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Abstract: Soil extracellular enzyme activity (EEAs) and enzymatic stoichiometry (ES) can provide a
crucial indication of changes in soil ecosystem's nutrient availability and the microbial resource
limitations. However, the changing characteristics of soil EEAs and ES at different stages of the
native succession process and their key drivers are unclear. In order to investigate the soil EEAs, ES
and driving factors of soil under vegetation at different succession stages, we adopted the "spatio-
temporal substitution" method to collect the surface soil of bryophyte community, herbaceous
community, shrub community and tree community in the new volcanic lava platform of
Wudalianchi Volcanic Nature Reserve. We measured seven soil EEA, including carbon(C)-acquiring
enzyme (f3-1,4-glucosidase (BG)), N-acquiring enzymes (3-N-acetyl-glucosaminidase (NAG) and
leucine aminopeptidase (LAP)) and phosphorus (P)-acquiring enzyme (acid phosphatase (AP))
activities. The length and angle of vectors defined by ratios of enzyme activities (BG/(NAG + LAP)
vs. BG/AP) were used to indicate relative microbial investments in C- (length), and N- and P- (angle)
acquiring enzymes. Our results showed that the contents of TC, TN, TP, MBC, DOC and NO3-N in
shrub community soil were significantly higher than those in bryophyte, herb and tree communities,
and increased by 441%, 246%, 137%, 5570%, 12% and 484 %, respectively. The highest soil EEA of C-
, N- and P-acquiring were found in shrub community, and the soil EEAs/MBC of C-, N- and P-
acquiring were the highest in bryophyte community. Enzyme C:N, C:P and N:P ratios increased
progressively in the order of bryophyte, herb and shrub community, but the enzyme C:N, C:P and
N:P ratios of tree community were both far less than shrub community. Vector lengths increased
progressively in the order of bryophyte (1.16), herb (1.27), tree (1.29) and shrub (1.40), and Vector
angles decreased progressively in the order of bryophyte (49.15°), herb (45.65°), Tree (45.31°) and
shurb (44.54°), suggested that as succession progresses, soil microbial nutrients transforms from P
limitation (angle>45°) to N limitation (angle<<45°). Redundancy analysis showed that TC, TN, EC
and C:N were important drivers of variation in soil EEAs and ES in vegetation at different
succession stages. Our findings highlight that the primary succession process cause nutrient
limitation transformation. Soil ES might be a sensitive indicator mediated by soil microorganisms
to the relative resource limitation at different stages of the primary succession process.

Keywords: soil extracellular enzyme activities; enzymatic stoichiometry; microbial nutrient
limitation; primary succession; lava platform
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1. Introduction

Soil extracellular enzymes are regulated by the decomposition and mineralization of soil organic
matter (SOM) [1,2]. They play a crucial role in driving biogeochemical cycles within terrestrial
ecosystems [3,4]. These enzymes break down complex organic compounds, such as organic matter,
into smaller molecules that can be utilized by microorganisms [5,6]. In nutrient-deficient conditions,
microorganisms can synthesize extracellular enzymes by utilizing their own carbon sources and
energy to meet their nutrient requirements. This mechanism is vital for maintaining nutrient balance
in microorganisms [7]. Soil extracellular enzyme activity (EEAs) serves as an excellent indicator of
changes in soil ecosystem's nutrient availability, substrate availability, microbial energy
requirements, and nutrient demands [4,8]. Enzyme stoichiometry (ES), which represents the ratio of
soil EEAs involved in carbon (C), nitrogen (N), and phosphorus (P) cycles, reflects both the metabolic
needs of soil microorganisms and the limited environmental availability of resources [8]. It provides
insights into soil energy limitations and nutrient constraints on microbial communities' function [9-
11]. Studies have demonstrated that vegetation type significantly influences soil enzyme activity [12].
To gain a better understanding of how vegetation succession impacts biogeochemical cycles, it is
imperative to comprehend how soil EEAs and ES respond to changes in plant communities.

Microorganisms secrete a plethora of extracellular enzymes to acquire limited nutrient elements
from complex substrates, and this process is regulated by both biotic (e.g., plant nutrient and
vegetation types) and abiotic (e.g., climate and soil properties) factors [13,14]. However, due to
variations in vegetation types, soil properties, and climatic conditions among the studied ecosystems
[15,16], different ecosystems exhibit diverse impacts. For instance, soil ES has been reported to be
modified by plant diversity and species richness in arid grasslands on the Loess Plateau in China [17]
and vegetation type rather than climate modulated the variation in soil ES in subalpine forests on the
eastern Tibetan Plateau of China [12]. In an arid-hot valley in southwest China, vegetation
rehabilitation increases soil EEA in degraded land via carbon supply and nitrogen retention [18]. In
temperate grasslands in China, abiotic factors exert a greater influence on soil EEAs than biological
factors do, with total carbon (C), nitrogen (N), and phosphorus (P) contents being the primary drivers
of soil EEAs variation in soils [19]. Soil physical properties such as texture and water availability drive
changes in soil EEAs, the variation in soil ES was better explained by biotic than by abiotic factors
within degraded grasslands on the arid Loess Plateau of northern China [20,21]. In forest ecosystems
in eastern China, there exists a positive correlation between soil pH and EEA while an inverse
relationship with average annual precipitation is observed [22]. In alpine ecosystems in China, EEAs
and ES were directly regulated by soil nutrient stoichiometry, followed by nutrient availability [23].
A recent meta-analysis revealed that temperature and soil carbon-to-nitrogen ratio are key
determinants explaining changes in soil EEAs within Chinese forest ecosystems [11].

