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Abstract: Soil extracellular enzyme stoichiometry (EES) is the essential predictor in nutrient status
and resource limitation of soil microorganisms, whose metabolism has a vital role in biogeochemical
cycling and ecosystem function. However, little is known about how N2-fixer tree species with
different planting patterns affect soil nutrient resources in terms of extracellular enzyme activity
(EEA) or EES within aggregates in degraded karst ecosystems. In this study, we evaluated soil EEA
and EES related to carbon (C), nitrogen (N), and phosphorus (P) cycles across two eight-year-old
pure plantations of legume species [Dalbergia odorifera T. Chen (PD) and Acrocarpus fraxinifolius Wight
ex Arn. (PA)] and a mixed plantation of the two tree species listed above (MP). Meanwhile, a nearby
undisturbed shrubland was used as a control (CK). We concluded that the activities of C-, N-, and
P-acquiring enzyme increased to different degrees in the N2-fixer tree species stands (particularly in
MP) compared to CK in all aggregates. Compared to CK, MP significantly increased by 39.0%, 54.0%,
39.3%, and 24.8% in total C-acquiring EEA, 41.1%, 60.5%, 47.8%, and 12.5% in total N-acquiring EEA,
and 100.4%, 79.7%, 69.2%, and 56.4% in total P-acquiring EEA within >2 mm, 1–2 mm, 0.25–1 mm,
and <0.25 mm aggregates, respectively. Furthermore, the logarithmic transformed ratio of C-, N-, and
P-acquiring enzyme activities was 1.20:1.08:1, which deviated from the global ratio (1:1:1). Vector
analysis of EEA showed that the vector length (VL) within aggregates was significantly lower than
that of CK in all stands of N2-fixer species except PD; while in all treatments, vector angle (VA) was
<45◦ for all aggregate sizes, except in MP, where VA reached 45◦ for <0.25 mm aggregate. These
indicated soil microbes were limited by C and N together. However, MP significantly alleviated
microbial C and N limitation than CK (p < 0.05). There were obvious positive relationships between
enzyme C:N, C:P, and N:P ratios. VL was markedly negatively linked to VA. EES was markedly
related to most soil nutrients and microbial biomass stoichiometry ratios. Changes in soil EEA and
EES were primarily driven by available phosphorus (AP), microbial biomass carbon (MBC), soil C:N
and MBN:MBP ratios. Together, our results demonstrate the influences after introducing N2-fixer tree
species (particularly MP) for vegetation recovery on soil microbial nutrient limitation and ecological
processes in aggregate level and will contribute to the development of ecological restoration practices
and fertility management in degraded karst ecosystems of southwest China.

Keywords: enzyme activity; enzyme stoichiometry; karst ecosystem; N2-fixer tree species; nutrient
limitation; soil aggregates
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1. Introduction

Soil extracellular enzymes are metabolites mainly generated by plant roots and mi-
croorganisms that contribute to the decomposition and transformation of plant residual
materials and perform important roles in the material circulation and energy flow of ecosys-
tems [1,2]. Therefore, the extracellular enzyme activity (EEA) is often used as a sensitive
predictor of soil productivity and nutrient status [3,4]. Soil extracellular enzyme stoichiome-
try (EES), which is the proportion of EEA, captures nutrient acquisition of microbes and the
availability of limited resources [5–7]. Several previous works have studied EES and soil
carbon (C), nitrogen (N), and/or phosphorus (P) cycles and their links to soil nutrient and
microbial biomass stoichiometry to better reflect the dynamic balance between microbial
nutrient demand and growth metabolism [8–10]. EEA and EES are strongly dependent on
microbial biomass and composition [11] and environmental conditions, i.e., climate [12]
and soil properties [13], particularly soil organic carbon (SOC), total nitrogen (TN), and
soil pH [11,14,15]. Variations in plant types can trigger differences of fine roots [16], litter
qualities [17], MBC [15], and soil physiochemical properties [18,19], and thus influence soil
EEA in turn. Nevertheless, these drivers were not consistent in their effects on soil EEA
and EES across ecosystems. Hence, it is essential to illuminate the main drivers that lead to
microbial resource limitations for different vegetation types and at regional scales.

Being the fundamental unit of soil physical structure, aggregates are the dominant
factor affecting pore characteristics [20] and mechanical resistance [21], and eventually
water and nutrient retention [22,23]. Soil aggregates are typically divided into macro-
(>0.25 mm) and micro-aggregates (<0.25 mm) [24]. Soil aggregates not only served as
predictors of microbial biomass, microbial community composition, and EEA but also
directly influenced the dynamic balance of soil microbial communities and thus EEA [25,26].
Land use/cover changes such as reforestation, afforestation, and vegetation succession, can
alter key soil physicochemical properties including SOC, TN, and mean weight diameter
(MWD) of aggregates, which greatly affect soil fertility [27]. Therefore, studies addressing
soil aggregate and associated EEA, and EES are of great significance for understanding
changes in soil nutrients and ground strength maintenance capacity.

