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Abstract: Soil extracellular enzymes play an important role in ecosystem energy conversion and material
cycling. Ecoenzymatic stoichiometry can reflect the relationship between the soil’s microbial nutrient
cycle and nutrient limitation. However, there have been few studies on the differences in ecoenzymatic
stoichiometry and nutrient limitation between rhizosphere soil and bulk soil. This study examined soil
nutrients and enzyme activities in rhizosphere soil and bulk soil in a Larix principis-rupprechtii plantation in
north China. The results showed that the levels of soil organic carbon (C), total nitrogen (N), and available
nutrients in the rhizosphere soil were significantly higher than those in the bulk soil, whereas the total
potassium (TK) level was significantly lower. The soil C:N, C:P, and N:P ratios of the rhizosphere soil
also exceeded those of the bulk soil. The acid phosphatase (ACP), urease (UE), and β-glucosidase (β-GC)
activities in the rhizosphere soil exceeded those in the bulk soil, whereas the activities of N-acetyl-β-D-
glucosidase (NAG), aminopeptidase (LAP), and nitrogenase (NA) were lower. The ratios of C, N, and
P acquisition activities changed from 1:1.7:1 in the rhizosphere soil to 1:2:1 in the bulk soil. Redundancy
analysis showed that the available K and soil water content in the rhizosphere soil were the most important
soil factors affecting soil enzyme activities and ecoenzymatic stoichiometry; those in the bulk soil were soil
N:P and soil water content. These results suggest that not all soil enzyme activities present rhizosphere
effects and that bulk soil is more susceptible to N limitation in Larix principis-rupprechtii plantations. Plant
roots play an important role in regulating soil nutrients and soil activities, and future studies should
examine the underlying mechanisms in more detail.

Keywords: soil enzyme activity; rhizosphere soil; bulk soil; ecoenzymatic stoichiometry

1. Introduction

Soil extracellular enzymes are an important part of the soil ecosystem [1], and play vital
roles in soil biochemical processes, energy conversion [2], and the ecosystem nutrient cycle [1,3,4].
Given their abundance and rapid reproduction, soil microorganisms are the main source of soil
enzymes [5,6]. Plant root exudates, such as sugar, amino acids, and organic acids, represent
an additional source of soil enzymes [5,7]. These exudates mainly affect the rhizosphere
microenvironment [8,9] and play an important role in regulating forest rhizosphere ecological
processes [10]. Recent studies have looked at the ecological stoichiometry of soil enzymes within
the examination of the soil nutrient cycle and nutrient limitation [11–14].

β-glucosidase (β-GC) is an indicator of carbon (C) demand, whereas N-acetyl-β-D-
glucosidase (NAG) and aminopeptidase (LAP) are indicators of nitrogen (N) demand,
and acid phosphatase (ACP) is an indicator of phosphorus (P) demand. The ecological
stoichiometry of soil enzymes can reflect the ability of microorganisms to allocate nutri-
ents and can restrict elements, indicating microbial growth [11,12,15], such as a high BG:
(NAG + LAP) ratio, suggesting C limitation relative to N [16–18]. These indicators can
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be used to represent the release of soil extracellular enzymes by microorganisms during
the assimilation of major nutrients [19–22]. A previous study found the convergence of
ratios of specific C, N, and P acquisition activities at 1:1:1 on a global scale, indicating the
relative stability of soil C:N:P [11]. However, the localized stoichiometric ratio of ecolog-
ical enzymes is influenced by a wide variety of biological and abiotic factors, leading to
significant differences between different ecosystems [21,23,24].

The rhizosphere is a narrow soil region encompassing plant roots [25], and provides an
environment suitable for microorganisms [26]. The rhizosphere also provides an interface
for interactions between soil, plants, and microorganisms [27,28]. Bulk soil generally has a
lower nutrient transformation rate, microbial quantity, and activity than rhizosphere soil
due to a lack of root regulation [22,29,30]. The rhizosphere effect is induced by the rhizode-
position transfer of C, N, and other nutrients from plants’ fine roots to the soil [27,31,32],
leading to differences in physical, chemical, and biological characteristics between rhizo-
sphere soil and bulk soil [28,33–35]. The influences of root morphology, metabolism, and
soil characteristics result in differences in the mineral nutrients and enzyme activities in
rhizosphere soil among different habitats [27,28,36,37]. The most recent studies on soil
enzyme activities have focused on either bulk soil or rhizosphere soil [15,24,38,39]. For
example, Xu et al. (2017), compared the bulk soil enzyme activities in nine forest ecosystems
in different temperature zones in eastern China [40] and Cui et al. (2018) measured the
enzyme activities in rhizosphere soil with different vegetation and soil types in the arid area
of the northern Chinese Loess Plateau [41]. However, these studies did not simultaneously
consider rhizosphere soil and bulk soil, thereby ignoring the important effects of roots
on soil enzyme activity and ecological stoichiometry. Consequently, the differences and
relationships between forest rhizosphere soil and bulk soil remain unclear [26,42].