Previous studies have reported associations between soil EEAs and nutrient concentrations
[24,25]. Soil nutrient concentration may affect soil EEAs by influencing effective substrate
concentration [19], since limited substrate for enzymatic reactions leads to significant declines in
enzyme activity [26]. In the early stage of nutrition-deficient primary succession, microorganisms
acquire nutrients by increasing extracellular enzymes that decompose soil organic matter [20], and
soil organic nitrogen mineralization is also closely related to extracellular nitrogen acquisition
enzymes of soil microorganisms [27]. Therefore, differences in biomass, coverage and suitable habitat
among different vegetation types could result in significant variations in soil EEAs.

Microorganisms release extracellular enzymes to obtain energy and nutrients [28]. Since these
enzymes are produced by cell metabolism and in response to nutrient availability in the environment,
soil EEAs represents a major link between ecological metabolic theory and ecological stoichiometry
theory [3]. Utilizing EEA ratios and stoichiometric invariance (i.e., the need for elements to be present
at certain relative levels to sustain metabolism), ES has been used to predict the availability of
nutrients in the environment and the metabolic activity of microorganisms [3,29]. For example, soil
microbial metabolism was limited by P in highly weathered tropical ecosystems [14], but P limitation
was also found in temperate forest ecosystems [30,31]. Yang et al [32] confirmed the shift from P- to
N-limitation of microorganisms with grassland restoration based on soil extracellular enzyme
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stoichiometry. Cui et al [20] in desert steppe and Wang et al [32] in the desert of Northwest China
(One of the most eroded and nutrient-starved areas in China) using threshold element ratio analysis
found that microorganisms were limited by both N and P. Rosinger et al [2] found that soil
microorganisms in subtropical steppe were not only limited by P, but also limited by C and N.
Therefore, microorganisms in a single ecosystem may be limited by different nutrients, and
microorganisms in different ecosystems may also be limited by the same nutrient. Although there is
an increasing number of studies on microbial metabolic limitation at difference regions and
ecosystems [2,14,17,31], the inconsistencies of these findings urgently require us to determine the
characteristics and key drivers of microbial metabolic limitation in unexplored regions and
ecosystems.

Nitrogen and phosphorus are considered the most limiting nutrients in terrestrial ecosystems
[33,34] with previous studies indicating that vegetation type is a key factor affecting both soil enzyme
activity and its stoichiometric ratio [12]. During vegetation succession, nutrient limitation may shift
from nitrogen to phosphorus restriction due to differences in their sources and availability. While
atmospheric deposition is the primary source of nitrogen for ecosystems, rock weathering releases
phosphorus into soils. However, P uptake mainly occurs through decomposition and mineralization
of SOM via extracellular enzymes produced by microorganisms and plants [35,36], which lags behind
N input via multiple pathways such as microbial mineralization or atmospheric deposition [37].
Thus, increasing demand for nutrients during vegetation succession may lead to shifts from N
limitation to P limitation or both N and P limitations.

Wudalianchi New Volcano, located in the southwest of Heihe City, Heilongjiang Province, is
located in the transition zone between the southwestern foothills of the Lesser Khingan Mountains
and the Songnen Plain, known as the "volcano textbook". It was formed between 1719 and 1721,
during which time it experienced numerous eruptions of high potassium basaltic lava flows.
Scorching ejections damage soil, affecting soil development and soil erosion. The volcanic lava and
pumice formed after cooling of ejections lack nutrients, especially nitrogen, which cannot meet the
nutrients necessary for plant growth, resulting in slow vegetation succession [38]. Vegetation
regeneration succession and biogeochemical cycles have changed [39]. Under different vegetation
conditions, soil microorganisms catalyzed the decomposition of macromolecular organic matter into
soluble nutrients by secreting extracellular enzymes for assimilation and utilization by
microorganisms [40], which affected the turnover of organic matter in plant communities [41],
especially in the succession process of volcanic vegetation in the new period. However, the study of
soil extracellular enzyme activity and its stoichiometric characteristics during vegetation succession,
especially during primary succession, is still insufficient.

This study investigated the impacts of seven soil environmental enrichment agents (EEAs) and
soil physicochemical factors on C-, N- and P-access, as well as nutrient limitation in soils at different
stages of vegetation succession. Specifically, we examined the following hypotheses: (1) soil EEAs
uptake of soil carbon, nitrogen, and phosphorus increases with succession; (2) Soil nitrogen and
phosphorus levels generally exert a significant limiting effect on microorganisms, with nitrogen often
being the most limiting nutrient. As succession progresses, the restrictive impact of nitrogen will be
amplified and exacerbated over time, leading to a shift in microbial nutrient restriction from
phosphorus to nitrogen.

