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Abstract: Parashorea chinensis is an endemic tree species in China and an endangered species of the
Dipterocarpaceae family. This study contributes to the understanding of soil fertility management
during the relocation and conservation of P. chinensis and the restoration of its natural communities
by doing an ecological chemometric investigation of the factors limiting soil nutrients in P. chinensis
plantations. To investigate the variation in rhizosphere and non-rhizosphere soil nutrients, microbial
biomass, and extracellular enzyme activities, we chose pure plantation stands of 6 ages in the subtrop-
ics and calculated stoichiometric ratios. The results show that (1) soil pH is strongly acidic (pH < 4.6)
and is less influenced by the stand age, and the soil carbon (C), nitrogen (N), and phosphorus (P)
content limit soil microorganisms at all stand ages; (2) the availability of soil N, P, and K elements is
an essential factor driving P limitation in the growth of P. chinensis and its soil microbes; (3) stand
age has a significant effect on the soil C/N, C/P, N/P, C/K, N/K, and P/K, the stoichiometry of
microbial biomass C, N, and P, and the stoichiometry of C, N, and P acquisition enzyme activity. Soil
microbial biomass C, N, and P stoichiometry are more sensitive indicators of nutrient limitations than
the stoichiometry of enzyme activity and nutrient content; and (4) there was a significant correlation
between microbial biomass C, N, and P stoichiometry and soil C/P and N/P, as well as a highly
significant (p < 0.01) correlation between the stoichiometry of the enzyme activity and Vector L and
Vector A. In conclusion, the plantations of P. chinensis in this study area were established on acidic
phosphorus-poor soil, and the ecological stoichiometry of the soil reveals nutrient limitations and
its variation with the stand age. P availability plays a key role in the growth of P. chinensis and in
improving the rhizosphere microbial community. Therefore, soil effectiveness should be dynamically
assessed during the cultivation and relocation conservation of P. chinensis, and a soluble P fertilizer
should be supplemental over time in the trees’ root distribution area.

Keywords: Parashorea chinensis; endangered species; stoichiometry; rhizosphere soil; nutrient limitation;
stand age

1. Introduction

Parashorea chinensis Wang Hsie is a Dipterocarpaceae species endemic to China, which
is important for maintaining the biodiversity and ecological functions of rainforest ecosys-
tems as a mono-dominant species in the canopy [1,2]. However, P. chinensis is endangered
within China due to excessive deforestation because of its high economic value, and the
Chinese government has listed it as a protected wild plant at the national level [3]. There are
currently 13 Dipterocarpaceae species in China, nine of which are under the highest level
of protection due to indiscriminate deforestation [4]. Many species of Dipterocarpaceae
in Southeast Asian countries are also listed on the red list of threatened species by the
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International Union for Conservation of Nature (IUCN) [5–9]. Many soil variables have
been shown to affect plant fitness but it is unknown what their relative importance is
and whether any biogeochemical variable acts as a key factor constraining the persistence
of rare species [10]. Southwest China is considered to be the northernmost part of the
global distribution of Dipterocarpaceae plants, and climate change, soil nutrient cycling
and limiting properties, and soil ecological stoichiometry characteristics in this region may
be potential reasons for the long-term endangerment of these tree species [1–14]. It has been
suggested that ecological stoichiometry can be used in the research on conservation biology
and ecological restoration, and can provide a scientific basis for vegetation restoration in
fragile ecosystems and integrated management of degraded soils [10,15,16]. For example,
soil nutrient dynamics in tropical forest ecosystem restoration can be monitored through
stoichiometry [17]. Synchronous increases in the soil and microbial C:N ratios in reforested
karst soils demonstrated an adaptive response by the soil microbial community to changes
in substrate resource stoichiometry in Southwest China [18]. Our study attempts to charac-
terize the nutrient limitation of P. chinensis habitat soils through ecological chemometrics.
The purpose of this study is to provide scientific guidance for matching endangered tree
species with suitable site conditions to accelerate ecological recovery.

Ecological stoichiometry (ES) is an interdisciplinary field that combines the fundamen-
tal principles of biology and chemistry [19,20]. Remarkable achievements regarding ES
have been achieved, especially in plant research, such as research on individual growth,
population dynamics, limiting elements, community succession, and vegetation stabil-
ity [21]. All organisms are composed of identical building blocks, i.e., the atoms of chemical
elements, although these building blocks form remarkably diverse molecules with various
functions. During growth and development, organisms assimilate all the building blocks
needed to form the adult body [10]. These elements absorbed by organisms are mainly of
soil origin, such as carbon (C), nitrogen (N), phosphorus (P), and potassium (K), microele-
ments such as manganese (Mn), iron (Fe), copper (Cu), and zinc (Zn), and non-essential
elements such as sodium (Na) and aluminum (Al) [22]. They are not only important parts
of soil but they are also the key elements of plant growth, obviously affecting soil microbial
dynamics, litter decomposition, food webs, and soil nutrient accumulation and circulation,
and their stoichiometric balance is important for the growth and community composition
of both trees and soil microbes [23]. For example, C is the structural element of plants [24],
N and P are important components that make up proteins and genetic material and are
the most critical nutrients limiting plant growth, and K has a very essential role in the pho-
tosynthetic and respiratory metabolism of plants [25,26]. The balance between the above
elements regulates biological processes in terrestrial ecosystems, influenced by climate
change and conservation management [26]. Soil extracellular enzymes are proteins with
specific catalytic capacities secreted mainly by soil microorganisms and plant roots [27,28].
They are involved in almost all soil biogeochemical processes [29–31]. Soil enzyme activity
is a sensitive indicator of subtle changes in the soil environment, which can reflect the
metabolic rate and material transformation of soil microorganisms [32]. The stoichiometry
of extracellular enzyme activity with soil nutrients and microbial biomass can be used to
determine information such as nutrient limitations [33–35].

Soil extracellular enzyme activities play a vital role in soil functioning; for example,
β-1,4-glucosidase (BG) and sucrase (SU) are involved in soil carbon metabolism and cycling,
which influence the decomposition and accumulation of soil organic carbon [16]. Similarly,
the urease (UR) enzyme is involved in the N cycle, promoting the decomposition of urea and
affecting the soil nitrogen supply [16]. In contrast, the acid phosphatase (ACP) is involved
in the P cycle and is produced in response to a lack of available phosphorus, it hydrolyses
soil organic phosphorus compounds and reflects the efficacy of organic phosphorus [36].
ACP may also be a key driver of phosphorus cycling in acidic soils [37]. Furthermore,
the ratio of soil enzyme activity to nutrient requirements is calculated by calculating the
soil enzyme stoichiometric ratios, expressing the relative limits of the element C as vector
lengths and the relative limits of N and P as vector angles [38]. Soil microbial entropy
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(qMB) is the ratio of soil microbial biomass C, N, and P to soil organic carbon, total nitrogen
and total phosphorus content, which reflects the amount of microbial biomass that can
be supported per unit of soil resource [39]. The qMB can be combined with enzyme
stoichiometry to comprehensively analyze the relationship between soil enzymes, nutrients,
and microorganisms. Previous studies have shown that both abiotic and biotic factors can
influence soil enzyme stoichiometry ratios [40,41]. Although the impact of abiotic and
biotic factors on the soil stoichiometry have received attention, the relative contribution
from the influence of soil distribution (e.g., rhizosphere and non-rhizosphere regions) and
edaphic abiotic and biotic factors on soil stoichiometry are rarely investigated [42].