The aim of the present study was to compare the enzyme activities and ecological
stoichiometry of bulk soil with those of rhizosphere soil in a Larix principis-rupprechtii
plantation in the temperate zone of northern China. The hypotheses of the present study
are as follows: (1) rhizosphere effects exist in soil C, N, and P; however, soil enzyme
activities do not show rhizosphere effects due to abundant nutrients in rhizosphere soil;
and (2) N limitation in bulk soil exceeds that in rhizosphere soil because of the wide-ranging
N limitation in boreal forests. The present paper reveals the main factors influencing the
enzyme activities and stoichiometric characteristics of rhizosphere soil and bulk soil. The
results of the present study can improve knowledge regarding the role of plant roots in
regulating soil enzyme activities.

2. Methods
2.1. Study Sites

The study area of the present study was in the Mulanweichang National Forestry
Administration, Hebei Province, China (116◦32′ E–118◦14′ E, 41◦35′ N–41◦40′ N). The study
area falls within an elongated branch of the Greater Khingan Range, Inner Mongolia Plateau,
Yanshan Mountains. The terrain of the study area decreases from northwest to southeast,
with an altitude of between 750 and 2050 m above sea level (a.s.l.). The soil type in this
study area is Burozem from the classification of China, which is called Colorful Luvisol and
Braunerde from the classifications of the United Nations and Russia, respectively. The study
area falls in a temperate semihumid and semiarid continental monsoon mountain climate
zone with maximum, minimum, and average annual temperatures of 29.8 ◦C, −42.9 ◦C,
and 3.3 ◦C, respectively. The study area has an annual average precipitation of 445 mm,
with precipitation occurring in summer from June to August.

A field sampling program was implemented in a 30-year-old Larix principis-rupprechtii
plantation on a hill with a slope of 15◦. The average diameter at breast height (DBH), tree
height, and stand density of each sample plot were 12.37 cm, 9.2 m, and 1575 plants/hm2,
respectively. The dominant herbs of the understory of the plot were identified to include
Moehringia lateriflora, Carex rigescens, Galium boreale, and Carex siderosticta. The present study
accounted for the large spatial heterogeneity in the soil nutrients and enzyme activities in
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the study area by establishing 16 replicate sample plots. Each sample plot had an area of
20 m × 20 m, with a 10 m buffer zone between each sample plot along the contour line.
The sample plots were enclosed using railings from August 2018, to eliminate livestock
and human interference. Field investigation and sampling were conducted in August 2019,
after one year of enclosure.

2.2. Soil Sampling

Three quadrats, each with an area of 0.5 m × 0.5 m, were established along a diagonal
line in each plot. In each quadrat, all plant roots were extracted and rhizosphere soil within
4 mm of the root surfaces was collected [43]. The rhizosphere soil samples collected from
three quadrats in the same plot were amalgamated into a single sample, resulting in the
collection of 16 rhizosphere soil samples. Five samples of surface soil taken from a depth of
0–10 cm, representing bulk soil, were randomly collected from each plot, and amalgamated
into a single sample. The collected soil samples were refrigerated and analyzed within
a week. They were filtered through a 2 mm sieve to remove the roots, litter, stones, and
other debris. Each soil sample was divided into two parts; one part was air-dried for the
determination of soil total nutrients, whereas the other was stored in a refrigerator at 4 ◦C
before laboratory measurements of soil enzyme activity, soil microbial biomass carbon,
nitrate nitrogen (NO3

−-N), and ammonium nitrogen (NH4
+-N) were taken.

2.3. Measurements of Soil Properties

The present study used the potassium dichromate external heating method to deter-
mine the soil contents of organic carbon (SOC), total nitrogen (TN), total phosphorus (TP),
total potassium (TK), available phosphorus (AP), available potassium (AK), ammonium
nitrogen (NH4

+-N), nitrate nitrogen (NO3
−-N), microbial biomass carbon (MBC), and pH.