2. Materials and Methods
2.1. Research Site

The research site is located in Wudalianchi Volcanic Nature Reserve, which has Heilongjiang
Heihe (Wudalianchi) National Forest ecosystem positioning observation and research Station. The
reserve is located in the southwest of Heihe City, Heilongjiang Province, in the transition zone
between the southwest foothills of the Lesser Hinggan Mountains and the Songnen Plain. Its
geographical location is 126°00 '-126°45' east longitude, 48°30'-48°50" north latitude, with a total area
of 988.66 km? (Figure 1) . It is a temperate continental monsoon climate area with long and cold
winters and short and cool summers. The annual average temperature is -0.5 °C, the frost-free period
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is 121 days, the annual average rainfall is 476.33 mm, and the annual average relative humidity is
69.2%. The lava platform of Old Black Mountain in Wudalianchi covers an area of 65 km? and erupted
300 years ago, the surface is dominated by large-scale massive volcanic lava, volcanic gravel, volcanic
slag and volcanic ash. The lava weathering speed is slow, no obvious soil level has been formed, and
there is insufficient water and nutrients, which cannot meet the necessary nutrients for plant growth,
resulting in slow vegetation succession. Affected by the surrounding environment, plant
communities in different stages of succession are distributed, mainly including: bryophyte
community, herbaceous community, shrub community and tree community (Figure 2), and different
community types Mosaic distribution.
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Figure 2. Four vegetation types in the new volcanic lava terraces of Wudalianchi Volcano Nature
Reserve: (a) Bryophyte community, (b) Herb community, (c) Shrub community, (d) Tree community.
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2.2. Sampling Design

Site selection and sample collection will be conducted in July 2022. Select Bryophyte community
(Br), Herb community (He), Shrub community (Sh), and Tree community (Tr) Four typical vegetation
types represent different succession stages, and three plots are set for each vegetation type, each
covering an area of about 100m2. The composition of dominant species in the plots is shown in Table
1. After removing the surface litter, 500 g of surface soil (0-10 cm) was collected using alcohol-
sterilized stainless steel. A total of 15 samples were collected from each community quadrate. After
removing the plant debris, the samples were screened 2 mm, and the soil samples were divided into
3 parts. Some soil samples were put into a sterile bag of about 200 g and transferred back to the
laboratory in an incubator with an ice pack, and stored in the refrigerator at 4°C. Used for soil
extracellular enzyme activity (EEA), Microbial biomass carbon (MBC) and Microbial biomass
nitrogen (MBN) and other indicators measurement; Take about 200 g of soil samples and put them
in a plastic seal bag, and carry them back to the laboratory for natural air drying. For soil pH, soil
Total carbon concentration (TC), soil Total nitrogen concentration, TN), Total Phosphorus
concentration (TP), soil available phosphorus (SAP), ammonium nitrogen, Nitrate nitrogen (NH4+-N),
nitrate nitrogen (NOs-N) and Soil electrical Conductivity (EC) were determined. The remaining part
of the soil sample is placed in the plastic sealing pocket for soil moisture content (moisture)

determination.
Table 1. Site characteristics of different vegetation types.
Succession Dominate Species
stages
Bryophyte Racomitrium canescens, Grimmia pilifera, Bryum argenteum, Heddigia ciliata
Herb Artemisia sacrorum, Patrinia rupestris, Orostachys malacophyllus, Potentilla
chinensis, Setaria viridis
Shurb Sorbaria sorbifolia, Spiraea media, Rubus matsumuranus
Tree Populus koreana, P.davidiana, Betula platyphylla, Larix gmelini

2.3. Soil Extracellular Enzyme Assays

Standard fluorescence technique was adopted [42,43] measured the activity of C, N and P
harvesting enzymes in various soil samples. C-acquiring enzymes include a-1,4-glucosidase (AG), 3-
1, 4-glucosidase (BG), [-D-cellobiohydrolase (CB), and xylosidase (XYL). N-acquiring enzymes
include B-n-acetylglucosaminidase (NAG) and leucine aminopeptidase (LAP). The phosphorous
acquiring enzyme is acid phosphatase (AP). The compounds used in this study are conjugates of the
highly fluorescent compounds 4-methylumbelliferone (MUB) and 7-amino-4-methylcoumarin
(MUQCQ). The activities of AG, BG, CB, XYL, NAG and AP were measured by 200 uM MUB, while the
activities of LAP were measured by 200 uM MUC [44,45]. During the measurement of soil EEAs,
MUB or MUC is released once the bond between MUB or MUC and the attached substrate is
enzymatically hydrolyzed, and its fluorescence can be easily measured and correlates with the
activity of the hydrolase [42,43]. The measurement is as follows: A sample suspension is obtained by
homogenizing a mixture of 2.5g of soil and 91 ml of ultrapure water for about 1 minute using a
homogenizer (Blender 8010s, Waring, USA). We used 96-well microplates for soil EEA
measurements. In each well, we added 200 microliters of soil suspension, followed by 50 microliters
of specific enzyme substrate. Each soil sample was measured for six analytical replicates. Here, we
measured the soil EEAs of each soil sample using standard curves (sample suspension +0, 2.5, 5, 10,
25, 50, and 100 uM MUB/MUC standards). Incubate the mixture at 25 °C for 3 hours. Fluorescence
values were measured at 365 nm excitation and 450 nm emission using an enzyme labeler (Cytation
5, BioTek, USA) [45]. The unit of soil EEA is nmol activity g-! Dry soil h™'. Soil EEA is standardized
with microbial weight C (EEA/MBC) in pmol h-' g MBC.