Karst landscapes are mostly based on limestone or dolomite, where the topography is
formulated by dissolving rock [28,29]. Karst landscapes account for approximately 15% of
the global land area; the largest karst ecosystem worldwide is in southwest China, with
an area of ~550,000 km2 [30]. Large karst regions in southwest China have experienced
severe deforestation due to human disturbances, particularly intensive agricultural ac-
tivity [31]. In recovering karst ecosystems, soil nutrients are mainly characterized by N
restriction during the pre-recovery period, P restriction during the late successional period,
and combined N and P limitation in the mid-recovery period [32,33]. Natural vegetation
restoration and artificial afforestation are the best methods for managing rock desertifica-
tion, and suitable tree species and stand types must be selected to obtain better ecological
restoration effects in degraded karst ecosystems [34,35]. For example, N2-fixer plants can
improve the effectiveness of soil N, thereby accelerating the restoration of degraded karst
ecosystems [36,37]. In addition, mixed plantations obviously change the stand structure
compared to pure plantations, creating conditions for other plants to grow and increasing
biodiversity, which plays an important role in maintaining and enhancing the stability of
forest ecosystems [38,39]. Several studies have examined the associations between micro-
bial communities, EEA, and C, N, and P cycles on karst region surface soils [40–42]. In
a previous study, we found that introducing one or two N2-fixer tree species in a karst
area altered surface soil physicochemical properties and microbial community structure to
different degrees; notably, the mixed stand of two N2-fixer tree species markedly improved
the accumulation and effectiveness of soil organic P [43]. These findings indicated that
N2-fixed tree species can be available to improve the recovery of accelerated degraded
karst ecosystems, as they can add N input through fixation of atmospheric N. However,
the influences after introducing N2-fixer tree species on aggregate nutrient limitations of
soils, particularly C, N, and P limitation, remain unclear. Furthermore, prior research
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about nutrient limitations had mainly concentrated on vegetation biomass, foliage, or soil
stoichiometry, rather than soil aggregates.

In our research, we evaluated the influences of N2-fixer tree species on the soil EEA of
C-, N-, and P-acquiring and microbial nutrient limitations according to various planting
patterns with different soil physicochemical and biotic characteristics in a degraded karst
ecosystem. We hypothesized that (1) the EEA and EES of soil aggregates were substantially
affected by introduction of N2-fixer tree species; (2) the changes of soil EEA and EES may
be explained by the variations in soil physicochemical and microbial properties. The major
objectives of our research, therefore, were to (1) estimate the changes of EEA and EES in
soil aggregates under two N2-fixer tree species restoration patterns (one or mixed two tree
species) and (2) reveal relative microbial resource limitations and identify the crucial factors
influencing the soil EEA and EES parameters.

2. Materials and Methods
2.1. Site Description

The sites used in our study were located in Mashan County (23◦24′–24◦20′ N,
107◦41′–108◦29′ E), in the north-central Guangxi Zhuang Autonomous Region, China. The
study area has a southern subtropical monsoon climate, with mean annual temperature and
rainfall of 21.3 ◦C and 1667.1 mm, respectively. The study site features a well-developed
karst landscape, and the soil texture is mainly limestone soil formed by carbonatites, with
shallow soil layer, highly stony particles, heavy clay texture, weak alkaline soil pH, and
large slope, usually above 25◦. Due to the long-term activities of local residents such
as deforestation, grazing, and reclamation agriculture, this area has experienced serious
soil erosion, fragmentation, and rock exposure, producing a fragile ecological environ-
ment with severe stone desertification. Since 2002, when China implemented the “Grain
for Green” project, the region has been gradually restored from abandoned farmland to
natural vegetation.

2.2. Experimental Design and Sample Collection

In March 2011, we set up a completely randomized block design with five experimental
blocks (~6 hm2) containing four different treatments. The experimental design and basic
information for the sample sites are described in detail in Li et al. [43]. Briefly, the four
treatments included pure plantations of the precious timber tree species Dalbergia odorifera
(Leguminosae) (PD); pure plantations of the fast-growing tree species Acrocarpus fraxinifolius
(Leguminosae), which is usually applied to afforestation in karst areas (PA); and mixed
plantations of the two tree species listed above, planted randomly at a 3:7 mixing ratio
(MP). Adjacent shrublands naturally regenerated since 2002, without trees, were used as a
control (CK). In August 2019, a 20 m × 20 m sampling site was set up to each experimental
treatment within each block, considering variation in spatial representation and topography.

In each 20 m × 20 m plot, we randomly collected 10 soil samples (depth, 0–10 cm) and
maintained their natural aggregates to the greatest extent possible. The samples were mixed
into a sterile polypropylene bag, and the mixed soil samples were taken back to the lab,
where contaminants, such as rocks and plant roots, were eliminated. Each mixed sample
was carefully divided along the natural fragile surface and divided into two equivalent
parts: one part was used for aggregate size separation, and the other was used to measure
whole soil properties, including soil physicochemical properties, microbial biomass, and
EEA (Table 1).
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Table 1. Characteristics of the whole soil in four treatments (mean ± standard error, n = 5).

Treatment CK PD PA MP

SOM (g/kg) 39.75 ± 4.49 b 61.11 ± 5.48 a 61.03 ± 4.55 a 69.59 ± 6.57 a
TN (g/kg) 4.49 ± 0.88 a 4.29 ± 0.33 a 4.65 ± 0.56 a 4.26 ± 0.49 a
TP (g/kg) 0.25 ± 0.08 a 0.28 ± 0.05 a 0.28 ± 0.04 a 0.23 ± 0.08 a
NH4

+-N (mg/kg) 14.25 ± 1.06 a 18.38 ± 2.30 a 15.93 ± 1.42 a 14.92 ± 1.76 a
NO3

−-N (mg/kg) 19.28 ± 2.09 b 19.39 ± 0.81 b 28.18 ± 2.52 ab 34.17 ± 3.67 a
AP (mg/kg) 6.56 ± 0.63 c 7.07 ± 0.70 c 11.10 ± 1.26 b 18.01 ± 0.64 a
pH 7.65 ± 0.05 a 7.49 ± 0.07 a 7.63 ± 0.07 a 7.02 ± 0.25 a
MBC (mg/kg) 108.38 ± 9.11 b 121.28 ± 7.93 b 158.02 ± 16.15 a 160.91 ± 11.85 a
MBN (mg/kg) 20.60 ± 1.28 b 21.10 ± 1.65 b 23.83 ± 1.08 ab 29.69 ± 1.23 a
MBP (mg/kg) 12.70 ± 1.03 b 13.99 ± 1.63 b 17.26 ± 1.92 ab 22.47 ± 2.69 a
BG + CB + XYL (nmol·g−1·h−1) 600.83 ± 15.05 c 695.17 ± 13.08 b 733.87 ± 15.40 b 795.87 ± 17.05 a
LAP + NAG (nmol·g−1·h−1) 312.50 ± 11.60 c 357.66 ± 9.76 b 386.53 ± 9.60 b 418.32 ± 10.42 a
ALP (nmol·g−1·h−1) 184.51 ± 5.47 b 194.39 ± 4.29 b 257.83 ± 12.10 a 255.70 ± 14.19 a
VL 1.66 ± 0.01 a 1.66 ± 0.00 a 1.62 ± 0.01 b 1.64 ± 0.00 b
VA (◦) 42.18 ± 0.14 b 41.87 ± 0.11 b 42.98 ± 0.12 a 42.68 ± 0.11 a
MWD (mm) 2.95 ± 0.10 b 2.98 ± 0.20 b 3.01 ± 0.10 b 3.15 ± 0.20 a