The findings suggest a global P limitation in terrestrial ecosystems, and the tropical
forest is well documented to be more P-limited than other ecosystems because of its highly
weathered soils [43]. The nutrient limitation to primary productivity and other biological
processes is widespread in terrestrial ecosystems, and N and P are the most common
limiting elements, both individually and in combination [44]. The endangered species
P. chinensis, which grows in tropical and subtropical regions of China, is also probably
influenced by soil limiting factors. Ecological stoichiometry is an effective method for
exposing the state of soil nutrient availability and limiting characteristics of plantation
stands in this region [26,30,45]. Although C:N:P stoichiometry may be crucial for primary
productivity, it is still uncertain at the planting pattern and stand ages. Hence, rather than
only focusing on nutritional status, investigations at the species level that take into account
microbial factors and stand ages may better reflect the characteristics of an ecosystem and
lay the groundwork for increased ecological sustainability. Therefore, we hypothesized that
the soils in this study area are not conducive to microbial growth due to the phosphorus
limitation, and the stand age may have a significant effect on the soil microbial biomass
and enzyme stoichiometry.

Therefore, our study relied on six different stand ages of P. chinensis plantations.
Ecological stoichiometry of the nutrients, microbial biomass, and enzymatic activity in
rhizosphere and non-rhizosphere soils were analyzed with the objectives of identifying
limiting nutrient factors in the soils of the study area, to provide guidance on maintaining
soil fertility in plantation stands of Dipterocarpaceae species, and to provide theoretical
references on soil matching for the relocation protection of endangered species.

2. Materials and Methods
2.1. Sampling Site

In this study, the chronological sequence of P. chinensis plantations was reconstructed
using a space-for-time approach in areas with similar ecological and topographic mi-
croclimatic factors. We selected pure stands of P. chinensis plantations at 6 stand ages,
planted in 2019, 2018, 2017, 2012, 2011, and 1978 corresponding to the stand ages of
1a, 2a, 3a, 8a, 9a, and 42a respectively, all at a silvicultural density of 1667 stems·ha−1.
These stands are located on the outskirts of Nanning City in the southwestern part of
the Guangxi Zhuang Autonomous Region, with geographical coordinates ranging from
108◦17′4.03′′~108◦18′57.52′′ E, 22◦37′21.92′′~22◦43′41.95′′ N, and an altitude of 120–160 m.
The area is located south of the subtropical Tropic of Cancer (23◦26′ N) and has a humid
south subtropical monsoon climate, with low hills and hilly terrain, and the soil types are
all dominated by russet loam. The terrestrial vegetation is dominated by typical monsoonal
evergreen broad-leaved forests, with an average annual temperature of 21 ◦C, an average
annual rainfall of about 1300 mm, and an average relative humidity of 78%.

2.2. Experimental Design and Soil Sampling

In July 2020, three sample plots were set up at each stand age (18 sample plots in
total), each with an area of 400 m2 (20 m × 20 m). In each sample plot, 5 trees of P. chinensis
were selected along an S-shaped route, and their root distribution areas were used as
collection points for rhizosphere soil samples; meanwhile, 5 open areas away from the
roots were selected as collection points for non-rhizosphere soil samples. The rhizosphere
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soil samples were collected by removing debris such as foliage and gravel and digging
out fine roots in the direction of the P. chinensis root extension. The soil adhering to the
roots was then collected by shaking and paint brushing as a rhizosphere soil sample [46].
The non-rhizosphere samples were collected by removing only the apoplastic material,
exposing the soil surface, and then collecting the soil from 0 to 20 cm vertically downwards
in the area without plant roots. The rhizosphere samples or non-rhizosphere samples from
the 5 collection points in the same stand were mixed into 1 soil sample and divided into 2
parts, the first of which was air-dried and sieved (pore size 0.15 mm) for the determination
of soil physical and chemical properties. The second part was refrigerated in a fresh state
at 4 ◦C and used for the determination of soil microbial biomass and enzyme activity.

2.3. Soil Physicochemical Analyses

The soil pH was measured by a soil:CaCl2 solution (1:2.5, v:v) using a pH meter
(PHBJ-260, Lei-ci, Shanghai, China). Soil organic carbon (SOC) was determined by the
K2Cr2O7-H2SO4 heating method using a Titrette titrator (WF08, Brand, Wertheim, Ger-
many). Soil organic matter (SOM) was calculated by multiplying SOC with 1.724 (conver-
sion factor), and the total nitrogen (TN) was determined by the sulphuric acid-catalyst
digestion method using an AA3 continuous flow analyzer (Auto Analyzer 3, SEAL An-
alytical, Norderstedt, Germany). Total phosphorus (TP) and total potassium (TK) were
determined by the NaOH fusion method using an inductively coupled plasma mass spec-
trometer (ICP-MS) (model Nexion 350x, Analytik Jena AG, Jena, Germany) [47]. Available
phosphorus (AP) was determined using an HCl-H2SO4 leaching and filtration method
using an ultraviolet spectrophotometer (UV-1900i, Shimadzu Corporation, Kyoto, Japan).
Available potassium (AK) was determined using a flame photometer (FP6410, INESA
Analytical Instrument Co., Ltd., Shanghai, China). Furthermore, ammonium nitrogen
(NH4

+-N, AN) and nitrate nitrogen (NO3
−-N, NN) were determined by KCl leaching and

the filtrate was used as the extraction solution using an AA3 continuous flow analyzer [48].
Stoichiometric ratios of C, N, P, and K were expressed using a concentration ratio, which
were SOC/TN, SOC/TP, SOC/TK, TN/TP, TN/TK, and TP/TK, respectively [49].

2.4. Soil Microbial Biomass and Enzyme Activities Assays

Soil microbial biomass carbon and nitrogen (SMBC, SMBN) were determined by
chloroform fumigation leaching [50], with 0.5 mol/L K2SO4 in a water to soil ratio of 4:1
using an organic carbon total nitrogen analyzer (Multi N/C 3100-HT 1300, Analytik Jena,
Germany) [51], while the concentration of extracted phosphorus was determined colori-
metrically by the molybdenum blue method [52]. The SMBC and SMBN were calculated
using the following formulae:

SMBC = EC/Kc (1)

SMBN = EN/Kc (2)

where EC and EN are the difference between the SOC and TN in the leachate of fumigated
and unfumigated soil samples, respectively. Kc indicates a conversion factor of 0.45.

