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Abstract: Soil enzymes and microbes are central to the decomposition of plant and microbial detritus,
and play important roles in carbon, nitrogen, and phosphorus biogeochemistry cycling at the
ecosystem level. In the present study, we characterized the soil enzyme activity and microbial biomass
in revegetated (with Taxodium distichum (L.) Rich. and Cynodon dactylon (L.) Pers.) versus unplanted
soil in the riparian zone of the Three Gorges Dam Reservoir (TGDR), in order to quantify the effect
of revegetation on the edaphic microenvironment after water flooding in situ. After revegetation,
the soil physical and chemical properties in revegetated soil showed significant differences to those
in unplanted soil. The microbial biomass carbon and phosphorus in soils of T. distichum were
significantly higher than those in C. dactylon and unplanted soils, respectively. The microbial biomass
nitrogen in revegetated T. distichum and C. dactylon soils was significantly increased by 273% and
203%, respectively. The enzyme activities of T. distichum and C. dactylon soils displayed no significant
difference between each other, but exhibited a great increase compared to those of the unplanted soil.
Elements ratio (except C/N (S)) did not vary significantly between T. distichum and C. dactylon soils;
meanwhile, a strong community-level elemental homeostasis in the revegetated soils was found.
The correlation analyses demonstrated that only microbial biomass carbon and phosphorus had
a significantly positive relationship with soil enzyme activities. After revegetation, both soil enzyme
activities and microbial biomasses were relatively stable in the T. distichum and C. dactylon soils,
with the wooded soil being more superior. The higher enzyme activities and microbial biomasses
demonstrate the C, N, and P cycling and the maintenance of soil quality in the riparian zone of
the TGDR.

Keywords: revegetation; microbial biomass; chloroform fumigation extraction; enzyme activities;
stoichiometric homeostasis; the Three Gorges Reservoir

1. Introduction

The riparian zone, as an important ecotone, is known to be the key area for improving water
quality, controlling flooding, and relieving soil erosion [1]. The riparian zone of the Yangtze River in
China, analogous to many other critical interfaces of the river ecosystems in the world, is a unique
transition zone in the landscape and plays a crucial role in the health and functioning of the diverse
Yangtze River watershed biome as a whole [2]. However, since the building of the Three Gorges Dam
(TGD) in the upper reaches of the Yangtze River, the natural flow regime has been disrupted. In this
newly formed water level fluctuation zone (WLFZ), the hydrological regime is opposite to the Yangtze
River’s natural regime, with its peak flows occurring in winter rather than in summer [3]. Plant species
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adapted to previously terrestrial habitats intensively died out or otherwise were degraded, leading
to considerable soil erosion, texture coarsening, habitat loss, biodiversity decline, and environmental
pollution in the riparian zone of the TGD region. With the far-reaching and profound challenges
exerted on this region [4], reforestation and vegetation reconstruction to restore the newly-formed
riparian zone of the TGD region have been thought to be an environmentally friendly alternative [5,6].

Restoration of the degraded riparian zone is a significant management practice [7] that
may return an area to a pre-disturbance ecological state, functionally [8] and/or structurally [9].
Since 2000, research has been conducted to determine the suitability of potential plant species for
restoring the novel habitat in the WLFZ. Accumulating evidence has demonstrated that species
including Cynodon dactylon (Bermuda grass) and Taxodium distichum (bald cypress) are promising
candidates [6,10]. After revegetation, plants such as the abovementioned Bermuda grass and bald
cypress will have to experience the hydrological regimes of the WLFZ, i.e., an annual imposed water
level fluctuation of 30 meters (from 145 m a.s.l. to 175 m a.s.l.) within the Three Gorges Dam Reservoir
(TGDR), and input leaves and plant detritus into the riparian soil. However, riparian zones can
effectively remove pollutants and protect water quality through performing functions such as filtration
and denitrification. In this regard, soil enzymes can play an essential role in catalyzing reactions
necessary for the decomposition of leaves and plant detritus, and also for nutrient cycling, in the
WLFZ. It has been reported that any change in soil management and land use is reflected in the soil
enzyme activities, and thus soil enzyme activities can anticipate changes in soil quality before necessary
further detection through other means of soil analyses [11]. As such, measurements of soil enzyme
activities can describe how nutrient cycling is affected by environmental changes after revegetation in
the TGD region.