Note: SOM, soil organic matter; TN, total nitrogen; TP, total phosphorus; NH4
+-N, ammonium nitrogen; NO3

−-N,
nitrate nitrogen; AP, available phosphorus; pH, pH value; MBC, microbial biomass carbon; MBN, microbial
biomass nitrogen; MBP, microbial biomass phosphorus; BG + CB + XYL, total C-acquiring enzyme activity
(β-1,4-glucosidase and β-D-Cellobiosidase and β-1,4-xylosidasev); LAP + NAG, total N-acquiring enzyme activity
(β-1,4-N-acetylglucosaminidase and L-leucine aminopeptidase); ALP, total P-acquiring enzyme activity (alkaline
phosphatase); VL, vector length; VA, vector angle; MWD, mean weight diameter. Different lowercase letters
within the same row indicate significant differences (p < 0.05) among treatments.

2.3. Soil Aggregate Separation

Separation of soil aggregates was conducted using the dry sieving method, which was
demonstrated in the study of Schutter and Dick [44]. Briefly, the fresh soils were cooled and
dried at 4 ◦C till the gravimetric water content with approximately 80 g H2O per kg was
obtained and the disturbance was minimized to microbial communities. The aggregates
were passed through soil sieves (mesh sizes, 4.76, 2.0, 1.0, and 0.25 mm) to divide them into
four fractions: >2 mm, 1–2 mm, 0.25–1 mm, and <0.25 mm. Finally, soil physicochemical
and microbial characteristics and EEA values were measured within each aggregate size
(Table S1).

2.4. Soil Physicochemical Properties and Microbial Biomass Analysis

The aggregate proportion of each diameter class was measured by dry-sieving, and
the MWD was used to evaluate aggregate stability [45]. Soil pH was tested by pH meter
(1:2.5 soil: water proportion); SOC was measured with K2Cr2O7-H2SO4 oxidation method.
TN was conducted by semi-micro Kjeldahl digestion [46]. The ammonium N (NH4

+-N)
and nitrate N (NO3

−-N) concentrations were analyzed using CaCl2 (0.01 mol/L) extraction
and AutoAnalyzer III (SEAL Analytical, Norderstedt, Germany). Total P (TP) was extracted
by H2SO4-HClO7 ablation, and the content of P in the extracting solution was estimated
using the molybdenum blue colorimetric technology [47]. Available P (AP) was abstracted
using 0.5 mol/L NaHCO3 (pH = 8.5), and the content was estimated by the molybdenum
blue colorimetric method [47,48]. Microbial biomass nitrogen (MBN), phosphorus (MBP),
and MBC were tested via the chloroform fumigation-extraction technology [49–51].

2.5. Soil EEA and EES Analysis

The activities of soil C- (β-1,4-glucosidase [BG], β-D-cellobiosidase [CB] and β-1,4-
xylosidase [XYL]), N- (β-N-acetylglucosaminidase [NAG] and leucine aminopeptidase
[LAP]), and P-acquiring enzymes (alkaline phosphatase [ALP]) were measured by a
96-microplate fluorescence method. Detailed description about the technologies were dis-
played by Saiya-Cork et al. [52]. Information on C-, N-, and P-acquiring enzymes and their
corresponding substrates is provided in Table S2. Soil EEA was expressed as nmol g−1 h−1,
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and EES was computed as the proportion of C-, N-, and P-acquiring EEA [7,53,54],
as follows:

Soil enzyme C:N ratio = ln(BG + CB + XYL):ln(LAP + NAG) (1)

Soil enzyme C:P ratio = ln(BG + CB + XYL):ln(ALP) (2)

Soil enzyme N:P ratio = ln(LAP + NAG):ln(ALP) (3)

2.6. Calculation and Statistical Analysis

Mean weight diameter (MWD, mm), which was applied to assess aggregate stability,
was calculated as described by Fattet et al. [55], as follows:

MWD =∑n
i=1(X i ×Wi) (4)

where in Xi is the average diameter of size fraction i (mm), Wi is the percent of each size
fraction within whole soil sample (%).

Vector analysis of soil EEA can be applied to characterize the relative limitation status
of soil microorganisms by C, N, or P [56]. The vector length (VL) and vector angle (VA) are
computed as follows [10]:

VL = SQRT

{[
ln(BG + CB + XYL)

Ln(LAP + NAG)

] 2
+

[
ln(BG + CB + XYL)

Ln(ALP)

] 2
}

(5)

VA = Degrees
{

ATAN2
[(

ln(BG + CB + XYL)
ln(ALP)

)
,
(

ln(BG + CB + XYL)
ln(LAP + NAG)

)]}
(6)

where SQRT is the open-square operator function, Degrees is the angle conversion function,
and ATAN2 is the inverse tangent function. Longer VL indicates that microorganisms are
more restricted by C, and VA < 45◦ and VA > 45◦ indicate that microorganisms are restricted
by N and P, respectively [56].