Soil microbial biomass phosphorus (SMBP) was calculated from the difference in the
amount of organic phosphorus measured in fumigated and unfumigated soils (Ept) and
the conversion factor (Kp). The formula for calculating SMBP is as follows:

SMBP = Ept/Kp (3)

where Ept is the difference between the fumigated and unfumigated soil; Kp is the conver-
sion factor and takes the value of 0.4 [53].

The soil β-1,4-glucosidase (BG) activity was determined using p-nitrophenyl-β-
glucopyranoside (C12H15NO8) as a substrate at 410 nm with a spectrophotometer (UV-VIS,
Purkinje General Instrument Co., Beijing, China) [45]. The sucrase activity (SU) was deter-
mined by the colorimetric method using sucrose (C12H22O11) as a substrate [54]. The urease
activity (UR) was determined by the Sodium phenol hypochlorite colorimetric method
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using urea (CO(NH2)2) as a substrate; the acid phosphatase activity (ACP) was determined
colorimetrically using disodium phenyl phosphate (C6H9Na2O6P) as the substrate [55].

2.5. Data Statistics and Analysis

The soil extracellular enzyme stoichiometry equations were optimized with reference
to Sinsabaugh et al. [56] to obtain:

Soil enzyme activity C/N = ln(BG+SU)/ln(UR) (4)

Soil enzyme activity C/P = ln(BG+SU)/ln(ACP) (5)

Soil enzyme activity N/P = ln(UR)/ln(ACP) (6)

Vector analysis of the soil enzyme stoichiometry was used to characterize the limiting
factors of soil nutrient cycling. Vector angle (Vector A) and vector length (Vector L) are
calculated using the following equations [57]:

Vector A = DEGREES(ATAN2(ln(BG+SU))/ln(ACP); ln(BG+SU)/ln(UR)) (7)

Vector L = SQRT((ln(BG+SU)/ln(UR))2 + (ln(BG+SU)/ln(ACP)2) (8)

where Vector A indicates the degree of phosphorus limitation relative to nitrogen, with
Vector A > 45◦ indicating that the microorganism is more limited by phosphorus, and
Vector A < 45◦ indicating that the microorganism is more limited by nitrogen. A larger
Vector L indicates that the microorganism is more limited by carbon [38,58].

The microbial quotient carbon (qMBC), nitrogen (qMBN), and phosphorus (qMBP) of
the soil are calculated as follows:

qMBC = SMBC/SOC (9)

qMBN = SMBN/TN (10)

qMBP = SMBP/TP (11)

The statistical analysis was performed using the IBM SPSS 24.0 software package (SPSS
Inc., Chicago, IL, USA). The Shapiro–Wilk test was used to verify the statistical distribution,
and the values of the non-normal distribution were logarithmically converted to 10. A
one-way analysis of variance (ANOVA) and least significant difference (LSD) test were
performed using SPSS to test the significance of differences among treatments. The results
are expressed as the mean± standard deviation of each treatment, and the significance level
was set at p < 0.05 and p < 0.01. Microsoft Excel 2019 software (Microsoft Inc., Redmond,
WA, USA) was used to create tables. Correlation analysis (CA) and Redundancy analysis
(RDA) was performed using Origin 2023 (OriginLab Inc., Northampton, MA, USA), and a
correlation heat map was drawn. CA was used to determine the strength of the possible
relationships between different stoichiometric ratios. RDA was used to determine the
contribution of soil physicochemical properties and nutrient availability to the soil enzyme
stoichiometry under different soil types and stand ages.

3. Results
3.1. Physicochemical Properties and Nutrient Stoichiometric Ratios of Rhizosphere and
Non-Rhizosphere Soils under Different Age Stands

Rhizosphere and non-rhizosphere soil significantly influenced the physiochemical
properties except soil P, and most of the attributes showed the trend as rhizosphere > non-
rhizosphere (p < 0.05) (Table 1). However, the total potassium (TK) showed rhizosphere < non-
rhizosphere in the first 9 years, and the soil organic matter (SOM) and available potassium
(AK) also showed rhizosphere < non-rhizosphere in the first 2 years. The trend of nitrate
nitrogen (NN), available phosphorus (AP), and available potassium (AK) in the rhizosphere
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and TK and AK in the non-rhizosphere showed an overall increasing trend but decreased
at 42a. Conversely, the soil pH did not differ significantly between the stand ages.

Table 1. Differences in physicochemical properties and nutrient contents of rhizosphere and non-
rhizosphere soils at different stand ages.

Stand
Age Soil Type PH

Soil Organic
Matter, SOM
(g· kg−1)

Total Nitrogen,
TN (g· kg−1)

Total
Phosphorus,
TP (g· kg−1)

Total
Potassium, TK
(g· kg−1)

Nitrate
Nitrogen, NN
(mg· kg−1)

Ammonium
Nitrogen, AN
(mg· kg−1)

Available
Phosphorus,
AP (mg· kg−1)

Available
Potassium, AK
(mg· kg−1)

1a
rhizosphere 4.58 ± 0.36 Ba 11.98 ± 0.09 Fb 1.84 ± 0.63 Ca 0.32 ± 0.00 Da 3.59 ± 0.14 Ca 5.93 ± 0.06 Da 6.61 ± 0.63 Ba 3.44 ± 0.09 Da 52.49 ± 4.76 Ea
non rhizosphere 3.74 ± 0.03 Ab 21.24 ± 1.07 Da 1.37 ± 0.16 Ba 0.26 ± 0.04 Ea 3.98 ± 0.76 Db 4.58 ± 0.30 Db 6.26 ± 0.95 Ba 2.23 ± 0.10 Bb 55.24 ± 0.79 Ca

2a
rhizosphere 3.40 ± 0.10 Aa 16.65 ± 0.49 Ea 1.72 ± 0.36 Ca 0.63 ± 0.05 Ba 2.91 ± 0.78 Ca 11.23 ± 0.62 Ca 11.75 ± 1.14 Aa 4.67 ± 0.46 Ca 51.20 ± 2.64 Ea
non rhizosphere 3.29 ± 0.03 Ca 17.23 ± 0.43 Ea 1.15 ± 0.35 Ba 0.43 ± 0.03 Cb 3.67 ± 0.36 Da 8.92 ± 0.66 Cb 8.42 ± 0.27 Ab 1.17 ± 0.09 Db 53.12 ± 0.95 Ca

3a
rhizosphere 3.49 ± 0.09 Ba 27.97 ± 0.44 Ca 2.43 ± 0.43 Ba 0.89 ± 0.08 Aa 6.70 ± 0.53 Ba 13.16 ± 0.20 Ba 6.43 ± 1.19 Bb 5.10 ± 0.02 BCa 75.76 ± 3.77 Ca
non rhizosphere 3.27 ± 0.18 Ca 9.43 ± 0.28 Fb 1.50 ± 0.33 Bb 0.53 ± 0.03 Bb 7.48 ± 1.12 Ca 8.51 ± 1.24 Cb 7.66 ± 0.51 Aa 1.06 ± 0.26 Db 37.68 ± 0.72 Eb

