science Foundation of China (31960275 and 31760128).

Conflict of Interest

The authors declare no conflict of interest.

References

1. SINSABAUGH R.L. Phenol oxidase, peroxidase
and organic matter dynamics of soil. Soil Biology &
Biochemistry, 42, 391, 2010.

. KIDINDA L.K., DOETTERL S,

ZHANG W., XU Y.D., GAO D.X., WANG X., LIU W.C,
DENG J., HAN X.H., YANG G.H., FENG Y.Z., REN G.X.
Ecoenzymatic stoichiometry and nutrient dynamics along
a revegetation chronosequence in the soils of abandoned
land and Robinia pseudoacacia plantation on the Loess
Plateau, China. Soil Biology & Biochemistry, 134, 1, 2019.
XU ZW., YU G.R,, ZHANG X.., HE N.P., WANG Q.F,
WANG S.Z., WANG R.L., ZHAO N., JI Y.L., WANG
CY. Soil enzyme activity and stoichiometry in forest
ecosystems along the North-South Transect in eastern
China (NSTEC). Soil Biology & Biochemistry, 104, 152,
2017.

BAI X.J., DIPPOLD M.A., AN S.S., WANG B.R., ZHANG
H.X., LOEPPMANN S. Extracellular enzyme activity
and stoichiometry: The effect of soil microbial element
limitation during leaf litter decomposition. Ecological
Indicators, 121, 107200, 2021.

FEYISSA A., GURMESA G.A., YANG F, LONG CY.,
ZHANG Q., CHENG X.L. Soil enzyme activity and
stoichiometry in secondary grasslands along a climatic
gradient of subtropical China. Science of the Total
Environment, 825, 154019, 2022.

WU Y., CHEN W.J, LI Q.,, GUO Z.Q., LI Y.Z., ZHAO
ZW., ZHAI JY., LIU G.B,, XUE S. Ecoenzymatic
stoichiometry and nutrient limitation under a natural
secondary succession of vegetation on the Loess Plateau,
China. Land Degradation & Development, 32, 399, 2021.
GENG Z., XIAO L., LI Z., LI P, YAO K., CHEN Y.
Impacts of adding municipal sewage sludge on soil
enzyme activity and stoichiometry in a Chinese Loess soil.
Polish Journal of Environmental Studies, 31, 3031, 2022.
ZHENG H.F., VESTERDAL L., SCHMIDT LK., ROUSK
J. Ecoenzymatic stoichiometry can reflect microbial
resource limitation, substrate quality, or both in forest
soils. Soil Biology & Biochemistry, 167, 108613, 2022.
BROCKETT B.ET., PRESCOTT C.E., GRAYSTON S.J.
Soil moisture is the major factor influencing microbial
community structure and enzyme activities across seven
biogeoclimatic zones in western Canada. Soil Biology &
Biochemistry, 44, 9, 2012.

. STARK S., MANNISTO M.K., ESKELINEN A. Nutrient

availability and pH jointly constrain microbial extracellular
enzyme activities in nutrient—poor tundra soils. Plant and
Soil, 383, 373, 2014.

. CENINI VL., FORNARA D.A, MCMULLAN G,

TERNAN N., CAROLAN R., CRAWLEY M.J,
CLEMENT J, LAVOREL S. Linkages between
extracellular enzyme activities and the carbon and nitrogen
content of grassland soils. Soil Biology & Biochemistry,
96, 198, 2016.

. WARING B.G.,, WEINTRAUB S.R., SINSABAUGH

R.L. Ecoenzymatic stoichiometry of microbial nutrient
acquisition in tropical soils. Biogeochemistry, 117, 101,
2014.

KALBITZ K.,
BUKOMBE B., BABIN D., MUJINYA B.B., VOGEL
C. Relationships between geochemical properties and
microbial nutrient acquisition in tropical forest and
cropland soils. Applied Soil Ecology, 181, 104653, 2023.

. WANG C.Q., XUE L., DONG Y.H., HOU LY., WEI Y.H.,

CHEN J.Q., JIAO R.Z. Contrasting effects of Chinese fir
plantations of different stand ages on soil enzyme activities
and microbial communities. Forests, 10, 11, 2019.

. XU G., LONG Z.J,, REN P, REN, C.J,, CAO Y., HUANG

Y., HU S.L. Differential responses of soil hydrolytic
and oxidative enzyme activities to the natural forest



Soil Enzyme Activity and Stoichiometry...

1789

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

conversion. Science of the Total Environment, 716, 136414,
2020.