The relative enzyme activity index (REAI) and relative enzyme activity comprehensive
index (REACI) can be used to express the protective effect of soil aggregates on EEA; they
are calculated as follows:

REAI =EAi/EAs (7)

REACI =(REAIC+REAIN+REAIP)/3 (8)

where EAi denotes enzyme activity in the ith size aggregate, and EAs denotes the whole-soil
enzyme activity. REAIC, REAIN, and REAIP are the relative activity indexes of soil C-, N-,
and P-acquiring enzymes, respectively.

The normality of the data distribution was checked for homogeneity prior to statistical
analysis. Data analysis was conducted by the SPSS 25.0 software. All findings are exhibited
as means ± standard error. One-way ANOVA was conducted to assess the influences
of various treatments (CK, PD, PA, or MP) on indicators of soil C-, N-, and P-acquiring
EEA, EES, VL, VA, and relative activity indexes of C-, N-, and P-acquiring enzymes. The
influences of treatment and aggregate size and their associations on soil EEA and EES, VL,
and VA, and relative activity indexes of C-, N-, and P-acquiring enzymes were investigated
using two-way ANOVA. Significant differences were evaluated at a level of p < 0.05.
Pearson correlation analysis was conducted to assess the relationships among nutrient and
microbial biomass stoichiometry ratios and soil EES.

Variance-partitioning analysis (VPA) was undertaken to determine the comparative
significances about two categories of predictors, soil physicochemical characteristics (SOC;
TN; TP; pH; MWD; soil C:N, C:P, and N:P ratios; AP; NO3-N; NH4

+-N) and microbial
properties (MBC; MBN; MBP; MBC:MBN, MBC:MBP, and MBN:MBP ratios) on soil EEA
and EES related to microbial C, N, and P metabolism; and the results were represented in
the Venn diagrams. Meanwhile, we use the redundancy analysis (RDA) to confirm which
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soil physicochemical and microbial characteristics were most associated with soil EEA and
EES. An artificial forward selection method was used in RDA to assess the importance
(p < 0.05) and order of influence by each factor on EEA and EES by Monte Carlo test
(499 permutations). VPA and RDA were conducted in CANOCO 5.0 software. All data
were log transformed previously to statistical analysis [57].

We selected significant environmental variables from the results of the Pearson cor-
relation analysis and RDA and divided them into four categories: soil nutrient, microbial
biomass, nutrient stoichiometry, and microbial biomass stoichiometry. Then, structural
equation modeling (SEM) was forward conducted to determine the influences from var-
ious characteristics on EEA and EES either directly or indirectly, and thus the nutrient
resource limitation status of microbial metabolism. The model was constructed using
AMOS 26.0 software.

3. Results
3.1. Influences of Different Treatments on Soil EEA within Aggregates

Treatment and aggregate size had significant main and interactive influences on the
total activities of soil C-, N-, and P-acquiring enzyme (p < 0.01; Figure 1). The total activity
of C-acquiring enzyme in MP was significantly higher than those in PD, PA, and CK for all
aggregate sizes (p < 0.05). Specifically, compared to CK, MP significantly increased by 39.0%,
54.0%, 29.3%, and 24.8% in >2, 1–2, 0.25–1, and <0.25 mm aggregates, respectively. The PD
and PA plots had markedly higher total C-acquiring EEA than CK in aggregates >2, 1–2,
and 0.25–1 mm in size, while no obvious differences were discovered among the PD and PA
plots in all aggregate fractions (p > 0.05; Figure 1a). The trend in total N-acquiring EEA was
similar to that of total C-acquiring EEA, and MP significantly increased by 41.1%, 60.5%,
47.8%, and 12.5% relative to CK in >2, 1–2, 0.25–1, and <0.25 mm aggregates, respectively
(Figure 1b). P-acquiring EEA was markedly higher in the MP and PA than in the CK and
PD for >2 mm aggregates (p < 0.05), whereas for aggregates 1–2, 0.25–1, and <0.25 mm in
size, ALP of MP was markedly higher compared to CK, PD, and PA (p < 0.05). The ALP
in MP was increased by 100.4%, 79.7%, 69.2%, and 56.4% over CK in >2, 1–2, 0.25–1, and
<0.25 mm aggregates, respectively, but there were no obvious variations among PD, PA,
and CK (p > 0.05; Figure 1c).

Figure 1. (a–c) Variations in C-, N-, and P- acquiring EEA within soil aggregates of different treatments.
Different lowercase letters above the bars indicate significant differences (p < 0.05) between treatments
within the same soil aggregate fraction. Error bars indicate standard error (n = 5).

There were obvious major and interactive influences of treatment and aggregate size
on REAIC, REAIN, REAIP, and REACI (p < 0.01; Table 2). In all plots, REAIC decreased
significantly as the aggregate size increased, although REAIN did not differ significantly
among most aggregate sizes. REAIP trends in CK, PD, and MP treatments were similar
to those of REAIC, and the REAIP of MP was >1 for all aggregate sizes. However, the
REAIP of PA was higher for aggregates >2 and <0.25 mm in size, and significantly lower
for 0.25–1 mm aggregate (p < 0.05). In contrast to the PA, PD, and CK stands, the REACI of
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MP was >1 for all aggregate sizes. Importantly, the REACI was higher for small aggregates
than for large aggregates in all plots (Table 2).

Table 2. Variations in the relative activity indexes of C-, N-, and P-acquiring enzymes within soil
aggregates of different treatments (mean ± standard error, n = 5).