8a
rhizosphere 3.61 ± 0.11 Ba 68.52 ± 1.41 Aa 3.40 ± 0.38 Aa 0.32 ± 0.03 Da 6.58 ± 1.34 Bb 13.58 ± 1.12 Ba 5.40 ± 0.56 BCa 5.48 ± 0.18 Ba 87.76 ± 2.72 Ba
non rhizosphere 3.54 ± 0.01 Ba 39.36 ± 2.16 Ab 2.69 ± 0.15 Ab 0.32 ± 0.02 Da 9.31 ± 0.34 Ba 11.28 ± 0.07 Bb 4.37 ± 0.63 Ca 4.50 ± 0.19 Ab 46.68 ± 1.40 Db

9a
rhizosphere 3.47 ± 0.01 Ba 48.27 ± 1.85 Ba 3.40 ± 0.27 Aa 0.53 ± 0.03 Ca 6.54 ± 1.03 Bb 20.44 ± 1.76 Aa 4.74 ± 0.09 Ca 7.38 ± 0.38 Aa 108.78 ± 0.77 Aa
non rhizosphere 3.54 ± 0.01 Ba 31.11 ± 0.50 Bb 2.31 ± 0.09 ABb 0.34 ± 0.01 Db 12.58 ± 0.85 Aa 15.76 ± 0.44 Ab 3.30 ± 0.38 Db 4.40 ± 0.37 Ab 87.49 ± 5.72 Ab

42a
rhizosphere 3.69 ± 0.16 Ba 23.71 ± 0.23 Da 1.70 ± 0.13 Ca 0.96 ± 0.05 Aa 13.2 ± 0.92 Aa 10.43 ± 0.44 Ca 3.11 ± 0.10 Da 2.65 ± 0.15 Ea 65.82 ± 1.37 Da
non rhizosphere 3.72 ± 0.13 Aa 23.08 ± 0.29 Ca 2.27 ± 0.43 ABa 0.78 ± 0.01 Ab 6.92 ± 0.38 Cb 9.11 ± 0.29 Cb 3.26 ± 0.08 Da 1.56 ± 0.06 Cb 61.42 ± 1.02 Ba

Note: Different capital letters indicate significant differences between stand ages; different lower-case letters
indicate significant differences between rhizosphere and non-rhizosphere soils at the same stand age (p < 0.05).

Soil C/N (SOC/TN), C/P (SOC/TP), N/P (TN/TP), C/K (SOC/TK), N/K (TN/TK),
and P/K (TP/TK) showed rhizosphere < non-rhizosphere soil in 1a and 42a stands (ex-
cept C/N in 42a), but as inter-rhizosphere > non-rhizosphere in 3a, 8a, and 9a stands
(Figure 1a–f). The difference between the first 4 ratios (Figure 1a–d) in the rhizosphere and
non-rhizosphere was most significant at 8a (p < 0.05). The differences in the latter 2 ratios
(Figure 1e,f) were most significant at 2a and these differences decreased as the stand age
continued to increase. With an increasing stand age, these 6 nutrient stoichiometric ratios
in the rhizosphere soils showed a trend of increasing and then decreasing, with N/K and
P/K reaching their highest values in the second year after afforestation; C/K, N/K, and
P/K in non-rhizosphere soils all increased in the 42a stands compared to the 9a stands.
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Figure 1. Nutrient stoichiometry ratios for rhizosphere and non-rhizosphere soils at different stand
ages. Soil C/N (a), C/P (b), N/P (c), C/K (d), N/K (e) and P/K (f). Note: different capital letters
indicate significant differences between stand ages; different lower-case letters indicate significant
differences between rhizosphere and non-rhizosphere soils at the same stand age (p < 0.05).
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3.2. Microbial Biomass and Stoichiometric Ratios in the Rhizosphere and Non-Rhizosphere Soils
under Different Age Stands

Soil microbial biomass C, N, and P (Equations (1)–(3)) showed a trend of rhizosphere > non-
rhizosphere in most of the sample sites, and the difference between rhizosphere and non-
rhizosphere gradually increased with the increasing stand age in the first 8 years, with the
difference reaching significance (p < 0.05) at stand 8a. In terms of age, the SMBC (Figure 2a),
SMBN (Figure 2b), and SMBP (Figure 2c) in the rhizosphere showed a trend of increasing
and then decreasing, with both the SMBC and SMBN being the lowest at 2a (116.45
and 6.50 mg·kg−1, respectively), reaching a maximum at 9a (286.23 and 10.96 mg·kg−1,
respectively) and then beginning to decline. The variation in the SMBP was greater between
stand ages, reaching a maximum at 8a (8.94 mg·kg−1) and then declining to a significant
minimum at 42a (1.27 mg·kg−1). The SMBC, SMBN, and SMBP in the non-rhizosphere
trends with stand age were consistent with rhizosphere.
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Figure 2. Soil microbial biomass C (a), N (b), P (c) in the rhizosphere and non-rhizosphere soils at
different stand ages. Note: different capital letters indicate significant differences between stand ages;
different lower-case letters indicate significant differences between rhizosphere and non-rhizosphere
soils at the same stand age (p < 0.05).

The mean SMBC/SMBN (Figure 3a) values (mean of all stands) for the rhizosphere and
non-rhizosphere soils were 20.73 and 21.27, respectively, with the SMBC/SMBP (Figure 3b)
of 66.25 and 74.45, and SMBN/SMBP (Figure 3c) of 3.29 and 3.56, respectively. This
showed that the overall ratios of microbial biomass C, N, and P showed rhizosphere < non-
rhizosphere. With the increasing stand age, the SMBC/SMBN changed significantly, but
the SMBC/SMBP and SMBN/SMBP showed a general tendency that first decreased to a
minimum at 8a and then increased to a significant maximum at 42a.
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Figure 3. Ecological stoichiometric ratios of soil microbial biomass in rhizosphere and non-
rhizosphere soils at different stand ages. SMBC/N (a), SMBC/P (b), SMBN/P (c). Note: different
capital letters indicate significant differences between stand ages; different lower-case letters indicate
significant differences between rhizosphere and non-rhizosphere soils at the same stand age (p < 0.05).
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3.3. Enzyme Activity and Enzyme Stoichiometry Ratios in the Rhizosphere and Non-Rhizosphere
Soils under Different Age Stands

Soil β-1,4-glucosidase (BG) (Figure 4a) and sucrase (SU) (Figure 4b) were increased
in the rhizosphere soils compared to the non-rhizosphere soils (p < 0.05) (except BG in
1a). Comparatively, the urease (UR) (Figure 4c) activity decreased more in the rhizosphere
than non-rhizosphere, reaching significant levels except for 3a. Moreover, the trend of
acid phosphatase (ACP) (Figure 4d) showed rhizosphere < non-rhizosphere in stands 2a
and 3a. Among the age series, BG varied little in the first 3 years, then increased to a
maximum value by 8a, after which it decreased with increasing stand age. The SU in
both the rhizosphere and non-rhizosphere soils decreased to a minimum at 42a. The UR
of rhizosphere showed a slowly increasing trend with increasing stand age, while that
of non-rhizosphere showed a decreasing trend in the first 3 years, followed by a rise to
a maximum at 8a. The trend of ACP activity in rhizosphere and non-rhizosphere with
increasing stand age was consistent, with the lowest (21.18 and 19.74 µg·g·h−1) in the 1a,
followed by the highest (30.65 and 28.08 µg·g·h−1) at 8a.
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Figure 4. Soil enzyme activities in rhizosphere and non-rhizosphere soils at different stand ages.
Note: different capital letters indicate significant differences between stand ages; different lower-case
letters indicate significant differences between rhizosphere and non-rhizosphere soils at the same
stand age (p < 0.05).