Moreover, microorganisms are the main source of enzymes in soils [12], because they produce
extracellular enzymes to acquire energy and resources from complex biomolecules in the soil
environment [13]. Parts of the energy and resources are immobilized in their biomass, which thus
strongly influences the concentrations of plant available nutrients in the soil [14,15]. Therefore, the soil
microbial communities strongly affect the potential of the soil for enzyme-mediated substrate catalysis.
Microbial biomass is the labile portion of the organic fraction in soils and serves as both an important
source of and sink for plant available nutrients [16]. However, enzyme activities and microbial biomass
are closely related to each other because transformations of the important organic elements occur
through microorganisms [16].

After re-vegetation in the TGR zone, additional plant leaves, dead roots, and nutrient translocation
caused by water fluctuation, may cause a change in the pH and nutrient stocks in the soil [17].
Such changes in nutrient availability in the riparian soil environment would cause substantial
variation in soil enzyme activities and microbial biomass in the WLFZ of the TGDR. In particular,
the presence of plant roots leads to shifts in the microbial growth strategy, upregulation of enzyme
production, and increased microbial respiration [18]. Thus, after revegetation, the in situ monitoring
and evaluation of soil enzymes and microbial biomass are both of great significance and necessity for
better understanding the dynamic patterns of the riparian ecosystems. Furthermore, understanding the
functioning of soils within a riparian zone can be used to evaluate their influence on water quality, and
ultimately provide information on the whole ecosystem level environmental quality. Thus, the objective
of this work was to monitor and assess microbial biomass and selected enzyme activities relevant to C,
N, and P cycling in soils of the WLFZ of the TGDR as affected by re-vegetation. We hypothesized that
(1) revegetation of the plants in the riparian zone of the TGDR will enhance soil microbial biomass and
enzyme activities as compared to those of the unplanted soil; and (2) the revegetated soils are more
homeostatic than unplanted soil.
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2. Materials and Methods

2.1. Study Site and Experimental Setup

The study site is located in the Ruxi River basin in Gonghe Village of Shibao Township,
Zhong County, Chongging Municipality (107°32'-108°14 E, 30°03'-30°35" N), China. Ruxi River
is one of the largest tributaries of the TGDR. The area has a subtropical monsoon climate with four
distinctive seasons. It has a mean annual temperature of 19.5 °C and an annual rainfall of 1200 mm.
The soil within this region is purple soil (Regosols according to the World Reference Base for Soil
Resources), formed in the parent material of calcareous purple sand shale in the subtropical region.
The degree of soil development is limited because the rock is not deeply weathered. The soil and water
erosion is serious in the less-vegetated riparian zone of the Ruxi River.

Before the inundation, vegetation in this region was dominated by annuals (e.g., Setaria viridis
(L.) PBeauv., Digitaria ciliaris (Retz.) Koeler, and Leptochloa chinensis (L.) Nees), perennials
(e.g., Cynodon dactylon (L.) Pers., Hemarthria compressa (L.f.) R.Br., and Capillipedium assimile (Steud.)
A. Camus), and woody species (e.g., Pterocarya stenoptera C.DC., Metasequoia glyptostroboides Hu and
W.C.Cheng, and Alnus cremastogyne Burk.). However, the reversed flooding seasonality and prolonged
flooding duration caused the loss of the former vegetation, and only S. viridis and D. ciliaris
remained [19]. In the study region, revegetation was carried out in March, 2012. Bald cypress and
Bermuda grass were planted in the upper portion between 165 m a.s.l. and 175 m a.s.L., with the same
slope, solar radiation intensity, and initial soils. The planting density for bald cypress saplings was 1 m
x 1 m, and for Bermuda grass was 20 cm x 20 cm, in a total riparian area of 13.3 hm?. The survival
rate of the plants was 100 percent, and they displayed substantial progress in their growth in the
following years. In the meantime, there was no sign of anthropogenic disturbance at the experimental
site. After a four-year growth, the soil sampling was carried out in June 2016. Growth data on bald
cypress saplings and Bermuda grass including tree height, diameter at breast height (DBH), grass stem
basal diameter, and crown canopy area (Table 1), were recorded. For the purposes of comparison,
we used unplanted plots as controls, henceforth referred to as “CK” treatment.