Soil TN was determined using Kjeldahl nitrogen analyzer (Kjeltec 2300, Foss Tecator AB,
Sweden, Sweden). TP was determined via potassium dichromate–sulfuric acid digestion
(UV-1800, Shanghai, China). TK was analyzed via flame atomic absorption spectrophotom-
etry (M360, Sherwood, WV, USA); AP was analyzed using Mo-Sb anti-spectrophotometry
method and extracted with sodium bicarbonate (UV-1800, Shanghai, China) [44]; AK was
analyzed via NH4OAc extraction flame spectrophotometry (M360, Sherwood, WV, USA);
NO3-N and NH4

+-N were analyzed using a continuous flow analyzer (Skalar san++, Skalar,
the Netherlands); soil pH (soil/water, 1:2.5) was analyzed using a pH meter (HI2211,
Hanna, Italy); and MBC was analyzed utilizing the chloroform fumigation–potassium
sulfate leaching method (multi 2100 s C/N, Analytik Jena AG, Jena, Germany). These
methods can be seen in the work of Bao, 2000 [45].

The present study determined the activities of various soil enzymes, including β-
glucosidase (β-GC), leucine aminopeptidase (LAP), N-acetyl-β-D-glucosidase (NAG), acid
phosphatase (ACP), urease (UE), and nitrogenase (NT). Table 1 summarizes the specific
functions of the enzyme activities. β-GC, LAP, NAG, ACP, and UE were determined using
microplate fluorometry [46]. Following the method instructions, reagents were added to
soil samples on a 96-well cell culture plate, following which an enzyme-labeling instrument
was used to identify the enzyme activity. The activity potential of soil nitrogenase was de-
termined via the acetylene reduction method [47] according to the following sequence: (1) a
10 g subsample of fresh soil from each soil sample was placed into a 150 mL sterilized serum
bottle, following which a 4 mL solution of glucose (1 mg C g−1 dry soil) and disodium malate
(1 mg C g−1 dry soil) was added to ensure nonlimiting C availability; (2) a total of 10% of the
air in the bottle (10 mL) was replaced with pure C2H2 (99.99%), following which the bottle
was incubated at 26 ◦C for 24 h; (3) after incubation was completed, 1 mL of the reaction gas
was extracted and injected into a gas chromatograph (gc7890b, Agilent, CA, USA).

2.4. Data Processing and Analysis

The soil enzyme C:N, C:P, and N:P stoichiometric characteristics were characterized
by EEAC:N, EEAC:P, and EEAC:N, respectively, using the following formulae [48]:
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EEAC:N =
ln(BG)

ln(LAP + NAG)
, (1)

EEAC:P =
ln(BG)

ln(ACP)
, (2)

EEAN:P =
ln(LAP + NAG)

ln(ACP)
. (3)

Table 1. Description of the extracellular enzymes included in this study.

Enzyme Name EC
Number Abbreviation Function

β-glucosidase 3.2.1.2.1 β-GC Hydrolyzes glucose from cellobiose
Leucine aminopeptidase 3.4.11.1 LAP Hydrolyzes leucine and other hydrophobic amino acids from the N terminus of polypeptides

N-acetyl-β-D-glucosidase 3.4.11.1 NAG Degrades chitin and other β-1,4 glucosamine polymers
Acid phosphatase 3.1.3.2 ACP Hydrolyzes phosphosaccarides and phospholipids to release phosphate

Urease 3.5.1.5 UE Hydrolyzes NH3-N in urea
Nitrogenase — NT Reduces nitrogen molecules to ammonia

The vector length and vector angle were used for the vector analysis of soil enzyme
activity, as follows [17,49]:

Length =

√(
EEAC:N)

2 +
(

EEAC:P)
2 , (4)

Angle(o) = Degress[Atan2(EEAC:P), (EEAC:N)]. (5)

The present study applied analysis of variance (ANOVA) in SPSS 20 (SPSS Inc.,
Chicago, IL, USA) to determine significant differences in enzyme activity and the en-
zyme stoichiometry ratio between rhizosphere and bulk soil. Redundancy analysis (RDA)
was performed using Canoco 5.0 (Cobe Information Technology Co., Ltd.; Shanghai, China)
to determine the relationship between soil nutrients and enzyme activities in rhizosphere
soil and bulk soil. Origin 2022 software (OriginLab, 8.0, Northampton, MA, USA) was used
for producing maps.