We analyzed the stoichiometry of enzyme activities related to soil C, N, and P
(Equations (4)–(6)). The ln(BG+SU)/ln(UR) (Figure 5a) was significantly higher in rhi-
zosphere soils than in non-rhizosphere (p < 0.05), and ln(BG+SU)/ln(ACP) (Figure 5b)
also showed rhizosphere > non-rhizosphere. The equation ln(UR)/ln(ACP) (Figure 5c)
showed rhizosphere < non-rhizosphere. In terms of the age series, ln(BG+SU)/ln(UR) and
ln(BG+SU)/ln(ACP) were significantly highest at 2a and lowest at 42a. Vector L (Figure 5d;
Equation (7)) and Vector A (Figure 5e; Equation (8)) were significantly higher in rhizosphere
soils than in non-rhizosphere (except for vector A at 2a and 3a). Vector L in the rhizosphere
and non-rhizosphere soils showed a consistent and bimodal trend with increasing stand
age. Vector A in the rhizosphere and non-rhizosphere soils showed a trend of increasing
and then decreasing, with a single-peaked variation. Vector L showed a significant positive
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correlation with AN and AP (p < 0.01), while there was no significant correlation between
Vector A and available N, P, and K (Figure 5f).

1 
 

 

Figure 5. Characteristics of soil enzyme stoichiometry ratios in rhizosphere and non-rhizosphere soils
at different stand ages. Logarithmic ratios of the activities of C-acquiring enzymes (BG+SU) and N-
acquiring enzymes (UR) (a), C-acquiring enzymes (BG+SU) and P-acquiring enzymes (ACP) (b), and
N-acquiring enzymes (UR) and P-acquiring enzymes (ACP) (c). Vector length (d) and vector angle (e)
of the activities of C-acquiring enzymes (BG+SU), N- acquiring enzymes (UR) and P-acquiring
enzymes (ACP). Correlation of vector length, vector angle and available nutrient content (f). BG,
β-1,4-glucosidase activity; SU, sucrase activity; UR, urease activity; ACP, acid phosphatase activity.
Note: different capital letters indicate significant differences between stand ages; different lower-case
letters indicate significant differences between rhizosphere and non-rhizosphere soils at the same
stand age (p < 0.05).

3.4. Relationships between Soil Nutrients, Microbial Biomass, and Enzyme Activity and Their
Stoichiometric Ratios in the Rhizosphere and Non-Rhizosphere Soils

The microbial quotient (qMB; Equations (9)–(11)) was obtained by calculating the
proportions of soil microbial biomass C, N, and P to soil SOC, TN, and TP. The results
showed that the qMBC (Figure 6a) was present in rhizosphere < non-rhizosphere, except for
stands 1a and 2a. The qMBN (Figure 6b) was present in rhizosphere < non-rhizosphere in
stands 2a, 3a, and 9a, and in rhizosphere > non-rhizosphere in stands 1a and 42a (p < 0.05).
The differences in the qMBP (Figure 6c) between rhizosphere and non-rhizosphere were not
significant, except for sample plots 8a and 9a. In terms of the age series, qMBC and qMBN
in the rhizosphere tended to decrease and then increase, and qMBP tended to increase and
then decrease. The qMBC, qMBN, and qMBP in the non-rhizosphere showed an overall
trend of increasing and then decreasing.

The results of the correlation analysis (Figure 7) showed that Vector L was highly
significantly positively correlated with ln(BG+SU)/ln(ACP), Vector A was highly signifi-
cantly negatively correlated with ln(UR)/ln(ACP), and both Vector L and Vector A had a
highly significant positive correlation with ln(BG+SU)/ln(UR) (p < 0.01). Comparatively,
SOC/TN was not significantly correlated with the ratios of microbial biomass C, N, and P.
The SOC/TP, TN/TP, SOC/TK, and TN/TK were all significantly positively correlated with
SMBC/SMBN (TN/TK was not significant), negatively correlated with SMBC/SMBP and
SMBN/SMBP, and positively correlated with BG activity (p < 0.05). Interestingly, TP/TK
showed a negative correlation with SMBC/SMBN (p < 0.01), a significant positive correla-
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tion with ln(BG+SU)/ln(UR) and ln(BG+SU)/ln(ACP), and a negative correlation with the
activity of UR and ACP (p < 0.05). In addition, Vector L showed a positive correlation with
SMBC/SMBP (p < 0.05). The BG activity, the enzyme involved in carbon acquisition, was
positively correlated with nutrient C, N, and P stoichiometry and negatively correlated
with SMBC/SMBP and SMBN/SMBP. The SU activity was significantly positively corre-
lated with ln(BG+SU)/ln(UR), ln(BG+SU)/ln(ACP), and Vector L (p < 0.05). Meanwhile,
ln(BG+SU)/ln(UR), Vector L, and Vector A were significantly negatively correlated with UR
activity. In addition, the ACP activity was positively correlated with ln(BG+SU)/ln(UR),
SMBC/SMBP, and SMBN/SMBP (p < 0.01). Furthermore, a significant positive relationship
for the ACP activity was recorded with SOC/TP and BG activity.
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Figure 6. Entropy C (a), N (b), P (c) of soil microorganisms in the rhizosphere and non-rhizosphere
soils at different stand ages. Note: different capital letters indicate significant differences between
stand ages; different lower-case letters indicate significant differences between rhizosphere and
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TK, total potassium; SMBC, soil microbial biomass carbon; SMBN, soil microbial biomass nitrogen;
SMBP, soil microbial biomass phosphorus; BG, β-1,4-glucosidase; SU, sucrase; UR, urease; ACP, acid
phosphatase; Vector L, vector length of soil extracellular enzyme stoichiometry; Vector A, vector
angle of soil extracellular enzyme stoichiometry; ln(BG+SU)/ln(UR), logarithmic conversion ratio of
soil C and N acquisition enzyme activity; ln(BG+SU)/ln(ACP), the ratio of soil N and P acquisition
enzyme activity; ln(UR)/ln(ACP), the ratio of soil C and P acquisition enzyme activity.
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The results of the redundancy analysis (Figure 8) showed that the RDA axes 1 and 2
together explained 89.68% of the variance, indicating that the total variance in the response
variable (stoichiometric ratio of enzymes) was explained by the vast majority of the explana-
tory variables (soil C, N, P, K, and their stoichiometry, and microbial biomass C, N, and P)
in the RDA model. The explanatory variables for rhizosphere soils (red dots) are mainly
distributed on the right side of RDA axis 1 and on the lower side of axis 2. In contrast, those
for non-rhizosphere soils (blue triangles) are mainly distributed on the left side of axis 1 and
on the upper side of axis 2, indicating a clear difference between the environmental factors
of the rhizosphere and non-rhizosphere soils. Available nutrients such as AN, NN, AP, and
AK positively contributed more to axis 1. SOC/TK made the largest positive contribution
to axis 2, the factors such as SMBP, SMBN, SMBC, TN, TP, TK, and SOC contributed more
to axis 2 and had a higher negative correlation with ln(UR)/ln(ACP).
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Figure 8. Redundancy analysis of soil physicochemical properties, microbial biomass, and en-
zyme stoichiometry ratios. Note: R, sample points of rhizosphere soil; NR, sample points of
non-rhizosphere soil; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; TK, to-
tal potassium; SMBC, soil microbial biomass carbon; SMBN, soil microbial biomass nitrogen; SMBP,
soil microbial biomass phosphorus; AN, ammonium nitrogen; NN, nitrate nitrogen; AP, available
phosphorus; AK, available potassium.