WANG C.Q., XUE L., JJAO R.Z. Soil organic carbon
fractions, C-cycling associated hydrolytic enzymes,
and microbial carbon metabolism vary with stand age
in Cunninghamia lanceolate (Lamb.) Hook plantations.
Forest Ecology and Management, 482, 118887, 2021.
QIAO H., MO X.Q., LUO Y.H., LIU X.Y,, HU Y.J., CHEN
X.B., SU Y.R. Patterns of soil ecoenzymatic stoichiometry
and its influencing factors during stand development in
Camellia oleifera plantations. Acta Ecologica Sinica, 39,
1887, 2019 [In Chinese].

DONG HY., GE I.F,, SUN K., WANG B.Z., XUE JM,,
WAKELIN S.A., WU J., SHENG W.X., LIANG C.F,, XU
Q.F., JIANG PK., CHEN J.H., QIN H. Change in root—
associated fungal communities affects soil enzymatic
activities during Pinus massoniana forest development in
subtropical China. Forest Ecology and Management, 482,
118817, 2021.

YANG B., PANG X.Y., BAO WK., QI L., LIANG W.J,,
SHAO Y.H., FU, S.L., LIU X.H., GE F. The interactions
between soil microbes and microbial feeding nematodes
correlate with fruit productivity of /llicium verum Hook.
Global Ecology and Conservation, 17, e00511, 2019.
ITOIGAWA M., ITO C., TOKUDA H., ENJO F., NISHINO
H., FURUKAWA H. Cancer chemopreventive activity of
phenylpropanoids and phytoquinoids from /llicium plants.
Cancer Letters, 214, 165, 2004.

WANG G.W., HU W.T., HUANG B.K., QIN L.P. /llicium
verum: a review on its botany, traditional use, chemistry
and pharmacology. Journal of Ethnopharmacology, 136,
10, 2011.

MO Y.Y. Development status and perspective of star anise
industry in Tengxian County of Guangxi in China. Forest
Science and Technology, 8, 113, 2020 [In Chinese].

XIAO J., CHEN SY., SUN Y., WU SY., LIANG W.H.,
YANG S.D. Effects of mechanical weeding on soil fertility
and microbial community structure in star anise (//licium
verum Hook. f.) plantations. PloS one, 17, 0266949, 2022.
OHIRA H., TORII N., AIDA T.M., WATANABE M.,
SMITH, R.L. Rapid separation of shikimic acid from
Chinese star anise (//licium verum Hook. f.) with hot water
extraction. Separation and Purification Technology, 69,
102, 20009.

CAO J.Z., NON B.C., MA B., ZHANG Y., WANG H.L.
Diagnosis of soil nutrients in [llicium verum forest in
Guangxi. Guangxi Forestry Science, 33, 10, 2004 [In
Chinese].

LU R.K. Methods of soil and agricultural chemistry
analyses. China Agricultural Scientech Press: Beijing,
2000 [In Chinese].

PENG X.Q, WANG W. Stoichiometry of soil
extracellular enzyme activity along a climatic transect in
temperate grasslands of northern China. Soil Biology &
Biochemistry, 98, 74, 2016.

LEPS J, SMILAUER T. Multivariate analysis of
ecological data using CANOCO. Cambridge University
Press: Cambridge, 2003.

WARDLE D.A., YEATES GW., NICHOLSON K.S.
BONNER K.I., WATSON R.N. Response of soil microbial
biomass dynamics, activity and plant litter decomposition
to agricultural intensification over a seven-year period.
Soil Biology & Biochemistry, 31, 1707, 1999.

CUI Y.X., FANG L.C,, GUO X.B., WANG X., ZHANG
Y.J., LI P.F., ZHANG X.C. Ecoenzymatic stoichiometry
and microbial nutrient limitation in rhizosphere soil

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44,

in the arid area of the northern Loess Plateau, China. Soil
Biology & Biochemistry, 116, 11, 2018.

YANG Y., LIANG C., WANG Y.Q., CHENG H., AN S.S.,
CHANG S.X. Soil extracellular enzyme stoichiometry
reflects the shift from P-to N-limitation of microorganisms
with grassland restoration. Soil Biology & Biochemistry,
149, 107928, 2020.

REN W.J.,, CHANG H.W.,, TENG Y. Sulfonated graphene-
induced hormesis is mediated through oxidative stress
in the roots of maize seedlings. Science of the Total
Environment, 572, 926, 2016.

ACOSTA-MARTINEZ V. CRUZ L. SOTOMAYOR-
RAMIREZ D., PEREZ-ALEGRIA L. Enzyme activities
as affected by soil properties and land use in a tropical
watershed. Applied Soil Ecology, 35, 35, 2007.