Table 1. Basic situation of the vegetation (Mean + SE).

Diameter Breast Height (DBH) (cm)/Stem Basal

. . 2 o
Vegetation Height (m) Diameter (mm) Canopy (m*)/Coverage (%)
T. distichum 4.67 £0.18 521+041 2.16 £ 0.60
C. dactylon 0.86 & 0.02 1.68 + 0.03 99.17 £ 1.04

The DBH of T. distichum was measured, and the stem basal diameter of C. dactylon was measured. SE: standard error.
2.2. Soil Sampling and Soil Physicochemical Properties Determination

The water level of the riparian zone in Zhong County in the TGDR is raised from September to
October, then maintained at its highest water level (i.e., about 175 m a.s.1.) from November to January.
After January, a gradual decrease of the water level will be followed and then maintained at its lowest
level (i.e., 145 m a.s.].) during the months of June through September. Under this circumstance of
water-level changes, the soil sampling was conducted in June 2016, when the riparian zone of the
TGDR was completely exposed to the air. Nine sampling plots (5 m x 5 m each) were randomly
selected in the revegetation area of bald cypress, Bermuda grass, and the unplanted area, between the
elevations of 165-175 m a.s.. When sampling in the field, a cutting ring (10 cm in diameter x 20 cm in
height) was used to collect the soil samples, and vegetation was removed from the top of the soil prior
to collection.

Within each plot, five 1 m x 1 m soil sampling subplots were made and arranged in a quincunx
pattern. Soil samples were collected from the surface 20 cm soil from each of the five I m x 1 m
sampling subplots, and then used to make one composite sample for that entire plot. Each soil
composite sample collected from a particular plot was homogenized and then quartered. All samples
were placed on ice and transported to the laboratory immediately. A portion of the soil was stored
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at 4 °C for biochemistry analysis. The other portion was air-dried separately, then hand-passed
through a 2 mm followed by a 0.25 mm sieve, and finally analyzed for the soil nutrients present.
Soil pH value was determined using a 1:2.5 ratio of soil to deionized water. Soil organic carbon
(SOC) was determined using the potassium dichromate titration method. Total nitrogen (TN) was
determined by an element analysis machine (Elementar Vario. EL, Langenselbold, Germany), and
available nitrogen (AN) was determined using a micro-diffusion technique after alkaline hydrolysis.
Total phosphorus (TP) was determined with acid digestion (HNO3, HE, and H,O,) in a microwave oven
and subsequent inductively coupled plasma-optical emission spectrometry measurements (ICP-OES,
CIROS, Spectro, Thermo Fisher, NY, USA) [17]. Available phosphorus (AP) was determined using the
Mo-Sb colorimetric method. The soil water content (WC) was determined by oven drying method,
and soil density was determined by pycnometer method. The soil porosity was calculated from soil
density and measured bulk density [20].

2.3. Soil Enzyme and Microbial Biomass Determination

Activities of soil enzymes related to C, N, and P cycling were measured. These enzymes
included four hydrolytic enzymes: Catalase activity was determined by measuring the O, absorbed by
KMnOy (Chuanjiang Chemical Industry, Chongqing, China) after the addition of HO, (Chuandong
Chemical Industry, Chongging, China) to the samples [21]. Urease activities were determined in
0.1 M phosphate buffer at pH 7; 1 M urea (Chuandong Chemical Industry, Chongqing, China)
and 0.03 M Na-benzoyl-argininamide (BAA) (Fusheng Industry, Shanghai, China) were used as
substrates, respectively. A total of 2 mL of buffer and 0.5 mL of substrate were added to 0.5 g of soil
sample, and then incubated at 37 °C for 24 h. The activities of urease were determined by the NH;r
released [22]. Acid phosphatase, which breaks phosphoester bonds and releases inorganic phosphorus,
was measured by p-nitrophenyl phosphate disodium colorimetry, and expressed as mg p-nitrophenol
released per gram dry soil over 24 h at 37 °C. The sucrase activity was determined using sucrose as the
substrate, and the activity was expressed as mg glucose g~!-dw 24 h=! [23].