4. Discussion
4.1. Ecological Stoichiometry of Soil Nutrients, Microbial Biomass, and Enzyme Activity in
Rhizosphere and Non-Rhizosphere Soils

Ecological stoichiometry can help to understand the relationships between elements
involved in soil biogeochemical cycling processes [59], The nutrient cycling of forest ecosys-
tems mainly occurs in the “plant–litter–soil” continuum, roots obtain the nitrogen, phos-
phorus, potassium, and other elements from the soil, and plants return nutrients into the
soil in the form of litter [49]. Thus, exploring the stoichiometric characteristics of C, N,
P, and K elements is helpful for understanding the nutrient cycling in plantation ecosys-
tems. As an example, the element concentrations of individual phylogenetic groups within
the soil microbial community may vary, but on average, atomic C:N:P ratios in both the
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soil (186:13:1) and the soil microbial biomass (60:7:1) are well-constrained at the global
scale [60]. The average C:N:P ratio for soil nutrients in China was 60:5:1, while in tropical
and subtropical areas of China, the ratio was 52:4:1 [61]. In our study, the soil C:N:P in the
rhizosphere and non-rhizosphere soils were 41:5:1 and 37:5:1, respectively, and the C:N:P
of microbial biomass was 66:3:1 and 74:4:1, respectively. Our previous study also reported
that the average soil C:N:P in P. chinensis plantations was 35:2:1 and the microbial biomass
C:N was 8:1 [62]. This result implies that the soil nutrients and microbial biomass C:N:P in
the study area were low compared to the stoichiometry at the global scale and are closer to
the China-wide result for soil nutrients (C:N:P = 60:5:1) and the 52:4:1 exhibited in tropical
and subtropical China, which also indicates that the soil stoichiometry varies between
regions globally. The mean C:N:P:K values of forest soils within the Maolan National
Nature Reserve in Southwest China were 50.0:2.0:0.2:1.0 [26]. In comparison, the mean
C:N:P:K values for the rhizosphere and non-rhizosphere soils were 273.0:35.0:7.0:1.0, which
appeared to be lower in K relative to the higher C, N, and P contents of our study area. This
may be related to the loss of elemental K due to the strong acidic disturbance of the soils in
this region.

A global meta-analysis showed that the soil enzyme activity C:N:P was approximately
1:1:1 on a global scale [40]. It also suggested that the average ratio of enzyme C:N:P activity
was about 1:1:1 and was restricted to a reasonably narrow range [63]. The ratio of C:N:P
acquisition enzyme activity in eastern Chinese tropical rainforest soils is close to 1:1:1 [64].
Our sampling sites are located in the subtropics of Southwestern China. The results
showed this ratio to be 1.3:0.9:1.0 and 1.3:1.0:1.0 for rhizosphere and non-rhizosphere soils,
respectively, which are close to the global scale result of 1:1:1. This may be related to the
fact that the secretion and activity of enzymes related to soil C transformation are higher in
this study area. This ratio was 0.68:1.34:1.00 and 0.62:1.19:1.00 for the rhizosphere and non-
rhizosphere soils of Pinus sylvestris Linn. plantations in Northwest China, respectively [41].
In contrast, the ratio was 1.00:1.06:1.17 in the soil of Larix olgensis Henry. plantations in
Northeastern China [65], and although this result is close to the global-scale study, it is
not exactly equal to 1:1:1. The reason for this may be that soil microorganisms secrete
more specific enzymes in order to obtain limiting nutrients to meet their metabolic needs,
resulting in a deviation in the stoichiometric ratio of soil enzymes from 1:1:1 [40].

It has been shown that Vector A is higher than 45◦ in both rhizosphere and non-
rhizosphere soils in alpine ecosystems, that P limitation is prevalent, and that microbial
nutrient limitation is regulated by the soil water content, temperature, and nutrient stoi-
chiometry in the interaction of altitude and sample topography [66]. This is consistent with
our findings that Vector A was also above 45◦ for all rhizosphere and non-rhizosphere soil
samples (except for the non-rhizosphere soil at 1a), and that rhizosphere soil was higher
than non-rhizosphere (Figure 5e). In P-poor soils in tropical rainforest areas, a higher micro-
bial biomass N:P ratio usually means that the soil is more P-limited. It is well documented
that lower P effectiveness strongly limits microbial biomass and its activity [67]. The soils
of all the sample plots in our study were strongly acidic and low in phosphorus (Table 1),
and the microbial biomass N:P of the rhizosphere soils was slightly less than that of the
non-rhizosphere soils (Figure 3c). This suggests that non-rhizosphere soils of P. chinensis
plantations are more susceptible to P limitation, possibly because non-rhizosphere soils
have lower P-converting enzyme content and activity and fewer root secretions involved
in P conversion than rhizosphere microenvironments, P being more difficult to mineralize
and release than C and N [26]. This result verifies our first hypothesis that P. chinensis
plantation soils are severely P-limited.