KIVLIN S.N., TRESEDER K_.K. Soil extracellular enzyme
activities correspond with abiotic factors more than fungal
community composition. Biogeochemistry, 117, 23, 2014.
SINSABAUGH R.L., LAUBER C.L., WEINTRAUB
M.N., AHMED B., ALLISON S.D., CRENSHAW C.,
CONTOSTA A.R.,, CUSACK D., FREY S., GALLO
M.E., GARTNER T.B., HOBBIE S.E., HOLLAND K.,
KEELER B.L., POWERS J.S., STURSOVA M., TAKACS-
VESBACH C., WALDROP M.P.,, WALLENSTEIN M.D.,
ZAK D.R., ZEGLIN L.H. Stoichiometry of soil enzyme
activity at global scale. Ecology Letters, 11, 1252, 2008.
ALI A., HUSSAIN, M. ALI S, AKHTAR K.,
MUHAMMAD MW. ZAMIR A., ALI A., NIZAMI
S.M., AHMAD B., HARRISON M.T., FAHAD S., ZHOU
Z., Y1 S. Ecological stoichiometry in Pinus massoniana
L. Plantation Increasing nutrient limitation in a 48-year
chronosequence. Forests, 13, 469, 2022.

LIU Y., MIAO H.T., HUANG Z., CUI Z., HE H.H.,
ZHENG JY., HAN FP., CHANG X.F, WU G.L. Soil
water depletion patterns of artificial forest species and
ages on the Loess Plateau (China). Forest Ecology and
Management, 417, 137, 2018.

XIAO L., LIU G.B,, LI P, LI Q., XUE S. Ecoenzymatic
stoichiometry and microbial nutrient limitation during
secondary succession of natural grassland on the Loess
Plateau, China. Soil & Tillage Research, 200, 104605,
2020.

SPOHN M., KUZYAKOV Y. Spatial and temporal
dynamics of hotspots of enzyme activity in soil as affected
by living and dead roots — a soil zymography analysis.
Plant and Soil, 379, 67, 2014.

LI P, YANG Y.H., HAN W.X., FANG l.Y. Global patterns
of soil microbial nitrogen and phosphorus stoichiometry in
forest ecosystems. Global Ecology and Biogeography, 23,
979, 2014.

SINSABAUGH R.L., FOLLSTAD SHAH J.J.
Ecoenzymatic stoichiometry and ecological theory.
Annual Review of Ecology, Evolution, and Systematics,
43, 313, 2012.

XU HW, QU Q. LI GW, LIU G.B. GEISSEN V.,
RITSEMA C.J., XUE S. Impact of nitrogen addition on
plant-soil-enzyme C-N-P stoichiometry and microbial
nutrient limitation. Soil Biology & Biochemistry, 170,
108714, 2022.

SINSABAUGH R.L., HILL B.H., FOLLSTAD SHAH J.J.
Ecoenzymatic stoichiometry of microbial organic nutrient
acquisition in soil and sediment. Nature, 462, 795, 2009.
MOOSHAMMER M., WANEK W. HAMMERLE 1.,
FUCHSLUEGER L., HOFHANSL F., KNOLTSCH A.,
SCHNECKER J., TAKRITI M., WATZKA M., WILD B.,
KEIBLINGER K.M., ZECHMEISTER-BOLTENSTERN



1790

Hu G., etal

45.

46.

S., RICHTER A. Adjustment of microbial nitrogen use
efficiency to carbon nitrogen imbalances regulates soil
nitrogen cycling. Nature Communications, 5, 1, 2014.
GERMAN D.P,, CHACON S.S., ALLISON S.D. Substrate
concentration and enzyme allocation can affect rates of
microbial decomposition. Ecology, 92, 1471, 2011.

JIAN Z.J.,, NI Y.Y.,, ZENG L.X., LEI L., XU J., XIAO
W.F., LI M.H. Latitudinal patterns of soil extracellular
enzyme activities and their controlling factors in Pinus
massoniana plantations in subtropical China. Forest
Ecology and Management, 495, 119358, 2021.

47.

48.

DUE.Z., TERRER C., PELLEGRINI A.F.A., AHLSTROM
A., LISSA C.J., ZHAO X., XIA N., WU X.H., JACKSON
R.B. Global patterns of terrestrial nitrogen and phosphorus
limitation. Nature Geoscience, 13, 221, 2020.

YAN P, LIN K., YU C., TU X. Spatial variability of soil
phosphorus and potassium and its influencing factors in
the fragile red beds ecosystem in Southern China. Polish
Journal of Environmental Studies, 30, 5367, 2021.