The activity ratios of C-acquiring enzyme (BG), N-acquiring enzyme (NAG+LAP) and P-
acquiring enzyme (AP) reflect the stoichiometric ratio of the enzyme. The ratios of the enzymes C: N,
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N: P and C: P are calculated as follows: In (BG)/In (NAG+LAP), In (NAG+LAP)/In (AP) and In (BG)/In
(AP). In previous studies, these enzymes (BG, NAG+LAP, AP) have been used globally®! and
regionally [19,46] indicators of C-, N- and P-acquisition. Nutrient restriction was determined using
vector analysis of enzyme activity (vector length and vector Angle) [9,46,47]. The logarithmic
conversion ratio is used to calculate the vector length (no units) and the vector Angle (°).

Vector Length = \[[InBG /IN(NAG + LAP)* + (INBG /InAP)> (1)

Vector Angle = Degrees{ATAN2[(INBG /In A),(InBG / In(NAG + LAP))]I} (2)

Relatively long vector lengths indicate a greater C constraint; The vector Angle is < 45° or > 45°,
indicating the relative degree of N-restriction or P-restriction, respectively [9,46]. The principle of this
method is based on stoichiometric and metabolic ecosystem theory [48-50], that is, the necessary
resources that microorganisms obtain from the environment through the action of extracellular
enzymes are relatively limited by their elemental composition and metabolic requirements [7].

2.4. Microbial Biomass and Soil Properties Measurement

2.4.1. Microbial Biomass Measurement

The chloroform fumigation extraction method was used to measure MBC and microbial biomass
N (MBN) [51]. Soil samples were extracted in 0.5 M Kz50s for 60 min after fumigation with ethanol-
free chloroform for 24 h. Meanwhile, soil samples were directly extracted in the same way without
being fumigated. Both fumigated and nonfumigated extracts were analyzed for dissolved organic C
(DOC) and dissolved N (DN). DOC and DN concentrations in the extracts were measured by total
organic C analyzer (Multi N/C 2100S, Analytik Jena, Germany). The differential concentration
between the fumigated and nonfumigated extracts was used as an estimate of MBC and MBN.
Microbial biomass phosphorous (MBP) was measured as described by Brookes et al [52], MBP and
dissolved P were measured by continuous flow automatic analyzer (SKALAR SAN*, Netherlands).
Considering incomplete extractability, we applied an extraction efficiency factor of 0.45 for MBC, 0.54
for MBN and 0.40 for MBP [51].

2.4.2. Soil Properties Measurement

Air-dried soil was used to determine soil pH with a pH meter (1:2.5 w/v) (Model PHS-2, INESA
Instrument, Shanghai, China) [46]. Air-dried soil was used to determine soil EC with a Conductivity
meter (1:2.5 w/v) (Model 308F, INESA Instrument, Shanghai, China). Gravimetric soil moisture
content was measured using the gravimetric method. Soil samples were weighed before and after
being oven dried at 105 °C for 48 h [53]. Total carbon (TC) and total nitrogen (TN) were determined
with an elemental analyzer (EA3000, EuroVector, Italy) after grinding. Total phosphorous (TP) and
Soil available phosphorous (SAP) were determined by melt molybdenum, antimony, and scandium
colorimetry at a wavelength of 700 nm [20]. NHs-N and NOs-N concentrations in the extracts were
measured by total organic C analyzer (Multi N/C 2100S, Analytik Jena, Germany) after extraction
with 2 M KCl with a 1:5 ratio [23]. The measurement of soil DOC and DN was performed as described
in Section 2.4.1.

2.5. Statistical Analyses

Two-way analysis of variance (ANOVA) using the general linear model was used to test the
variations in soil EEAs, ES, vector length, vector angle, abiotic factors (soil pH, soil EC, soil
gravimetric moisture content, soil DOC, DN, TC, TN, TP, SAP, NOs-N and NHs-N) and biotic factors
(MBC and MBN) under vegetation types. The pairwise correlations among all variables were
analyzed by Pearson correlation, and the relative contributions of different physicochemical factors
to soil extracellular enzyme activity, soil extracellular enzyme specific activity and enzyme
stoichiometric ratio were distinguished by redundancy analysis. One-way ANOVA was mapped
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using SPSS 25.0 (IBM Corporation, Armonk, NY, USA), soil extracellular enzyme activity, soil
exocellular enzyme specific activity, enzyme stoichiometric ratio, vector length and vector angle
changes were plotted using Origin pro 2021 (Origin Lab, USA), and redundancy analysis (RDA) was
performed using Vegan and rdacca.ph packages. Mapping with ggplot2 (4.2.2 R Core Team 2022). A
significance level of P<<0.05 was used for all analyses.

3. Results

3.1. Soil Physicochemical Properties and Soil Extracellular Enzyme Activity in Different Vegetation Types

The vegetation types with different stages of succession significantly affected soil
physicochemical properties, and the soil TC, TN, TP, MBC, MBN, MBP, DOC and NOs-N contents in
shrubland communities were significantly higher than those in bryophyte community, herb
community and tree community, and increased by 441%, 246%, 137%, 5570%, 12% and 484%
compared with bryophyte community, respectively. The SAP content of shrub community was
significantly higher than that of bryophyte community and herbaceous community, but there was no
significant difference with that of arbor community. The soil pH of shrubland communities was
significantly lower than that of bryophyte communities, herbaceous communities and arbor
communities. There were no significant differences in NHs-N and DON content between different
vegetation types (P < 0.05, Table 2),

Table 2. Physicochemical properties of soils sampled from different vegetation types.