4.2. Effect of Stand Age on Soil Nutrients, Microbial Biomass, and Enzyme Activity

Differences in soil conditions due to forest ecosystem succession and increasing stand
age can alter nutrient balances and thus regulate different soil enzyme processes. The
characteristics of the response of soil extracellular enzymes to this temporal variability are
important for understanding the soil enzyme-driven subsurface ecosystem function [68].
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In the present study, we found that the soil pH did not change significantly with age.
This suggests that the pH in the rhizosphere and non-rhizosphere soil is not sensitive to
temporal changes, which may be related to the strong acidity of the soils in the area. TK
showed rhizosphere < non-rhizosphere in the first 9 years. The same trend was recorded for
SOM and AK in the first 2 years (Table 1). The reason for this might be that at the beginning
of the silvicultural period, the root system of P. chinensis at the young stage absorbed more
K than other nutrients, resulting in a lower K content in the rhizosphere compared to the
non-rhizosphere.

Soil P limitation is common in tropical and subtropical forests in China [69–71]. The
plantations of Caragana korshinskii Kom. are more suitable for ecological restoration, with
soil C, N, P, and K contents increasing significantly with increasing stand age [49]. The soil
total P and K contents of the rhizosphere soil of P. chinensis plantations were highest in
the 42a stand, which means that K is not strongly restricted when P. chinensis plantations
are growing to maturity. However, the NN, AP, and AK contents steadily increased in
the first 9 years, and decreased significantly in the 42a stand (Table 1). This indicates that
the TP in the rhizosphere regressed and cycled better with age due to the contribution
of phosphatase and root secretions. However, the AP, AK, and NN contents are more
effective for plant uptake. Thus, AP, AK, and NN decreased, and the decrease in AP content
especially predicted that the stand was limited by low P effectiveness. In highly weathered
soils of tropical and subtropical China, phoD genes that regulate P cycling in Cunninghamia
lanceolata (Lamb.) Hook. plantation soils increase progressively with age, and under P-
deficient conditions, microorganisms tend to optimize growth by allocating more resources
to obtain bioavailable P [72]. Similarly, we found that the effective nutrients tended to
increase in the early stages, as the input of more apoplastic material as the trees grew
provided a richer substrate for microbial metabolism and decomposition. Litter constitutes
the main pathway for nutrient cycling between the plants and soil, thus it can supplement
some of the nutrient deficits [73]. However, it still does not meet the available nutrient
requirements of adult P. chinensis, resulting in a significant decline in these nutrient contents
in the rhizosphere. This is similar to the findings of Pinus massoniana Lamb. plantations,
where the demand for nutrients in trees increases substantially as the age grows [74].

The SMBC, SMBN, and SMBP of P. chinensis plantation showed an increasing and
then decreasing trend in the age series, which indicated that by the late silvicultural
stage, especially in 42a stands, the microbial population started to decline, suggesting
that the growth of P. chinensis appeared overripe and the colonization and activity of soil
microorganisms in the stands were reduced (Figure 2). Similar to our findings, near mature
(36a) stands of Pinus massoniana plantations significantly improved the enzyme activity but
reduced fungal diversity and abundance [75]; likewise, microbial biomass and diversity
decreased in subtropical Cunninghamia lanceolata plantations at 35a [76]. The planting
duration of Camellia sinensis (L.) O. Ktze. significantly impacts the microbial community
structure and its abundance, resulting in a significant decline in the microbial biomass of C
starting at 50a [77]. Therefore, it is indicated that soil microbial activity in stands gradually
declines over long time scales (decades). This occurs because the metabolic function of soil
microbial biomass may be inhibited by low pH or impaired by proton toxicity and higher
concentrations of free toxic metals [78]. This toxic effect may be enhanced in acidic soils.
The possible explanation for this is that the heavy metals complexed to soluble organic
matter will decrease with soil pH, allowing a larger proportion of metal cations to be
present in the free state, and these are usually toxic ions to plants, such as aluminum ions.

4.3. Effect of Stand Age on Soil Nutrients, Microbial Biomass, and Extracellular Enzyme
Stoichiometry Ratios

The C/N, C/P, and N/P in the rhizosphere and non-rhizosphere soils resulted in
an overall upward and then downward trend with increasing age (Figure 1a–c), being
significantly (p < 0.05) higher in 8a stands than in other stands, where typically higher
C/P and N/P ratios resulted in a deficiency of P relative to C and N [72]. These results
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indicated that in P. chinensis plantations, the soil was more deficient in P than C and N, but
this phenomenon diminishes with age and is alleviated by 42a. Wang et al. [76] reported
that with an increasing stand age, soils in Cunninghamia lanceolata plantations gradually
shifted from P-limited to N-limited. For the nutrient limitation of soil microorganisms,
the stoichiometry of soil microbial biomass was found to be a better indicator than the
stoichiometry of nutrients and enzymes [79]. In the present study, SMBC and SMBP
were also higher in rhizosphere soils than in non-rhizosphere in the first 8 years, which
is consistent with the results of Bi et al. [41], who reported that the SMBC and SMBP
were significantly greater in rhizosphere soils than in non-rhizosphere soils at all stand
ages of Pinus sylvestris plantations. The SMBC/SMBP and SMBN/SMBP in rhizosphere
soils of P. chinensis plantations were lower than in non-rhizosphere with increasing stand
age. SMBC/SMBP and SMBN/SMBP showed an increasing trend (Figure 3), which was
consistent with the findings of Zhang et al. [80]. They found that the SMBC, SMBN, SMBP,
SMBC/SMBN, and SMBC/SMBP in soils of Myrica rubra (Lour.) S. et Zucc plantations
showed a significant decrease followed by a slight increase, while SMBN/SMBP showed
a continuously increasing trend [65]. In conclusion, we found that soil nutrients C, N, P,
K, and the stoichiometry between them were significantly influenced by the number of
silvicultural periods, which was consistent with the findings of Li et al. [49]. This also
verifies our second hypothesis.

Soil extracellular enzyme activities are susceptible to the external environment, espe-
cially temporal changes. The activities of SU, UR, and ACP are driven by a combination of
temporal and land use changes in the forest stand [68]. At different stages of development
in the stand, the fungal communities of rhizosphere soils exhibit different diversities and
compositions, influencing the soil function through enzymatic activity [75]. In this study,
the activity of BG and ACP enhanced at 8a with the increasing stand age, after which it
began to decline. The activity of SU tended to decrease in the first 8 years, reaching a
minimum by 42, whereas a slow increase in the activity of UR was recorded in rhizosphere
soils (Figure 4). The activity of ACP in Pinus massoniana plantations was significantly
lower in 30a stands than in other stands. The possible reason for this may be that the
lower SOC and TN in the middle-aged stands resulted in lower enzyme activity [81]. The
ln(BG+SU)/ln(UR) and ln(BG+SU)/ln(ACP) were significantly highest at 2a and lowest at
42a. The ln(UR)/ln(ACP) in the rhizosphere and non-rhizosphere showed the significantly
lowest values in the 8a and 3a stands (Figure 5a–c). These results indicate that soils of
P. chinensis plantations in stand 42a were limited by a combination of N and P. At the same
time, the rhizosphere activity of the N-acquisition enzyme was increasing, suggesting that
the rhizosphere was adapting to the N limitation by increasing its enzyme activity [82].