3. Results
3.1. Chemical Properties of Rhizosphere and Bulk Soil

Table 2 summarizes the differences in chemical properties between rhizosphere soil
and bulk soil in the studied Larix principis-rupprechtii plantation. The SOC, TN, NH4

+-
N, NO3

−-N, AP, AK, and MBC of the rhizosphere soil all significantly exceeded those
of the bulk soil (p < 0.01), by factors of 1.42, 3.21, 2.49, 1.95, 1.68, 1.61, 2.28, and 1.48,
respectively, indicating a positive rhizosphere effect (R/S > 1). The TK and pH of the bulk
soil significantly exceeded those of the rhizosphere soil (p < 0.01) by factors of 1.23 and
1.03, respectively, representing a negative rhizosphere effect (R/S < 1). While the TP of the
rhizosphere soil exceeded that of the bulk soil, the difference was not statistically significant.
In addition, the soil C:N, C:P, and N:P ratios of the rhizosphere soil significantly exceeded
those of the bulk soil (p < 0.01) by factors of 1.25, 2.13, and 1.7, respectively.

Table 2. Chemical properties of rhizosphere and bulk soil in the studied Larix principis-rupprechtii plantation.

Soil Type TN
(g/kg)

TP
(g/kg)

TK
(g/kg)

AP
(mg/kg)

AK
(mg/kg)

SOC
(g/kg)

NH4
+-

N
(mg/kg)

NO3−-
N

(mg/kg)
MBC

(mg/L)
SWC
(%) pH C:N C:P N:P

Rhizosphere soil
10.49
±

1.04 a

1.02
±

0.15 a

7.02
±

0.33 a

26.82
±

3.82 a

496.98
±

68.63 a

172.99
±

21.07 a

13.96
±

6.61 a

87.48
±

21.80 a

1591.11
±

249.10 a

58.21
±

13.49 a

5.79
±

0.27 a

16.38
±

1.53 a

172.22
±

14.51 a

10.65
±

1.14 a

Bulksoil
5.38
±

0.52 b

0.89
±

0.20 a

8.66
±

0.28 b

16.01
±

2.49 b

308.12
±

23.36 b

69.61
±

5.17 b

9.15
±

3.05 b

27.23
±

7.24 b

697.04
±

28.47 b

39.4
±

4.91 b

6.01
±

0.12 b

13.06
±

1.23 b

81.03
±

10.02 b

6.26
±

0.87 b

Abbreviations: TN—total nitrogen; TP—total phosphorus; TK—total potassium; AP—available phosphorus;
AK—available potassium; SOC—soil organic carbon; MBC—microbial biomass carbon; SWC—soil water content;
a and b indicate the significance of rhizosphere and bulk soil. (p < 0.01).
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3.2. Enzyme Activities in Rhizosphere and Bulk Soils

Figure 1 shows the differences in enzyme activities between rhizosphere and bulk
soils in the studied Larix principis-rupprechtii plantation. The average activities of ACP,
β-GC, UE, LAP, NAG, and NT in the rhizosphere soil were 1580.83 ± 36.26 nmol g−1 h−1,
3410.78 ± 246.92 nmol g−1 h−1, 1.13 ± 0.09 µg−1 d−1, 482.5 ± 50.05 nmol g−1 h−1,
1946.02 ± 147.65 nmol g−1 h−1, and 0.21 ± 0.03 nmol C2H4 g−1 h−1, respectively; those
in the bulk soil were 1520.40 ± 68.94 nmol g−1 h−1, 3020.77 ± 545.72 nmol g−1 h−1,
0.97 ± 0.05 µ g−1 d−1, 609.33 ± 72.06 nmol g−1 h−1, 4223.90 ± 240.26 nmol g−1 h−1, and
0.36± 0.13 nmol C2H4 g−1 h−1, respectively. The activities of ACP, β-GC, and UE in the rhi-
zosphere soil exceeded those in the bulk soil by factors of 1.04, 1.13, and 1.17, respectively;
the activities of LAP, NAG, and NT in the bulk soil exceeded those in the rhizosphere soil
by factors of 1.26, 2.17, and 1.69, respectively. There were significant differences in the ACP,
NAG, LAP, UE, and NT activities between the rhizosphere soil and the bulk soil (p < 0.01),
whereas there was no significant difference regarding β-GC activities (p > 0.05).