Soil microbial biomass C, N and P (SMC, SMN, and SMP) concentrations were determined by
the chloroform fumigation extraction method. Specifically, for each soil sample, 25 g (fresh weight)
pre-incubated soil was used for chloroform fumigation, and the same weight soils without chloroform
fumigation were also conducted for the control. Then, 100 mL 0.5 mol-L~1 K,S0, extract was used
for the extraction of SMC and SMN [24,25]. Besides, biomass P was measured in 5 g (fresh weight)
fumigation soil, with the non-fumigation soil as the control, and 100 mL 0.5 mol L~! NaHCOj; extract
was used for the extraction of SMP [26]. The following formulas were used to calculate the soil
microbial biomass:

SMC = EC/KEC 1)
SMN = EN/KEN @)
SMP = EP/KEP 3)

EC, EN, and EP were the differences in extractable fractions between fumigated and unfumigated
soil. kEC, kEN, and kEP were conversion coefficients, and had values of 0.38, 0.45, and 0.40,
respectively [27].

2.4. Statistics Analysis

To determine significant differences between the activities of soil enzymes or edaphic properties
after revegetation, one-way analysis of variance (ANOVA) was used, followed by LSD’s test.
The difference was reported as significant when p < 0.05. Redundancy analysis (RDA) with the
Monte Carlo permutation test (499 permutations) was performed to determine if soil enzyme activities
were correlated with soil properties or microbial biomass. Statistical procedures were conducted using
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SPSS version 18.0 (IBM, Armonk, NY, USA), MS Excel (Microsoft, Redmond, WA, USA), and Canoco
version 4.5 (Microcomputer Power, Ithaca, NY, USA).

3. Results

3.1. The Edaphic Physicochemical Properties

Soil physicochemical properties are shown in Table 2. Although soil pH values in the planted
plots were a little bit lower than the neutral value of 7, indicating a slightly acidic soil, there was no
significant difference in soil pH among the three groups. However, bald cypress soils had the highest
SOC when compared to that of Bermuda grass and unplanted soils. The planted soils, including both
bald cypress and Bermuda grass soils, displayed much higher TN, WC, and porosity than unplanted
soil, with a 97% and 58% increase in TN, 41% and 33% increase in WC, and 17% and 28% enhancement
in porosity, respectively. In contrast, AN content of planted soils was significantly lower than that of
unplanted soil. Moreover, soil density varied among different treatments, with the highest value being
found in Bermuda grass soil. The soil density of Bermuda grass was significantly higher than that of
bald cypress soil, whereas the soil density of bald cypress showed no obvious difference compared to
that of unplanted soil.

Table 2. Comparisons of soil physicochemical properties under different vegetation types (Means +

SE, n =3).
Soils
SOoC _ _ AN AP Density .
Covered by pH a1 TN (g-kg™) TP (g-kg™) o1 o1 WC (%) 3 Porosity (%)
Vegetation (g-kg™ (mg-kg™1) (mg-kg™1) (g-cm ™)

T. distichum ~ 6.84 £0.06a 1476 £1.42a  1.32 +0.09a 1.14+0.0la 72314+213b 1.04+0.11a 47.7 £0.90a 248 £0.05b 35254 1.64a
C. dactylon 6.94 £0.06a 1020 £221b  1.06 £0.11a 0.82 £0.08a 7551 +221b  0.96 +0.01a 451 £ 1.11a 2.78 £0.56a  38.68 £+ 7.15a
CK 7.14 £0.18a 9.88 & 0.54b 0.67 + 0.08b 074 £027a 8526+190a 1.02+0.11a 338+139  255+0.0lab 30.04 4 0.35b

Note: CK referred to as unplanted treatment. Different lowercase letters represent significant differences (p < 0.05)
among different treatments. The same below. SOC: soil organic carbon; TN: total nitrogen; TP: total phosphorus;
AN: available nitrogen; AP: available phosphorus; WC: Water content.