Vegetation type Br He Sh Tr
TC g kg 4.93+0.13¢ 11.87+0.52b 26.68+1.62a 11.76+0.58b
TN g kgt 0.63+0.02d 1.07+0.03¢c 2.18+0.08a 0.88+0.03b
TP g kg 0.19+0.01b 0.19+0.01b 0.45+0.01a 0.18+0.01b
MBC mg kg 13.22+1.74d 68.90+8.37¢ 310.15+24.45a 215.98+17.94b
MBN mg kg 5.47+0.70c 9.31+0.54c 34.10+1.38a 23.07+1.95b
MBP mg kg1 2.54+0.36¢ 2.83+0.19¢ 8.37+0.24a 5.55+0.36b
DOC mg kgt 114.95+10.24b 117.23+24.87b 129.44+12.45a 98.72+14.25¢
DON mg kg 2.29+0.15a 2.19+0.16a 2.13+0.12a 2.48+0.17a
NHai-N mg kg1 1.29+0.09b 1.56+0.12b 4.06+0.32ab 6.79+2.22a
NOs-N mg kg 5.45+0.49¢ 9.13+0.36b 31.83+1.64a 3.17+0.42c
SAP mg kg1 1.31+0.06b 1.37+0.07b 3.44+0.51a 2.62+0.38a
EC ps cm! 27.12+1.32¢ 44.98+2.76b 106.48+7.34a 43.20+4.38b
pH 6.37+0.06b 6.86+0.04a 5.76+0.14c 6.75+0.06a
SM 0.10+0.01c 0.15+0.01b 0.23+0.01a 0.15+0.01b

Note: Br, Bryophyte communities; He, Herb communities; Sh, Shrub communities; Tr, Tree
communities. TC: total carbon concentration, TN: total nitrogen concentration, TP: total phosphorus
concentration, MBC: microbial biomass carbon, MBN: microbial biomass nitrogen, MBP: microbial
biomass phosphorus, DOC: dissolved organic carbon, DON: dissolved organic nitrogen, NHs-N:
ammonium nitrogen concentration, NOs-N: nitrate nitrogen concentration, SAP: soil available
phosphorus concentration, EC: soil electrical conductivity, pH: soil pH, SM: soil moisture content.
Values were means *+ SE.

All the measured soil EEA of C-, N- and P-acquiring differed significantly among the vegetation
types with different stages of succession (P < 0.05, Figure 2). The highest soil EEA of C-, N- and P-
acquiring were found in shrub community, and the soil EEAs of C-, N- and P-acquiring in the
bryophyte and herb community significantly lower than shurb and tree community (P <0.05). All the
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measured soil EEA/MBC of C-, N- and P-acquiring were the highest in bryophyte community, but
there was no significant difference among herb, shurb and tree community (P < 0.05, Figure 3).

The soil factors were significant in constraining soil EEAs (P < 0.05, Table S1). Soil EEA were
significantly positively correlated with TC, TN, TP, SAP, NOs-N, moisture content, EC and C:N (P <
0.05, Figure 7). Soil EEAs were significantly negatively correlated with the soil pH value (P < 0.05,
Figure 7). The first and second principal components explained 62.59% and 19.98% of the variation
in soil EEA, respectively (Figure 6A). Soil EEAs in bryophyte community differed from soil EEAs in
higher plant communities, but there was no significant difference among the three higher plant
communities. TC, TN, TP, NOs-N, pH, SM, EC and C:N accounted for 10.00%, 9.34%, 5.88%, 9.68%,
6.89%, 5.09%, 6.94%, 8.04% and 9.60% of the variations in soil EEAs, respectively, (Table S2).
Redundancy analysis for soil EEAs/MBC showed that the first and second principal components
explained 59.15% and 21.21% of the variation in soil EEAs/MBC, respectively (Figure 6B). TC, TN,
TP, NOs-N, NH«+-N, pH, SM, EC and C:N accounted for 9.06%, 8.92%, 5.42%, 6.38%, 7.62%, 5.37%,
6.80%, 7.41% and 7.28% of the variations in soil EEAs/MBC, respectively, (Table S2).
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Figure 2. Variations in the activities of soil carbon (C)-, nitrogen (N)- and phosphorus (P)-acquiring
enzymes (EEA) in different vegetation types. Soil EEAs were calculated in units of nmol h™! g™ dry
soil. All values are presented as the means + standard errors (SE). One-way ANOVA results are
inserted into the figure to explore the effects of different vegetation types. Lowercase letters indicate
the result of the Dunn-Sidak test for variations in soil EEAs among different vegetation types (P <
0.05). Different colors represent the different vegetation types. Br: Bryophyte communities; He:
Herbaceous communities; Sh: Shrub communities; Tr: Tree communities. AG: a-1,4-glucosidase(A);
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acetylglucosaminidase(E); LAP: leucine aminopeptidase(F); AP: acid phosphatase(G).
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Figure 3. Variations in soil extracellular enzyme activity normalized by microbial biomass carbon
(EEA/MBC) in different vegetation types. Soil EEA/MBC was calculated in units of umol h™' g MBC.
All values are presented as the means * standard errors (SE). Lowercase letters indicate the result of
the Dunn-Sidak test for variations in soil EEA/MBC among different vegetation types (P < 0.05).
Different colors represent the different vegetation types. Br: Bryophyte communities; He: Herbaceous
communities; Sh: Shrub communities; Tr: Tree communities. AG: a-1,4-glucosidase/ MBC(A); BG: 3-
1,4-glucosidase/ MBC(B); CB: B-D-cellobiohydrolase/ MBC(C); XYL: xylosidase/ MBC(D); LAP:
leucine aminopeptidase/ MBC(E); NAG: 3-N-acetylglucosaminidase/ MBC(F); AP: acid phosphatase/
MBC(G).