Treatment Aggregate Size REAIC REAIN REAIP REACI

CK

>2 mm 0.95 ± 0.03 c 1.09 ± 0.02 a 0.82 ± 0.04 c 0.95 ± 0.01 c
1–2 mm 0.95 ± 0.03 c 0.96 ± 0.03 b 1.10 ± 0.03 b 1.00 ± 0.02 c
0.25–1 mm 1.10 ± 0.03 b 1.09 ± 0.04 a 1.01 ± 0.04 b 1.07 ± 0.02 b
<0.25 mm 1.24 ± 0.04 a 1.11 ± 0.03 a 1.36 ± 0.05 a 1.24 ± 0.02 a

PD

>2 mm 0.94 ± 0.03 c 1.04 ± 0.04 a 0.85 ± 0.04 c 0.95 ± 0.02 c
1–2 mm 1.01 ± 0.04 bc 1.08 ± 0.04 a 1.13 ± 0.03 b 1.07 ± 0.02 b
0.25–1 mm 1.04 ± 0.03 ab 1.04 ± 0.03 a 0.99 ± 0.03 b 1.03 ± 0.02 b
<0.25 mm 1.12 ± 0.03 a 0.98 ± 0.03 a 1.40 ± 0.06 a 1.17 ± 0.03 a

PA

>2 mm 0.94 ± 0.01 b 1.01 ± 0.04 a 1.05 ± 0.02 a 1.00 ± 0.01 a
1–2 mm 0.97 ± 0.02 ab 1.03 ± 0.03 a 0.97 ± 0.04 a 0.99 ± 0.01 a
0.25–1 mm 1.00 ± 0.01 ab 0.99 ± 0.03 a 0.84 ± 0.02 b 0.94 ± 0.01 b
<0.25 mm 1.03 ± 0.03 a 0.96 ± 0.02 a 1.05 ± 0.03 a 1.01 ± 0.01 a

MP

>2 mm 1.00 ± 0.03 b 1.14 ± 0.02 a 1.18 ± 0.04 c 1.11 ± 0.01 b
1–2 mm 1.10 ± 0.01 a 1.15 ± 0.03 a 1.39 ± 0.03 b 1.22 ± 0.01 a
0.25–1 mm 1.16 ± 0.04 a 1.19 ± 0.04 a 1.23 ± 0.03 c 1.19 ± 0.02 a
<0.25 mm 1.17 ± 0.03 a 0.95 ± 0.03 b 1.53 ± 0.03 a 1.22 ± 0.02 a

Factor F P F P F P F P
Treatment (T), d.f. = 3 21.169 <0.001 11.347 <0.001 65.598 <0.001 100.768 <0.001
Aggregate size (A), d.f. = 3 49.081 <0.001 6.618 <0.01 75.476 <0.001 63.96 <0.001
T x A, d.f. = 9 4.881 <0.001 5.928 <0.001 8.482 <0.001 13.457 <0.001

Note: REAIC, relative activity index of soil C-acquiring enzyme; REAIN, relative activity index of soil N-acquiring
enzyme; REAIP, relative activity index of P-acquiring enzyme; REACI, relative activity comprehensive index of
soil enzymes. Different lowercase letters within the same column indicate significant differences (p < 0.05) among
soil aggregate fractions within the same treatment.

3.2. Influences of Different Treatments on Soil EES within Aggregates

There were highly significant main and interactive influences of treatment and ag-
gregate size on soil enzyme C:P and N:P ratios (p < 0.001; Figure 2b,c). However, enzyme
C:N ratios varied markedly only among soil aggregate sizes, and a significant treatment
× aggregate size interactive influence was detected (p < 0.001; Figure 2a). Notably, the
enzyme C:N ratio was markedly lower in 1–2 and 0.25–1 mm aggregates but markedly
higher within <0.25 mm aggregate, in MP than CK (p < 0.05). The enzyme C:N ratio in PA
and PD were not markedly different in all aggregates (p > 0.05) except 1–2 mm aggregates,
where they were markedly lower in PA than in CK (p < 0.05; Figure 2a). The enzyme
C:P and enzyme N:P ratios in MP and PA were markedly lower compared to PD and CK
(p < 0.05) among >2 mm aggregates, whereas there was no obvious variation between PD
and CK (p > 0.05). However, among in 1–2, 0.25–1, and <0.25 mm aggregates, MP had
markedly lower enzyme C:P and enzyme N:P ratios compared to PA, PD, and CK (p < 0.05),
with no obvious variation between PA and either PD or CK (p > 0.05; Figure 2b,c).
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Figure 2. (a–c) Variations in C-, N-, and P-acquiring EES within soil aggregates of different treatments.
Different lowercase letters above the bars indicate significant differences (p < 0.05) between treatments
within the same soil aggregate fraction. Error bars indicate standard error (n = 5).

Treatment and aggregate size had obvious major and interactive influences on VL
and VA (p < 0.001; Figure 3a,b). In all stands, VL ranged from 1.589 to 1.678. VL was
significantly lower in MP and PA than in PD and CK for >2 mm aggregates (p < 0.05).
However, aggregates 1–2, 0.25–1, and <0.25 mm in size had markedly lower VL in MP
compared to PD and CK (p < 0.05), and PA had lower VL than CK, whereas there was
no obvious variation between PD and CK (p > 0.05; Figure 3a). In all stands, VA was
<45◦ for all aggregate sizes, except in MP, where VA reached 45◦ for <0.25 mm aggregates,
indicating that microbial metabolism was mainly limited by soil N in all stands (Figure 3b).
Notably, VA was markedly higher for MP and PA than for PD and CK in >2 mm aggregates
(p < 0.05); VA was markedly higher for MP than for PA, PD, and CK for 1–2, 0.25–1, and
<0.25 mm aggregates (p < 0.05), and there were no obvious variations between PA, PD, and
CK (p > 0.05; Figure 3b). Thus, soil microorganisms were less affected by C and N limitation
in MP than in CK.

Figure 3. (a,b) Vector analysis of C-, N-, and P-acquiring EEA within soil aggregates on different
treatments. Different lowercase letters above the bars indicate significant differences (p < 0.05)
between treatments within the same soil aggregate fraction. Error bars indicate standard error (n = 5).

Linear regression analysis suggested that total C-, N-, and P-acquiring enzyme activ-
ities were highly markedly positively correlated among different treatments (p < 0.0001;
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Figure 4a–c). By contrast, there was a highly significantly negative relationship between
VA and VL among different treatments (p < 0.0001; Figure 4d).