1 

 

 
Figure 1. Enzyme activities in rhizosphere and bulk soils in a Larix principis-rupprechtii planta-
tion. (a) Acid phosphatase (ACP); (b) β-glucosidase (β-GC); (c) N-acetyl-β-D-glucosidase (NAG);
(d) aminopeptidase (LAP); (e) urease (UE); (f) nitrogenase activity (NT). Different letters represent
significant differences between rhizosphere and bulk soil enzyme activities.
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3.3. Stoichiometric Ratio and Vector Characteristics of Soil Enzymes

Figure 2 shows the ratios of enzyme activities between the rhizosphere soil and
bulk soil. The average of (NAG + LAP): ACP in the rhizosphere soil (1.54 ± 0.37) was
significantly lower than that in the bulk soil (3.19± 0.47) (p < 0.01). β-GC: ACP (2.16 ± 0.47)
and β-GC: (NAG + LAP) (1.48 ± 0.44) in the rhizosphere soil significantly exceeded those
in the bulk soil (1.98 ± 0.33 and 0.63 ± 0.13, respectively) (p < 0.01).

Forests 2023, 14, x FOR PEER REVIEW  7  of  14 
 

 

 

Figure 2. Enzyme activity  ratios  in  the  rhizosphere and bulk  soils  in a Larix principis−rupprechtii 

plantation. (a) (NAG + LAP): ACP represents the comparison of N and P acquisition activities; (b): 

β‐GC: ACP  represents  the comparison of C and P acquisition activities;  (c) β‐GC:  (NAG + LAP) 

represents the comparison of C and N acquisition activities. Different letters represent significant 

differences between rhizosphere and bulk soil enzyme activities. Abbreviations: NAG—N‐acetyl‐β‐

D‐glucosidase; LAP—aminopeptidase; ACP—acid phosphatase; β‐GC—β‐glucosidase. 

The natural  logarithms of EEAC:N, EEAC:P, and EEAN:P  in the rhizosphere soil were 

0.59, 1.1, and 1.86, respectively (Figure 3a), whereas the mean ecoenzymatic C:N:P activity 

ratio was approximately 1:1.7:1; those of the bulk soil were 0.54, 1.09, and 2.01 (Figure 3b), 

respectively, with a mean ecoenzymatic C:N:P activity ratio of approximately 1:2:1. 

 

Figure 3. Natural logarithms of enzyme stoichiometric ratios in rhizosphere and bulk soils in a Larix 

principis−rupprechtii plantation. EEAC:N is the ratio between the logarithm of β‐GC and the logarithm 

of (NAG + LAP); EEAC:P is the ratio between the logarithm of β‐GC and the logarithm of ACP; and 

EEAN:P is the ratio between the logarithm of NAG + LAP and the logarithm of ACP. (a) for rhizo‐

sphere soil ; (b) for bulk soil. 

The average vector length of the rhizosphere soil exceeded that of the bulk soil (p > 

0.05), indicating a greater C limitation in the former. The vector angles of the rhizosphere 

Figure 2. Enzyme activity ratios in the rhizosphere and bulk soils in a Larix principis-rupprechtii
plantation. (a) (NAG + LAP): ACP represents the comparison of N and P acquisition activities;
(b): β-GC: ACP represents the comparison of C and P acquisition activities; (c) β-GC: (NAG + LAP)
represents the comparison of C and N acquisition activities. Different letters represent significant
differences between rhizosphere and bulk soil enzyme activities. Abbreviations: NAG—N-acetyl-β-
D-glucosidase; LAP—aminopeptidase; ACP—acid phosphatase; β-GC—β-glucosidase.

The natural logarithms of EEAC:N, EEAC:P, and EEAN:P in the rhizosphere soil were
0.59, 1.1, and 1.86, respectively (Figure 3a), whereas the mean ecoenzymatic C:N:P activity
ratio was approximately 1:1.7:1; those of the bulk soil were 0.54, 1.09, and 2.01 (Figure 3b),
respectively, with a mean ecoenzymatic C:N:P activity ratio of approximately 1:2:1.
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Figure 3. Natural logarithms of enzyme stoichiometric ratios in rhizosphere and bulk soils in a Larix
principis-rupprechtii plantation. EEAC:N is the ratio between the logarithm of β-GC and the logarithm
of (NAG + LAP); EEAC:P is the ratio between the logarithm of β-GC and the logarithm of ACP;
and EEAN:P is the ratio between the logarithm of NAG + LAP and the logarithm of ACP. (a) for
rhizosphere soil; (b) for bulk soil.