3.2. Soil Microbial Biomass

The bald cypress soil exhibited significantly or extremely significantly higher SMC and SMP than
the other two soils (Figure 1a,c). Meanwhile, the SMC of Bermuda grass soil was also significantly
higher than that of unplanted soil. However, no significant difference was observed for SMP between
Bermuda grass and unplanted soils. Compared to the lowest SMN of unplanted soil, the SMN values
of revegetated soils were significantly increased by 273% and 203% after revegetation, respectively.

W 7 distichum [II11 C.dactylon CK

4504 (a) 50+ (b) a 254(c)
- 360 b 40+ a 20+
on T 1 D
i mo
g 270+ éﬂ 30+ %‘) 154
s z 2
ZENT : 2 20/ % 101

b
90/ 10 % 51
0 T 0 T 0
Treatment Treatment Treatment

Figure 1. (a) Variations in SMC under different treatments, (b) Variations in SMN under different
treatments, (c) Variations in SMP under different treatments CK: unplanted treatment, SMC: Soil
microbial biomass C, SMN: Soil microbial biomass N; SMP: Soil microbial biomass P. Different lowercase
letters represent significant differences (p < 0.05) among different treatments.
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3.3. Soil Enzyme Activities

Soil enzyme activities of bald cypress and Bermuda grass soils displayed a similar trend,
while showing no significant difference between each other. When compared to the unplanted
soil, the activities of all enzymes except phosphatase were strongly augmented after re-vegetation.
The activities of catalase, sucrase, and urease of bald cypress soils were significantly increased by 17%,
220%, and 47%, respectively. Likewise, the activities of catalase, sucrase, and urease of Bermuda grass
soils were also significantly increased by 9%, 172%, and 65%, respectively.

3.4. Threshold Elemental Ratios of CNP and Stoichiometric Homeostasis

The soil C/N ratio under bald cypress vegetation was significantly higher than that of unplanted
soil, but no significant difference in the C/N ratio was observed between the two planted soils or
between Bermuda grass and unplanted soils. In contrast, the highest value of microbial C/N ratio
occurred in the unplanted soil, which was significantly higher than that of Bermuda grass soil. The ratio
of C/P, including both in the soil and in the microbial biomass, displayed a significantly greater value
in planted soils than that in unplanted soils. Among the three treatments, the ratios of microbial
biomass C, N, and P to soil total C, N, and P correspondingly varied between 2-6%, 1-4%, and 1-2%.
The stoichiometric ratios of SMC/SOC and SMN/TN in both bald cypress and Bermuda grass soils
were significantly higher than in the unplanted soil, whereas SMP /TP of bald cypress soil showed no
obvious difference with that of the unplanted soil.

We analyzed the associations between nutrient elemental ratios in soils and microbial biomass
elemental ratios in microbes, and the H value was used to evaluate the strength of soil stoichiometric
homeostasis in the present study plots. In the planted soil, the H value was larger than 1, whereas the
H value in unplanted soil was around 1.

3.5. Correlations between Soil Variables and Enzyme Activity

Results from the RDA identified that the first two axes could explain 89.8% of the variance caused
by soil edaphic properties and microbial biomass. However, only the SMP and SMC significantly
positively correlated with soil enzyme activities, which explained 50% (p = 0.002, F = 7.03) and 16%
(p =0.048, F = 2.7) of the variances of the total variability of soil enzyme activity, respectively.