3.2. Soil Enzymatic Stoichiometry in Different Vegetation Types

The enzyme C:N ratio and C:P ratio of shrub community were approximately equal to 1, but the
enzyme C:N and C:P ratios of bryophyte, herb and tree community were both far less than 1 (Figure
4A, 4B). The enzyme N:P ratio of bryophyte, herb and tree community were approximately equal to
1, but the enzyme C:P ratios of bryophyte community was far less than 1 (Figure 4C). Enzyme C:N,
C:P and N:P ratios increased progressively in the order of bryophyte, herb and shrub community,
but the enzyme C:N, C:P and N:P ratios of tree community were both far less than shrub
community(Figure 4).

Vector length differed greatly among the four vegetation types with different stages of
succession. Vector lengths in shrub community were higher than those in bryophyte, herb and tree
community, and Vector lengths increased progressively in the order of bryophyte (1.16), herb (1.27),
tree (1.29) and shrub (1.40) (P < 0.05; Figure 5A). Vector angles in bryophyte, herb and tree
communities were >45° and Vector angles in shrub community were lower than those in bryophyte,
herb and tree community. Vector angles decreased progressively in the order of bryophyte (49.15°),
herb (45.65°), Tree (45.31) and shurb (44.54°) (P < 0.05; Figure 5B). Vector length and vector angle
exhibited a significant negative correlation, and microbial P-limitation was switched to microbial N-
limitation with C limitation increasing (Figure 5C). As shown by enzyme stoichiometry, soil
microorganisms of bryophyte and tree communities were all P-limited. P limitation on herb and
shurb communities were shifted to N limitation through vegetation restoration (Figure 5D).

The soil factors were significant in constraining soil ES (P <0.05, Table S1). Redundancy analysis
showed that the soil factors explained 43.7% of the difference in soil EEAs (P < 0.05, Figure 6C). TC,
TN, pH, EC and C:N accounted for 7.99%, 8.33%, 9.46%, 6.11% and 11.62% of the variation in ES,
respectively, (P <0.05,Table S2).
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Figure 4. Variations in enzymatic stoichiometry (ES) in different vegetation types.

Variations in enzymatic stoichiometry (ES) in different vegetation types. The enzyme C:N, N:P
and C:P ratios were calculated by In(BG):In(NAG + LAP)(A), In (NAG + LAP):In(AP)(B) and
In(BG):In(AP)(C), respectively. All values are presented as the means + standard errors (SE). One-
way ANOVA results are included in the Figure to explore the effect of vegetation type. Lowercase
letters indicate the result of the Dunn-Sidak test for variation in ES among different vegetation types
(P <0.05). Different colors represent the different vegetation types. Br: Bryophyte communities; He:
Herbaceous communities; Sh: Shrub communities; Tr: Tree communities. BG: $-1,4-glucosidase; LAP:
leucine aminopeptidase; NAG: 3-N-acetylglucosaminidase; AP: acid phosphatase.
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Figure 5. Variations of vector characteristics and microbial homeostasis in different vegetation

types.

Variations in (A) vector length and (B) vector angle different vegetation types. All values are
presented as the means + standard errors (SE). One-way ANOVA results are included in the Figure
to explore the effect of vegetation type. Lowercase letters indicate the result of the Dunn-Sidak test
for variation in ES among different vegetation types (P < 0.05). (C) the relationship of vector length
and angle; (D) microbial resource limitation. Different colors represent the different vegetation types.
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Figure 6. Results of redundancy analysis (RDA) explained by factors for (A) all measured extracellular
enzyme activities, (B) soil extracellular enzyme activities normalized by microbial biomass carbon

and (C) enzymatic stoichiometry.

Results of redundancy analysis (RDA) explained by factors for (a) all measured extracellular
enzyme activities, (b) soil extracellular enzyme activities normalized by microbial biomass carbon
and (c) enzymatic stoichiometry. Significance was assessed using 999 permutations of the full RDA
model with P < 0.05. TC: total carbon concentration, TN: total nitrogen concentration, TP: total
phosphorus concentration, SAP: soil available phosphorus concentration, DOC: dissolved organic
carbon, NOs-N: nitrate nitrogen concentration, NHs+-N: ammonium nitrogen concentration, Moisture:
soil moisture content, EC: soil electrical conductivity, pH: soil pH value, C:N: soil carbon to nitrogen
ratio, Different colors represent the different vegetation types. Br: Bryophyte communities; He:
Herbaceous communities; Sh: Shrub communities; Tr: Tree communities.
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Figure 7. Correlations between soil nutrient, microbial biomass and enzyme activity. TC, TN, TP, C:N,
MBC, NOs-N, NH+-N, SAP, DOC, pH, Moisture and EC represent the abbreviations of total carbon,
total nitrogen, total phosphorus, soil carbon to nitrogen ratio, microbial biomass carbon, soil nitrate
nitrogen, soil ammonium nitrogen, soil available phosphorus concentration, dissolved organic
carbon, soil pH value, soil water content and soil electrical conductivity, respectively. AG, a-1,4-
glucosidase; BG, {3-1,4-glucosidase; CB, [-D-cellobiohydrolase; XYL, xylosidase; LAP, leucine
aminopeptidase; NAG, B-N-acetylglucosaminidase; AP, acid phosphatase. * represent P <0.05, **
represent P <0.01, *** represent P < 0.001.