Figure 4. (a–d) Stoichiometric correlations among C-, N-, and P-acquiring enzymes within aggregates
of different treatments.

The correlation heat map showed that the enzyme C:N and enzyme C:P ratios were
highly significantly positively linked to MBC:MBP and MBN:MBP ratios, respectively
(p < 0.01), whereas enzyme C:P and enzyme N:P ratios were highly significantly negatively
linked to soil C:N, C:P, MBC:MBN, and MBC:MBP ratios, and VL was significantly posi-
tively related to the MBN:MBP ratio (p < 0.05), yet significantly adversely associated with
soil C:N, C:P, and MBC:MBN ratios. Furthermore, VA was markedly favorably associated
with soil C:N, C:P, MBC:MBN, and MBC:MBP ratios (p < 0.05; Figure 5).
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Figure 5. Heat map of the correlations among EES and soil nutrients and microbial biomass stoichiom-
etry ratios within soil aggregates of different treatments. Enzyme C:N, ln(BG + CB + XYL): ln(LAP +
NAG); Enzyme C:P, ln(BG + CB + XYL): ln(ALP); Enzyme N:P, ln(LAP + NAG): ln(ALP); VL, vector
length; VA, vector angle(◦). Soil C:N, soil carbon to nitrogen ratio; Soil C:P, soil carbon to phosphorus
ratio; Soil N:P, soil nitrogen to phosphorus ratio; MBC:MBN, microbial biomass carbon to microbial
biomass nitrogen ratio; MBC:MBP, microbial biomass carbon to microbial biomass phosphorus ratio;
MBN:MBP, microbial biomass nitrogen to microbial biomass phosphorus ratio. * p < 0.05, ** p < 0.01.

3.3. Factors Influencing Soil EEA and EES

Variance partitioning analysis (VPA) of EEA indicated that 77.7% of the variation was
explained by a combination of soil physicochemical and microbial properties. Specifically,
43.0% of EEA variation was explainable by the co-effects of soil physicochemical and
microbial properties (Figure 6A), whereas individual influences by soil physicochemical
and microbial properties explained only 20.4% and 14.3% of EEA variation, respectively
(Figure 6A). Among the examined soil physicochemical and microbial variables, 13 factors
were significantly related to EEA variation, and forward selection in the RDA indicated
that EEA variation was primarily driven by AP, MBC, soil C:N, MBN:MBP, soil N:P, and
NO3

−-N (p < 0.05, Figure 6B).
VPA of EES indicated that 65.8% of the variation was explained by a combination of

soil physicochemical and microbial characteristics. Specifically, 34.1% of the EES varia-
tion was explainable by the co-effects by soil physicochemical and microbial properties
(Figure 7A), whereas their individual effects explained only 14.8% and 17% of the EES
variation, respectively (Figure 7A). Among soil physicochemical and microbial variables, 13
were significantly related to EES variation, and forward selection in the RDA indicated that
EES variation was primarily driven by AP, MBC: MBN, TN, soil C:N, MBC, and MBN:MBP
(p < 0.05, Figure 7B).



Forests 2022, 13, 1701 11 of 19

Figure 6. Variance partitioning analysis (VPA) for soil physicochemical and microbial characteristics
on EEA (A). RDA was used to confirm the explanatory variables of different soil physicochemical and
microbial properties on EEA (B). SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus;
NO3

−-N, nitrate nitrogen; AP, available phosphorus; Soil C:N, soil carbon to nitrogen ratio; Soil
C:P, soil carbon to phosphorus ratio; Soil N:P, soil nitrogen to phosphorus ratio; MBC, microbial
biomass carbon; MBN, microbial biomass nitrogen; MBP, microbial biomass phosphorus; MBC:MBN,
microbial biomass carbon to microbial biomass nitrogen ratio; MBC:MBP, microbial biomass carbon
to microbial biomass phosphorus ratio; MBN:MBP, microbial biomass nitrogen to microbial biomass
phosphorus ratio.

Figure 7. Variance partitioning analysis (VPA) of soil physicochemical and microbial characteristics
on EES (A). RDA was used to confirm the explanatory variables of different soil physicochemical and
microbial properties on EES (B). Enzyme C:N, ln(BG + CB + XYL): ln(LAP + NAG); enzyme C:P, ln(BG +
CB + XYL): ln(ALP); enzyme N:P, ln(LAP + NAG): ln(ALP); VL, vector length; VA, vector angle(◦).
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We used SEM analysis to further quantify the influences from complex soil nutrient,
microbial biomass, and nutrient and microbial biomass stoichiometry on EEA and EES. The
results showed there are direct or indirect relationships between various properties and EEA
and EES (Figure 8a). EEA was directly and positively affected by nutrient stoichiometry and
microbial biomass (effects were 0.22 and 0.75, respectively). However, EES was directly and
negatively influenced by soil nutrient, microbial biomass stoichiometry, and EEA (effects
were −0.19, −0.30, and −0.61, respectively). Overall, microbial biomass had a positive and
the strongest overall effect on EEA (0.73), while EES had the greatest negative overall effect
by EEA (−0.61, Figure 8b).

Figure 8. (a) SEM based on EEA and EES. Goodness-of-fit statistics for the model are exhibited
below the models. (b) Standardized total effects on EEA and EES exported by SEM. Soil nutrient
was calculated as a weight sum of SOM, TN, NO3

−-N, and AP. Microbial biomass was calculated
as a weight sum of MBC, MBN, and MBP. Nutrient stoichiometry was calculated as a weight sum
of soil C:N, soil C:P, and soil N:P ratios. Microbial biomass stoichiometry were calculated as a
weight sum of MBC:MBN, MBC:MBP, and MBN:MBP ratios. EEA was calculated as a weight sum
of C-, N-, and P-acquiring enzyme activities. EES was calculated as a weight sum of enzyme C:N,
enzyme C:P, and enzyme N:P ratios. Blue and red arrows denote negative and positive effects,
respectively. Arrow widths are proportional to the magnitude of the path coefficients. Numbers
on arrows are standardized direct effects. Continuous and dashed arrows mean significant and
insignificant correlations, respectively. * p < 0.05, ** p< 0.01, *** p < 0.001.