4. Discussion

4.1. Edaphic Physicochemical Properties

In our current study, the revegetation with either bald cypress or Bermuda grass modified the
soil conditions in the riparian zone of the TGDR (Table 2), which was mainly attributed to the inputs
of litter and root exudes. The spatial differences in soil moisture content can partly be ascribed to
the differences in throughfall, the vegetative (tree and grass) cover, and water loss through the soil
evaporation, since throughfall and evaporation strongly correlate with the gap fraction [28]. In addition,
without vegetative covering such as in the group CK, the unplanted soil tends to have a coarser texture
and lower porosity, and some soil nutrients might be easily extracted or removed by the water flooding
under the dynamic hydrological regime of the TGDR.

4.2. Edaphic Enzyme Activities and Soil Microbial Biomass

Divergence of nutrient availabilities and soil moisture can give feedback to soil microbes’
resource requirements, which in turn may influence the microbial biomass [29]. In the present study,
the discrepancy of plant characteristics may result in a difference of soil microbial biomass. The leaf
type would be a primary factor of microbial biomass accumulation in surface soils due to differences
in leaf litter chemistry. The higher SMC in bald cypress soil may be attributed to its higher content
of SOC. Meanwhile, in Bermuda grass soil, cellulose represents a crucial proportion of plant detritus
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that returned to the soil. The inflexible ingredient makes cellulose difficult to decompose in the soil.
Additionally, previous studies reported that the SMP is a very important P pool in the organic layer
of P-poor soil [30]. In the riparian zone of TGDR, though the P (TP and AP) content displayed no
significant difference among the three treatments, the uptake of P was increased by soil microbes
in bald cypress soils, which is most likely due to the larger mass of SOC (Table 2) that existed in
bald cypress soil through overcompensating for the lower SMP [31]. This result illustrated that the
microorganisms in bald cypress soils were capable of immobilizing available P much more efficiently
than in the Bermuda grass and unplanted soils, leading to the low P mineralization rates.

Moreover, the more extensive rooting systems and protective canopies of the bald cypress and
Bermuda grass will protect the vegetated soil from erosion and maintain more favorable conditions for
plant and microbial growth, which were conducive to the accumulation of microbial biomass. In the
TGDR region during summer time, the climate was both very hot (the average temperature reaching
37 °C) and dry (the relative humidity index being —0.62), thus promoting extensive evapotranspiration
in the studied riparian zone. Consequently, soil impoverishment and nutrient unavailability might
occur much more commonly in bare (unplanted) soil compared to that in planted soil which was
covered by vegetation, thus leading to the inactive status of the microbes [32]. The active soil microbes
under bald cypress and Bermuda grass could build up their new biomass, but, on the contrary,
the inactive ones are incapable of accumulating carbon in biomass, even possibly depleting their C
by respiring [33]. In such circumstances, the microorganism would also almost completely decrease
the production of enzyme, as well as metabolic activities related to decomposition [34], which were
consistent with the lower enzyme activities in unplanted soils. However, although the soil microbial
biomass under the two re-vegetation schemes in our present study was different, their enzyme activities
displayed a similar value. It is also possible that, while the soil microbial community as a whole shifted,
the relative abundance of enzyme producers did not [13].

Besides, the soil aggregation could also influence the microbial biomass. A portion of
microorganisms live on or closer to the aggregate surface. The increase of microbial biomass as
soil aggregate size decreases may depend on the presence of small pore-size microaggregates [35].
This may protect microorganisms from predation by protozoa or from desiccation [36]. Fang et al. [37]
also documented that smaller aggregate sizes in the soil have a higher specific surface for microbial
cells to attach to, which was of benefit to the build-up of microbial biomass. After the revegetation
in the riparian zone of the TGDR, with the root penetrating into the riparian soil, their soil aggregate
would be shrunken. However, the unplanted soil maintains its bigger size aggregation without plant
effects. The increasing soil aggregation in the CK would prevent the soil enzyme from accessing
carbon and nitrogen substrates inside aggregates [38], which was in accordance with the lower nutrient
content and enzyme activities in the CK in the present study.