4. Discussion
4.1. Variations in Soil Extracellular Enzyme Activity

Since microorganisms obtain nutrients from organic matter by secreting extracellular enzymes
[2], this activity is interpreted as the nutritional needs of microorganisms [3]. This demand is
determined by the availability of environmental nutrients [54]. During the process of vegetation
succession, vegetation and soil components are closely linked via increasing nutrient contents,
improving soil physical properties (e.g., aggregate stability and water holding capacity), and
promoting soil C sequestration [55], coevolved vegetation-soil interactions can significantly influence
ecological processes [56]. Soil SOC and TN can provide C and N sources for microbial growth,
affecting enzyme synthesis [15]. Previous studies have shown that soil C and N related indexes can
explain most of the changes in soil EEAs [24]. In this study, the contents of TC, TN, TP, DOC, NOs-
N, NHs-N, SAP, moisture content, EC, C:N and soil EEAs were closely related (Figure 6A), similar
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to the study by Kivlin and Treseder in California, soil C and nutrient concentration may be the most
prevalent factors affecting soil EEAs on both global and regional scales [27]. A large number of
previous studies have found that pH is an important factor affecting enzyme activity [14,58].
However, in this study, the effect of pH on soil EEAs were not significant (Figure 7), which may be
related to the small range of pH change in this study area (5.76~6.86, table 2).

Soil EEAs are closely linked to the primary productivity of ecosystems, and generally have a
substantial impact on nutrient cycling, soil structure, and soil function [59], and therefor, in the
process of vegetation succession, we predicted that soil EEA would be lower in the early stage of
vegetation succession when the substrate of enzymatic reactions was limited [26]. This was verified
by the result that all measured soil EEAs were lower in bryophyte and herb community than shrub
and tree community. Enzyme production was closely related to the soil nutrient concentration [24,25].
Soil nutrient concentration might largely influence the available substrate concentration [19]. In our
study, the creasing soil EEAs along plant communities with different stages of vegetation succession
were in consistent with the patterns of soil nutrient concentration. Soil TC, TN and C:N ratio were
important factor explaining the lower soil EEAs in bryophyte and herb community than shrub and
tree community (accounting for 10.00%, 9.34% and 9.60% of the variation, Table S2). Low TC and
TN content in the early stage of vegetation succession would decrease the substrate availability for
soil extracellular enzyme production [60], which ultimately limited soil EEAs [10,61]. In contrast,
shrub and tree communities have greater root and plant biomass in the middle and late stages of
vegetation succession, and use more microbial available resources for synthetic soil EEA in the form
of aboveground and subsurface litter inputs [62], Soil EEA was significantly higher in shrub and tree
communities than in bryophyte and herbaceous community (Figure 2). At the same time, with the
deepening of rock weathering and soil development in the lava platform and the progress of
vegetation succession, the content of soil available P gradually increased with the succession
(Table 2), which may be due to the fact that the input of plant root secretions and the increase of
microbial quantity promoted the separation of P in the soil and increased the availability of P in
the soil [63]. The p-related soil EEAs of shrub and tree communities were significantly increased.

The soil EEAs normalized by MBC exhibited the highest values in the bryophyte community
(Figure 3), despite having the lowest soil nutrient concentration (Table 2). We observed that soil
nutrient concentration (TC, TN, NHs-N and EC) could be the major driver of the pattern of soil
EEA/MBC (TC, TN, NH4+N and EC accounted for 9.06%, 8.92%, 7.62% and 7.41%, respectively, Table
52). The increased normalized soil EEAs in bryophyte community reflected a greater nutrient
allocation to enzyme production responding to decreased resource availability rather than microbial
growth [64]. This result was consistent with the strategy that soil microorganisms mined nutrients in
SOM through soil extracellular enzymes to meet their nutrient requirements when nutrient
availability is low [65]. A similar finding was reported by Dong et al who conducted a comparative
the difference in soil EEA normalized by MBC across various levels of degraded grasslands in Ulan
Buton, located in the eastern region of Inner Mongolia [16]. In contrast, with the progress of
vegetation succession, when sufficient C and N were injected in the form of litter to meet the needs
of microorganisms for C and N uptake [32], there were no significant difference in the soil EEAs
normalized by MBC of the herb, shrub and tree communities, and the soil EEAs normalized by MBC
were significantly lower than those of bryophyte communities (Figure 3). Previous studies have
shown that microorganisms mediate the effects of environmental factors on soil EEA by altering the
enzyme production efficiency [66]. There were no significant differences in the soil EEAs normalized
by MBC among herbaceous community, shrub community and tree community. However,
comparing with bryophyte community, soil microbial biomass carbon content in herbaceous
community, shrub community and tree community have significantly increased. These indicates that
soil microorganisms had no significant difference in the production efficiency of soil C, N and P
enzymes at the late stage of vegetation succession.
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4.2. Nutrient Limitation as Indicated by Enzymatic Stoichiometry