4. Discussion
4.1. Influences from N2-Fixer Tree Species on Soil EEA in Aggregates

Soil EEA can be sensitive to both natural and anthropogenic disturbances and therefore
is a significant predictor for evaluating soil biological activity and soil nutrient efficiency to
guide forest and environmental stress management practices [58,59]. The findings of this
study indicated that for all aggregate sizes, C-, N-, and P-acquiring activities increased by
different magnitudes compared to CK after introducing N2-fixer tree species, particularly in
MP (Figure 1), supporting the hypothesis (1) made earlier, which indicates that introducing
N2-fixer tree species can promote the cycles and transformation of C, N, and P within the
soil aggregates (Figure 1). These findings may be attributed to the fact that introducing N2-
fixing tree species altered the composition of aboveground vegetation and stand structure,
increasing biodiversity and forest productivity [38,60], which directly affected the quality
and quantity of litterfall in the soil surface layer [61]. Litterfall is an essential source of SOM
and a reactive substrate for soil microorganisms, thereby causing variations of the structure
and function for soil microbial communities [62–64] and ultimately altering soil EEA. Thus,
soil quality is an important factor influencing EEA, as the majority of soil enzymes show
maximum activity over given ranges of N, P, and pH [65], which is consistent with previous
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findings that N2-fixer tree species may improve effectiveness of N in soil through symbiotic
N fixation with microorganisms, contributing to improved N limitation [10] and enhancing
other essential nutrients and overall soil quality [6,66]. Our results provide evidence that
soil physicochemical and microbial properties are two major factors accounting for ~80% of
variation in soil EEA within aggregates (Figure 6A). In addition, microbial properties take
more responsibilities to influence changes in EEA compared to soil properties (Figure 8b).
Most importantly, consistent with hypothesis (2), we found that EEA was significantly
related to soil properties (such as AP, soil C:N, soil N:P, and NO3

−-N) and microbial
properties (such as MBC and MBN:MBP) (Figure 6B). This may be due to the fact that
soil nutrients and microbes are naturally associated with the production of enzymes [67].
The significance of soil nutrients and microbial biomass to explain changes of EEA and
EES was partially accepted by the research on the recovered ecosystem in Chinese Loess
Plateau [68]. Furthermore, the litterfall of N2-fixer tree species is enriched with C and N,
which are easily broken down by bacteria and fungi, releasing more nutrients to return to
the surface soil [69] and enabling soil microorganisms to synthesize C- and N-acquiring
enzymes more rapidly [70].

Aggregates are the fundamental units of soil structure, which supply an important
site for material–energy transformation and metabolism in the soil [22]. Soil enzymes are
the most active part of the soil, and EEA distribution varies among aggregate sizes [71].
We found that in addition to treatment, aggregate size had a significant effect on changes
in C-, N-, and P-acquiring enzyme activities (Figure 1). The values of REAI and REACI
were >1 for more than 80% of aggregates with small particle sizes (Table 2), indicating that
small aggregates played a protective role against soil enzymes, which is contrary to the
findings of Zhong et al. [72]. This result occurred partly because small aggregates are the
first to form (as large aggregates form through the adherence of small aggregates) and have
more stable organic matter and substrates, such that enzymes are physically protected from
degradation and denaturation deactivation by adsorption or colloid binding [73,74]. In
addition, prior studies have shown that smaller aggregates have larger specific surface area
and will adsorb more soil organic matter, providing more material for enzyme reactions
and leading to higher EEA [75]. Similarly, the smaller pore sizes of small aggregates protect
microorganisms from contact by external microorganisms, thereby providing physical
protection to microorganisms, organic matter, and enzymes within the aggregates [76].
We detected an interaction on REAI and REACI of surface soil among treatment and
aggregate size, which were >1 in most aggregates in MP, unlike those in CK, PD, and
PA stands (Table 2), indicating that soil aggregates in MP plots were the most effective
for protecting soil enzymes. As previous studies have shown, symbiotic N fixation by
microorganisms associated with introducing N2-fixer tree species, particularly mixing of
N2-fixer tree species, influences plant growth and soil microbial communities, and thus soil
EEA through bottom-up effects [77,78].

4.2. Influences from N2-Fixer Tree Species on Microbiological Nutrient Limitations, as Indicated by
EES in Aggregates

EES has been broadly used to predict relevant requirements for metabolism of mi-
croorganisms and provides insight into the growth and metabolic status of microorganisms
limited by C, N, and P [9,79,80]. In the research, the soil enzyme C:N ratio was 1.11 (lower
than the global level of 1.41), and the enzyme N:P ratio was 1.08 (higher than the global
level of 0.44) [79]. These findings indicated that microorganisms of the soil were seriously
limited by N. Furthermore, the soil enzyme C:P ratio of 1.20 was higher than the global
level of 0.62 [79], suggesting that soil microorganisms in the study were more restricted
by C than P. Next, we also found that the soil enzyme C:N:P ratio in our study area was
1.20:1.09:1, which deviated from the global ratio (1:1:1) [79]. The soil enzyme C:N:P ratios
in our study area were 1.23:1.10:1 in CK, 1.23:1.11:1 in PD, 1.19:1.08:1 in PA, and 1.16:1.05:1
in MP (Figure 2), suggesting lower P-acquiring EEA than C- or N-acquiring EEA, and
higher C-acquiring EEA than N- or P-acquiring EEA. Therefore, we infer that soil EES in all
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stands in the region depends on soil resource effectiveness rather than homeostasis and
is mainly co-limited by C and N. The VA was <45◦ in all four stands (Figure 3b) for all
aggregates except <0.25 mm aggregates in MP, also suggesting that microorganisms were
generally limited by N; however, MP alleviated microbial N limitation to some extent rela-
tive to other stands [56] (Figure 3b), which was consistent with hypothesis (1). N limitation
aggravated the degraded karst landscape restoration, leading to the secretion of more N-
than P-acquiring enzymes through microbial metabolism [81]. Further, VL decreased by
introducing N2-fixer tree species, particularly within MP, indicating that microorganisms
were less limited by C in these plots.