The higher enzyme activities of the soil after revegetation confirmed our first hypothesis, for which
one possible reason should be owing to the accumulated microbial biomass. Because the soil enzymes
are mainly excreted by microbes to mineralize soil carbon, nitrogen, and phosphorus from SOC,
the activities of enzymes could therefore be partially explained by the distribution of soil microbial
biomass. Furthermore, soil enzyme activities were also affected by soil water content. In unplanted
soil, the water content was significantly lower than that of the planted soils (Table 2), which reduced
the diffusion of soil soluble substrates. In such a less hydrologic environment, both the substrate and
water become limited, and the soil microorganism down-regulates enzyme production [37,39].

In the riparian zone of the TGDR, as the soil experienced inundation in winter, and strong soil
weathering in summer, this resulted in the leaching of nutrient elements of the riparian soil, followed
by a decline in the soil nutrients availability [40,41]. According to the lower AN content in planted
soil, we could infer that the soil N has a limited availability, and the microbial organism needs to
secrete corresponding enzymes to meet their N demand [42]. Therefore, soil urease activities increased
significantly in the planted soils. However, the phosphatase activities exhibited no significant difference
among the three groups, for which the result was consistent with the undifferentiated P content across
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the soils of the three groups, further indicating that the P in the riparian soil may not be a limiting
nutrient for aboveground productivity in the TGDR region. The former research also pointed out
that some enzymes involved in P acquisition seem to be correlated better with the environmental
requirement of P [43]. Other studies, however, have reported that the higher N content could stimulate
enzyme activities in acidic soil, particularly for phosphatase activity enhancement [44,45]. Under acidic
soil conditions, the plant roots would release protons and organic ligands, and thus the rhizosphere
would be stimulated and promote the acid phosphatase activity [46]. In our research plots, although
the soil TN contents under bald cypress and Bermuda grass were higher than those under unplanted
soil, the pH value tended to be neutral, and the moderate pH might weaken the function of soil N or
root exudates. Moreover, Cleveland et al. [47] reported that there was similar soil phosphatase activity
under both forest and pasture for an oxisol in Costa Rica, and they also found a higher soil microbial
biomass under forest than that under pasture. The extremely low activities of catalase throughout
unplanted soil profiles suggested that oxygen availability may be a major control factor for catalase,
because soil redox status is also an important microbial driver in surface soils [48], particularly in the
frequently inundated riparian zone of the TGDR.

4.3. Elemental Ratios in Soils and in Soil Microbial Biomass

Ecological stoichiometry is an important tool to study nutrient cycling and understand the
ecosystem dynamics and functioning [49]. Former research showed that, though the soil nutrient
ratios varied through the latitude, they did not vary significantly between forests and grasslands [50].
In our present study, the ratios of C/N and C/P in the bald cypress and Bermuda grass soil in the
TGDR also revealed no significant difference (Table 3), which is consistent with the finding reported
by the previous study [50]. This may be attributed to the fact that the plants are the major sources of
soil C and N in the revegetated soils, while because of a lack of litter input into the soil, the ratios of
C/N and C/P maintained a relatively lower value in the unplanted soil. Besides, the large amount of
needs of N during photosynthesis of the plants from the soil, could lead to a higher ratio of C/N in the
revegetated soils as well [50]. In general, biological organisms have an ordered chemical composition,
and recent analyses have shown that most plants have relatively constrained element ratios [51]. In the
riparian zone of the TGDR, soil microbial C/N ratios varied between 4 and 7 in our present study,
which was slightly different to the result obtained from the research conducted in Mongolian grassland,
whose soil microbial C/N ratios ranged from 5 to 9 [52]. However, the total soil C/P ratios falling
in between 5 to 8 were also different from the result carried out in a hilly area [53]. This kind of
divergence in soil C/N and C/P ratios could be mainly generated by the varied environmental habitats
and biomes. Furthermore, the ratio of C/N can reflect the overall investment in structural cellular
material by soil microbial biomass, for example, the relatively high ratio of C/N representing the high
abundance of fungi [51].

Table 3. The element ratio of soil and microbial C, N, P, and stoichiometric homeostasis.