Soil extracellular enzyme stoichiometry (ES) related to the acquisition of nutrients such as C, N
and P, reflects microbial nutrient acquisition and the availability of limiting resources [11,17]. An
excellent approach to gain deep insight into microbial metabolic limitation is to quantify the relative
investment in C, N, and P acquisition, which can be calculated using the vector characteristics of C-,
N-, and P-related enzymes [29,67]. According to the existing research results, the relatively long
vector length indicates C limitation; the vector angle is <45° or >45°, indicating the relative degree
of N-limitation or P-limitation, respectively [9,46]. Our results show that the vector angle of
bryophyte and herb communities were >45°, while the vector angle of shrub and tree communities
were<45° i.e., the C restriction of different vegetation communities gradually increases as succession
progresses (Figure 5A), and shifts from relative P limitation to relative N limitation (Figure 5B). Our
results supported our second hypothesis that, with the succession progressing, the restrictive impact
of nitrogen will be amplified and exacerbated over time, leading to a shift in microbial nutrient
limitation from phosphorus to nitrogen. Possible reasons for the shift from P restriction to N
restriction in plant communities during the succession phase of vegetation are that ecosystems
mainly decompose and mineralize SOM by soil extracellular enzymes to obtain P for microbial and
plant uptake [35,36]. On the one hand, as vegetation succession proceeds, the organic acids secreted
by plant roots and extracellular enzymes secreted by microorganisms promote soil P content and
availability (Table 2) [14,68]. On the other hand, in the later stages of vegetation succession, larger
community biomass may input more available resources into the soil, increasing soil carbon and
nitrogen content, where the increase of soil carbon is greater than the increase of soil nitrogen, and
the C:N of the soil increases, resulting in a decrease in soil nitrogen availability [2,11]. However, with
the succession progressing, the C and N restriction of the community in the tree community stage
slows down. This is because in the late stage of vegetation succession, with the increase of plant litter
and secretions, the number of microorganisms proliferate, the activity of extracellular enzymes in soil
increases (Figure 2G), and the ability of soil extracellular enzymes to decompose and mineralize SOM
is enhanced.

The stoichiometry ratio of extracellular enzyme activity participating in the C and N cycles can
reflect the balance between microbial nutrient requirements and nutrient availability. According to
the theory of resource allocation [69], microorganisms consume large amounts of energy to produce
extracellular enzymes to obtain relatively limited nutrients. A global meta-analysis by Sinsabaugh et
al demonstrated that globally, the ratio of C:N:P obtained from enzymes in topsoil is 1:1:1, suggesting
that there are broad patterns in microorganisms maintaining the stoichiometric balance of C, N, and
P in different ecosystems [28]. However, this proportion varies greatly depending on the type of
ecosystem and regional environmental conditions. For example, the acquisition of enzyme C:N:P in
the topsoil of forest ecosystems in eastern China is close to 1:1:1 [14], but the acquisition of enzyme
C:N:P from forest soils in China based on nationwide datasets deviates from 1:1:1 [11]. In temperate
grassland ecosystems in northern China, Peng and Wangreported a C:N:P ratio of 1:1.2:1.4 for
acquiring enzymes [19]. In the Loess Plateau of China, the average ratio of C:N:P acquisition enzyme
was 1:1.08:1.28 [21]. In this study, the average ratio of C:N:P of the acquiring enzyme was 1:0.89:1.25
(Figure 4), which also deviated from 1:1:1, indicating that (1) the N-acquiring enzyme activity was
relatively less than C or P-acquiring enzyme activity, and (2) the P-acquiring enzyme activity was
relatively greater than the C or N-acquiring enzyme activity.

The influence of vegetation type on soil microbial metabolic activities can be attributed to two
points, one is the effect of plant residues entering the soil on soil physicochemical and nutrient status
[70,71], secondly, the effects of root system material exchange through the root-soil interface on
microbial activity, community structure and soil microenvironment [20,72]. TC, TN, MBC, NHs-N,
NOs-N and AP accompanied the change of vegetation type (Shurb >Herb > bryophyte), which
further confirmed that the difference between soil physicochemical properties [58] and plant residue
properties caused by vegetation type change affected soil EEAs [73].
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5. Conclusions

Compared with bryophyte and herbaceous communities in the early stage of succession, soil
nutrient content and enzyme activity of shrub and tree communities increased significantly in the
middle and late stages of succession. Soil microbial nutrients transforms from P limitation (angle>
45°) to N limitation (angle <45°). Redundancy analysis showed that TC, TN, EC and C:N were
important drivers of variation in soil EEAs and ES in vegetation at different succession stages.
Overall, our results suggest that primary succession processes lead to nutrient restriction
transformation. Soil ES can be used as a sensitive index of relative resource constraints at different
stages of primary succession mediated by soil microorganisms.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Table S1 Correlation and significance of EEAs, EEAs/MBC and ES and
environmental factors; Table S2 Individual effect of each environmental factor.
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