In our study, introducing N2-fixer tree species, particularly mixing of two N2-fixer
species, increased soil N availability, which, together with the increased soil organic matter
(Table S2), led to an increase in C- and N- acquiring EEA [82], in turn enhancing C and N
acquisition by soil microorganisms. These added soil C and N contents were available to
microbial metabolism and biomass accumulation in order to gradually alleviate microbial
limitation by C and N [66,83]. Our VPA results show that EES was mainly influenced
by the interaction between soil physicochemical and microbial properties (Figure 7A).
Furthermore, consistent with hypothesis (2), AP, MBC: MBN, TN, soil C:N, MBC, and
MBN:MBP were all significant drivers of EES variation (Figure 7B). A possible explanation
is that different N2-fixing tree stands can affect soil moisture, temperature, SOC, and
nutrient cycling [9,68,84], leading to dramatic changes in soil microbial metabolism, and
ultimately affecting soil EES [80,85]. In addition, soil properties and microbial properties
directly and indirectly regulate EEA and thus EES (Figure 8a), which further demonstrates
that introducing N2-fixer tree species directly affected the soil resource status, causing
changes in soil EEA and EES, and ultimately characterizing the resources limited state of
soil microbial metabolism.

We also found a negative correlation between VL (microbial C limitation) and VA
(microbial N limitation) (Figure 4), suggesting that soil microbial communities steadily
maintained an internal nutrient balance and other nutrient metabolism after introducing N2-
fixer tree species [86]. The findings of our study showed that enzyme C:P and enzyme N:P
ratios were markedly negatively associated with both soil C:N and soil C:P ratios (Figure 5),
perhaps because soil nutrient stoichiometry ratios powerfully effect the composition and
metabolic activity in microbial communities [9], ultimately affecting soil EES. The utilization
of microbial nutrient resources by soil enzymes reflects soil total microbial biomass, which
in reverse reflects the paths related to soil C, N, and P cycles [87]. We also found the
significant relationships among EES and most microbial biomass stoichiometry ratios
(Figure 5), reflecting the importance of microbial biomass stoichiometry ratios as a tool
for predicting ecosystem stability and nutrient cycling status, consisting with the findings
of Xu et al. [8]. Microbial biomass stoichiometry ratios mostly rest with soil nutrients
availability, which can regulate microbial physiological metabolism, as ultimately reflected
in soil enzyme secretions [85]. Meanwhile, VL and VA were also markedly linked to most of
the nutrient and microbial biomass stoichiometry ratios (Figure 5), indicating that nutrient
and microbial biomass stoichiometry ratios have a strong influence on microbial nutrient
acquisition. This influence may be caused by microorganisms maintaining the elemental
stoichiometric balance and homeostasis and by differential supply of soil nutrients among
different treatments [9,88]. Thus, our findings confirm that the cultivation of N2-fixer plants
improves soil N effectiveness and alleviates N limitation of soil microorganisms to some
extent [86]. Therefore, we infer that after introducing N2-fixer tree species in our study area,
the soil EES of different tree species depended on the effectiveness of soil resources rather
than homeostasis, emphasizing that an imbalance in soil nutrient availability significantly
impacted microbial access to C, N, and P nutrients.

The MBC:MBN ratio characterizes relative nutrient limitation, with higher or lower
values indicating greater C or N limitation, respectively [84]. Our results suggested that
MBC:MBN ratio was a significant driver of soil EES variation (Figure 7B). To acclimatize to
C and N limitation, soil microbes tend to produce more C- and N-acquiring enzymes [81],
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leading to the significant and negative correlations among the MBC:MBN ratio and enzyme
C:P and enzyme N:P ratios (Figure 5). This study area is located in a degraded karst
landscape with an unstable soil nutrient cycle, resulting in low nutrient content available
to soil microbes, prolonging the period of time required to restore the karst ecosystem to
reach a state of nutrient balance.

5. Conclusions

We evaluated EEA and EES within soil aggregates to study microbial resource limita-
tions under different N2-fixer tree species planting patterns in degraded karst landscape.
Microbial nutrient metabolism was co-limited by C and N, providing insight into microbial
biomass responses to nutrient limitations. We also found that aggregate structure had
important effects on soil EEA, such that small aggregate particles are more protective of
soil enzymes than large aggregate particles. PD, PA, and MP stands (particularly MP stand)
further alleviated but did not remove soil microbial C and N limitations of this degraded
karst ecosystem. Thus, our results demonstrate the importance of introducing N2-fixer tree
species, particularly mixed Dalbergia odorifera and Acrocarpus fraxinifolius trees, to restore
severely degraded karst soils. These findings highlight the potential of coupling of EEA
and EES to indicate resource limitations of soil microorganisms and nutrient cycles during
vegetation restoration in degraded karst ecosystems. Therefore, we suggest that it is neces-
sary to improve fertilization management to increase the exchange sites of nutrients, so as
to improve nutrient availability, maintain the structure and fertility of degraded karst soils,
and realize vegetation restoration and sustainable utilization of soils in karst ecosystems of
southwest China.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f13101701/s1, Table S1: Table S1 Basic information of soil C-, N- and
P-acquiring enzymes substrate; Table S2: Characteristics of soils from different treatments: results for
aggregate fractions (mean ± standard error, n = 5).
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