4.4. Correlation of C, N, and P Stoichiometric Ratios between “Nutrient-Microbial
Biomass-Enzyme Activity” in Soils

Moorhead et al. [38,58] proposed to quantify the C, N, and P limitation of soil mi-
croorganisms using the vector angle (Vector A) and vector length (Vector L) of the enzyme
stoichiometry. Vector A > 45◦ indicated that the microorganism was more restricted by P,
and Vector A < 45◦ indicated that it was more restricted by N. A larger Vector L indicated
that the microorganism was more restricted by C. In Pinus massoniana plantations at differ-
ent growth stages in central subtropical China, soil microorganisms were N-limited, and
while the N limitation was moderated with increasing stand age, the microbial demand for
P increased, i.e., the microbial growth shifted from N limitation to P limitation [83]. This was
consistent with our findings that Vector A was consistently greater than 46◦ in rhizosphere
soil and greater than 45◦ in non-rhizosphere soil (except for 1a stands where Vector A < 43◦)
(Figure 5d). This indicated that the non-rhizosphere soils of P. chinensis were N-limited
in the first year after afforestation, and then turned into a strong P limitation. However,
this P limitation in the non-rhizosphere soil would decrease with the increase in the stand
age, while the rhizosphere soil was always limited. We speculated that microorganisms
in the rhizosphere soil were more severely limited by C than those in non-rhizosphere
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soil, but this C limitation would be weakened at 42a (Figure 5e). The soil microbial C
limitation in Pinus sylvestris plantations was significantly higher in the rhizosphere than in
non-rhizosphere, and the C limitation was enhanced before stand maturity [41], which was
consistent with our results. Another study found that in Pinus tabuliformis Carr. natural
stands, P limitation gradually decreased and C limitation slightly increased with increasing
stand age [33], which, contrary to our results, may have been the result of differences in
the soil management practices between natural and planted stands, and may have also
been due to differences in the soil-forming parent material, as soil acidification in this study
area severely affected microbial decomposition functions [41]. The results of the correlation
analysis (Figure 7) showed a positive correlation between the soil K stoichiometry and
the activity of C-related extracellular enzymes (BG and SU), suggesting that K was closely
interrelated with the decomposition of soil organic matter [84].

Current studies often relate the stoichiometry of soil extracellular enzymes to C/N,
C/P, and N/P of the soil to evaluate the nutrient use and demand characteristics of microor-
ganisms, and the metabolic processes of the microbial communities [32]. However, it is
unclear whether these indicators are effective at revealing the microbial nutrient limitation
consistently and which one of them can better indicate the nutrient limitation [79,85]. For
example, it has been shown that there is no significant relationship between the enzyme
activity and nutrient stoichiometry in soils, but the enzyme activity C/N is significantly
negatively correlated with microbial biomass C/N, and soil enzyme activity C/P is sig-
nificantly positively correlated with microbial biomass C/P [41]. A significant negative
correlation was found between the microbial biomass and enzyme stoichiometry in Cun-
ninghamia lanceolata plantations [76]. Luo et al. [85] found that the stoichiometric ratios
of soil nutrients, microbial biomass, and ecological enzymes indicated different nutrient
limitation consequences, i.e., the ratios of soil nutrients and enzyme activity indicated that
P was the greatest limiting factor, but the ratios of microbial biomass indicated a greater
limitation by N. Ultimately, they concluded that microbial biomass stoichiometry may be
the most valuable indicator, which is consistent with the view derived from our results. Our
study found that the soil nutrient stoichiometry indicated that P. chinensis stands soils were
mainly limited by C and N, while the ratios for both the microbial biomass and enzyme
activity indicated a greater limitation by P. However, the correlation analysis showed that
the microbial biomass stoichiometry was significantly (p < 0.05) correlated with nutrient
stoichiometry, while there was little correlation with enzyme activity stoichiometry. There-
fore, we suggest that the stoichiometries of soil microbial biomass C, N, and P in P. chinensis
plantations are more meaningful indicators of the nutrient limitation.

The results of the redundancy analysis (Figure 8) showed that in the rhizosphere and
non-rhizosphere soils of P. chinensis plantations, effective nutrients such as AN, NN, AP, and
AK contributed more to the variation in the stoichiometry of soil enzymes. This suggests
that there was an important positive influence of the soil nutrient potency on the enzyme
stoichiometry. It reaffirmed that nutrient effectiveness is a key factor driving soil P limitation
in P. chinensis stands. These findings highlight the important role that available elements
play in regulating the soil stoichiometry. This has scientific implications for understanding
the stoichiometry of “soil–microbial biomass–enzyme activity” in Dipterocarpaceae stands in
subtropical and tropical regions.

However, it should be noted that this study only focused on pure plantation stands
in subtropical areas. Therefore, the findings may not be generalizable to other regions or
mixed-species stands. Additionally, potential confounding factors, such as temperature,
precipitation, or plant community composition, which could affect soil nutrient cycling,
were not considered in this study, which only included 6 stand ages, making it unclear
how these patterns will change over different years and seasons. Future studies are needed
to explore P. chinensis plantations over different time durations, such as year-wise and
season-wise, mixed with other species in different climates, to provide a comprehensive
understanding of the soil nutrient dynamics in P. chinensis plantations.
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5. Conclusions

The results of this study show that the rhizosphere soils of P. chinensis plantations are
more severely C- and P-limited than the non-rhizosphere soils. The C-limitation diminished
as the stand grew to maturity, but the P limitation was always constant. In the young
stands, the soils of the non-rhizosphere were strongly N-limited, and would gradually shift
to P limitation due to the time drive. As the soils in this study area were highly acidic,
this adversely affected the effectiveness of the soil nutrients and their biochemical cycling.
The growth of P. chinensis plantations and the accumulation of soil microbial biomass
were both limited by soil phosphorus. Stand age produced significant effects on the soil
nutrients C, N, P, and K, soil microbial biomass C, N, and P, and the activity of enzymes
associated with soil C, N, and P acquisition and the stoichiometry between them. As the
stand age increased, the soil C/N, C/P, and N/P, soil microbial biomass C, N, and P, and
the activities of β-1,4-glucosidase and acid phosphatase were decreased, which further
reduced the effectiveness of soil C and P. In subtropical P. chinensis plantations, when P.
chinensis plantations reached maturity (42a), the C/K, N/K, and P/K were decreasing in
rhizosphere soils, but instead increased in non-rhizosphere soils, and K was significantly
correlated with soil organic carbon content and extracellular enzyme activities involved in
C and N acquisition. The stoichiometry of soil C, N, and P indicated that microorganisms
were mainly limited by C and N, while the stoichiometry of microbial biomass and enzyme
activity indicated greater P limitation. The correlation analysis ultimately indicated that
soil microbial stoichiometry was the most sensitive indicator of the nutrient limitation. The
content of available nutrients such as AN, NN, AP, and AK were the key factors driving
P limitation.
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