The average vector length of the rhizosphere soil exceeded that of the bulk soil
(p > 0.05), indicating a greater C limitation in the former. The vector angles of the rhi-
zosphere and bulk soils were both <45◦, indicating the occurrence of N limitation in both
soils, although to a greater degree in the bulk soil (Figure 4).
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Figure 4. Vector characterization of enzymes in rhizosphere and bulk soils of a Larix principis-
rupprechtii plantation. (a) for soil vector length, vector length represents the C limitation, C limitation
increases with the vector length; (b) for soil vector angle, vector angle represents relative P and N
limitations, A vector angle of >45◦ represents microbial P limitation, and that of <45◦ represents N
limitation. Different letters represent significant differences between rhizosphere and bulk soil vector
characterization of enzymes.

3.4. Factors Influencing Soil Enzyme Activity and Ecological Enzyme Stoichiometry

The present study involved conducting an RDA analysis, in which soil enzyme activity
and the stoichiometric ratio were set as response variables and rhizosphere soil nutrients
and bulk soil nutrients were set as explanatory variables (Figure 5).

Figure 5. Redundant analysis diagram of the influence of soil nutrients on soil enzyme activity and
stoichiometric ratios in a Larix principis-rupprechtii plantation. (a) for rhizosphere soil; (b) for bulk
soil; (c) explanation of rhizosphere soil; (d) explanation of bulk soil. ** p < 0.01.
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The results showed that environmental variables explained 84.78% of the observed
variation in the soil enzyme activities in the rhizosphere soil, with the first and second axes
explaining 59.11% and 25.67% of the observed variation, respectively. AK was the most
explanatory variable, which explained 46.5% of the observed variation in the soil enzyme
activities and enzyme stoichiometry in the rhizosphere soil (p < 0.01, Figure 5c).

Environmental variables explained 98.58% of the soil enzyme activities in the bulk soil, with
the first and second axes explaining 63.30% and 35.28% of the observed variation, respectively.
N:P was the most explanatory variable, which explained 18.7% of the observed variation in the
soil enzyme activities and enzyme stoichiometry in the bulk soil (p < 0.01, Figure 5d).

4. Discussion
4.1. Characteristics of Nutrients and Enzyme Activities in Rhizosphere and Bulk Soils

Most of the previous related studies used soil indicators, such as total C, TN, and TP,
to show that the nutrients in rhizosphere soil exceeded those in bulk soil [50]. The results of
the present study showed that, besides TK and pH, the nutrient indices of the rhizosphere
soil exceeded those of the bulk soil (Table 2), demonstrating a clear positive rhizosphere
effect (R/S > 1). Forest plants store the products of photosynthesis in the roots [32,36];
meanwhile, rhizosphere soils provide large quantities of organic carbon readily utilized
by microorganisms, thereby increasing microbial biomass and activity in the rhizosphere
microzone and accelerating microbial turnover. The results of the present study show that
the MBC of the rhizosphere soil significantly exceeded that of the bulk soil. Plants distribute
C to rhizosphere soil via the roots, and the presence of C in the rhizosphere promotes the
microbial mineralization of organic N and P [51]. Consequently, the nutrients and microbial
biomass of the rhizosphere soil exceed those of the bulk soil. The growth and mineralization
of soil microorganisms are generally limited by C. Although the results of the present
study showed that the SOC content of the rhizosphere soil exceeded that of the bulk soil, C
limitation occurred in the rhizosphere soil, as was also confirmed by the results of the vector
length analysis (Figure 4a). The results of the present study indicate an overall positive
rhizosphere effect of soil nutrients in the studied Larix principis-rupprechtii plantation.

Xu et al. (2017), identified average soil β-GC, NAG, LAP, and ACP activities in nine
different forest ecosystems to be 4460 ± 370 nmol g−1 h−1, 1930 ± 220 nmol g−1 h−1,
3590 ± 450 nmol g−1 h−1, and 1626 ± 177 nmol g−1 h−1 [40], respectively, consistent
with the results of the present study (Figure 1). A study of a temperate coniferous and
broad-leaved mixed natural secondary forest in northeast China by Chen et al. (2018b)
found that the activities of β-GC, ACP, and NAG in rhizosphere soil exceeded those in bulk
soil [39]. Brzostek et al. (2013) similarly determined that the activities of NAG and ACP
in rhizosphere soil exceeded those in bulk soil [38]. However, inconsistent with previous
studies, the results of the present study showed that the activities of LAP, NAG, and NT in
bulk soil exceeded those in rhizosphere soil, whereas the opposite pattern was observed for
ACP, β-GC, and UE. These results indicate that bulk soil and rhizosphere soil are limited
by N and P, respectively. Under sufficient available nutrients (such as N), rhizosphere
microorganisms prefer to obtain nitrogen via the decomposition of root exudates rather
than via the decomposition of soil organic matter, since the former can be more easily
decomposed [31]. This preference in turn reduces the need for the secretion of extracellular
enzymes required for decomposing organic nitrogen, and represents one possible reason
for the activities of NAG and LAP in bulk soil exceeding those in rhizosphere soil. However,
the rhizosphere soil contained higher concentrations of TP and AP compared with the bulk
soil, whereas the opposite pattern was observed for the soil C:P and N:P (Table 2). The
global mean ratio of microbial biomass nitrogen (MBN) and microbial biomass phosphorus
(MBP) was 6.7 in the topsoil [52]. However, in our study, the rhizosphere soil N:P was
10.65 (Table 2), which was higher than the soil MBN/MBP. This indicated that rhizosphere
soil microorganisms were limited by soil P relative to N. Therefore, the rhizosphere soil
microorganisms secrete more extracellular enzymes to obtain P (Figure 1). These results
confirm that rhizosphere soil contains available C and N due to root exudation, whereas P
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is limited within it. The present study hypothesized that root exudation in a Larix principis-
rupprechtii plantation provided sufficient C and N to support rhizosphere microorganisms,
but provided insufficient P, resulting in P limitation in the rhizosphere soil. Future studies
should examine this hypothesis in greater detail.

4.2. Ecoenzymatic Stoichiometry of Enzymes in Rhizosphere and Bulk Soils

The stoichiometric ratio of soil enzymes on a global scale is relatively conservative
at ±1:1:1 [11]. This result can principally be attributed to conservative microbial biomass
C:N:P [53], which fluctuates in a relatively stable range, even if affected [53,54]. The present
study determined the natural logarithms of EEAC:N:P in the rhizosphere and bulk soil of the
Larix principis-rupprechtii plantation to be approximately 1:1.7:1 and 1:2.01:1, respectively,
differing from the mean ratio of soil ecological enzymes on a global scale. Previous related
studies have also demonstrated significant differences in enzyme activity between different
localized areas due to the environment, biology, and other factors [19]. The results of
the present study can be used to rank the soil enzymes of rhizosphere soil and bulk soil
according to activity: (NAG + LAP) > β-GC > ACP. These results suggest relatively high
enzyme activity related to N acquirement, indicating that the soil of the Larix principis-
rupprechtii plantation was mainly limited by N. This result is consistent with the results
of the vector angle analysis (Figure 4b) in the present study and with the results of most
previous related studies, which have shown that nutrient cycling in temperate forests is
mostly restricted by N [40,55]. Moreover, the N limitation in the bulk soil in the present
study exceeded that in the rhizosphere soil, possibly because rhizosphere exudation plays
a role in regulating the circulation and utilization of N in the rhizosphere microzone [37].
This is consistent with the results of soil total nitrogen and the soil N:P ratio in this study,
in that they are greater in rhizosphere soil than in bulk soil, as seen in Table 2. This
is because the exudates from plant roots tend to enhance N cycling by stimulating the
microbial growth process, which can induce microbes to release extracellular enzymes
that depolymerize SOM via priming effects [56,57]. The rhizosphere soil showed higher
enzyme activity related to the N cycle compared with that in the bulk soil, leading to a
significantly higher availability of NH4

+ and NO3
− in the rhizosphere soil (Table 2). This

result is consistent with the theory of microorganism resource allocation, which states that
microorganisms prefer to increase the input of enzyme resources related to elements with
low availability [58]. This result is also consistent with the “optimal allocation” model
of ecological economics [59]. Certainly, Larix principis-rupprechtii seasonally drop needles,
which may affect soil enzyme activity. Previous studies have suggested that litter has
effects on some soil enzyme activities but no effects on other enzyme activities [60–63].
Therefore, the effects of fallen needles from Larix principis-rupprechtii should be studied in
further work.

4.3. Key Factors Affecting Enzyme Activity and Their Stoichiometric Ratio in Rhizosphere and
Bulk Soils

The results of the present study suggest that there are significant differences in the
enzyme activity and stoichiometric ratio between rhizosphere soil and bulk soil in the
studied Larix principis-rupprechtii plantation, and that different environmental factors affect
the two soil types. Redundancy analysis showed that the main factors influencing soil
enzyme activity in the bulk soil were soil N:P and SWC (Figure 5b). N:P was significantly
negatively correlated with bulk soil enzyme activity and the enzyme stoichiometric ratio
(p < 0.01), whereas SWC showed a significantly positive correlation (p = 0.052). A study of
bulk soil enzyme activities in nine forests along the North–South Transect in eastern China
by Xu et al. (2017) found that β-GC and NAG were significantly negatively correlated
with soil N:P, consistent with the results of the present study. This result indicates that the
regulation of soil N:P regarding soil enzyme activities occurs on different spatial scales.
Under low available soil N and P, soil microorganisms increase the secretion of N- and
P-related enzymes to meet their nutrient requirements [40], reflecting a trade-off between
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soil nutrient conditions and microbial demand. Soil moisture has been shown to be an ad-
ditional factor having an important effect on soil enzyme activity [64]. Similarly, the results
of the present study show a significant positive correlation between SWC and soil enzyme
activity and between SWC and the stoichiometric ratio in bulk soil. This is also consistent
with the results of a study of a central subtropical forest in China [65]. Collectively, these
results indicate that an increase in soil moisture can improve soil enzyme activity.

In general, rhizosphere soil had higher wetness than bulk soil. Roots have a huge
absorption surface, increasing the moisture of rhizosphere soil [66,67]. Moreover, roots
absorb more water to decompose SOM [68]. The results of the present study have also
shown weak negative correlations between SWC and enzyme activity and between SWC
and the stoichiometric ratio in rhizosphere soil (Figure 5a). Previous related studies have
indicated the presence of a threshold in soil moisture, below which soil moisture shows
a positive relationship with microbial enzyme activity [30]. However, an increase in
soil moisture above this threshold can gradually lead to the formation of an anaerobic
environment, resulting in a decline in enzyme activity. The results of the present study
indicate an average SWC of the rhizosphere soil of 58.2%, which significantly exceeds
that of the bulk soil, which was 39.2%. This higher SWC of the rhizosphere soil may
have exceeded the soil moisture threshold, demonstrating its relationship with microbial
activity. The results of the present study also show that soil AK had important influences
on rhizosphere enzyme activity and the stoichiometric ratio. Interestingly, while the AK
of the rhizosphere soil exceeded that of the bulk soil, the reverse relationship was found
for TK. It can be hypothesized that plant roots and rhizosphere microorganisms are highly
dependent on K. Future studies should investigate this dependency in greater detail. The
differences in enzyme activities and influencing factors between rhizosphere soil and bulk
soil indicate that roots play an important role in the relationship between microorganisms
and soil.

5. Conclusions

The present study investigated the differences in nutrients, enzyme activities, and
stoichiometric ratios between the bulk and rhizosphere soils of a Larix principis-rupprechtii
plantation in the northern Yanshan Mountain, China. Consistent with our hypotheses,
the C, N, and P in the rhizosphere soil were higher than in the bulk soil, indicating the
significant effects of rhizosphere soil. However, not all of the soil enzyme activities were
higher in the rhizosphere soil than in the bulk soil. The enzyme activities related to C and
P acquisition in the rhizosphere soil exceeded those in the bulk soil, whereas the enzyme
activities related to N acquisition in the bulk soil exceeded those in the rhizosphere soil. The
natural logarithm of EEAC:N:P and the vector angles both indicated that the soil of the Larix
principis-rupprechtii plantation was mainly limited by N, with that in the bulk soil exceeding
that in the rhizosphere soil. The factors affecting enzyme activity and the stoichiometric
ratio of the rhizosphere soil were shown to be different to those affecting the bulk soil,
indicating that roots play an important role in the relationship between microorganisms
and soil.
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