Soils Covered

. C/N(S) C/P(S) C/N(M) C/P(M) SMC/SOC (%)  SMN/TN (%) SMP/TP (%) H(C/N) H(C/P)
by Vegetation
T. distichum 6.62 £ 0.08a 7.54 £ 0.68a 100‘1698a2: 31.08 + 1.09a 5.25 + 0.57a 3.12 £+ 0.30a 1.32 + 0.04ab 4.48 2.69
C. dactylon 538+ 0.64ab  7.08+0.85a 878 £0.06b 2539 + 1.64a 4.85 + 0.41a 3.37 £ 0.26a 1.53 +0.14a 434.78 9.61
CK 437 +0.63b  583+056b 1421 £1.80a 15.06 + 1.75b 2.84 +£0.11b 1.86 + 0.39b 1.11 + 0.05b 1.42 1.00

C/N (S), and C/P (S) refer to the ratio of C/N and C/P in the soil; C/N (M) and C/ P (M) refer to the ratio of C/N

and C/P in the microbial biomass. H = 1/K. In equation, K is the slope of In C:N (S) versus In C:N (M) or slope of In

C:P (S) versus In C:P (M).

The higher ratios of SMC/SOC and SMN/TN in planted soils reflected the faster nutrient turnover
rate after revegetation. The results might be correlated with the higher activities of sucrase and urease
(Figure 2), because with the assistance of soil enzymes, the accumulation of elements in the microbes
would be accelerated. This finding also indicated that the microbial cells follow the mechanism in
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terms of element assimilation across C, N, and P, in order to meet the functional demands of microbial
progress [54].

Stoichiometric homeostasis can reflect the allocations of different elements in organisms
and indicate the stage of microorganism response to variations in soil condition [55] When the
stoichiometric composition of the organism does not vary with changes in resource stoichiometry,
it is considered to be homeostatic [56]. In order to test the strength of stoichiometric homeostasis,
we analyzed the associations between soil nutrient ratios and microbial biomass elemental ratios in the
present research. Based on all the soil data, as well as microbial biomass C, N, and P stoichiometric
values, a strong community-level elemental homeostasis in both the bald cypress and Bermuda grass
soils was detected. Both the H (C/N) and H (C/P) were in close proximity to 1, indicating the
unstable condition in unplanted soils in the TGDR region. Thereby, microorganisms could adjust their
physiological metabolism to regulate their requirement of C, N, and P resources, thereby acclimating
to various habitats [57].

Phosphatase ns

(gg™h) i
2SR —— T.distichum
- = == C.dactylon
CK
Catalase * Sucrase *
(mL-g™) (meg i)

Urease **
(ng'g™h™)

Figure 2. Radar graphs illustrating enzyme activities after revegetation. * and ** refer to significant
differences between planted and unplanted soils at p < 0.05 and p < 0.01, respectively; ns refers to no
significant difference.

4.4. Correlations between Enzyme Activities and Soil Parameters

Soil enzyme activities may also reflect the availability of different substrates, as well as microbial
energy and nutrient demand, and are often related to C/N ratios of the microbial biomass or of the
SOC [58]. In the present study, we found that enzyme activities were more closely correlated to soil
microbial biomass than to soil nutrient content, especially to SMC and SMP (Figure 3). This was
consistent with the former study conducted by Sari Stark [39], who found that the potential activities
of enzymes for nutrient acquisition were not affected when the soil nutrient content increased. In the
present study, although the soil physical and chemical parameters did not display direct significant
correlations with the enzyme activities, we argued for the potential controls of the physicochemical
properties over both soil enzyme activities and microbial biomass. The results may also indicate that
for some litter types, such as bald cypress and Bermuda grass, or under some circumstances, such as
drying-wetting events, C and P release are more closely coupled [43].
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Figure 3. The redundancy analysis (RDA) used to identify the relationship between the soil variables
and enzyme activity. The arrows indicate the soil parameters, and the red one indicates significant
impacts of the soil parameters on soil enzyme activities (p < 0.05). The explained proportion of
variability by Monte Carlo permutation is shown at the bottom.

5. Conclusions

Because many soil enzymes and microbial biomass are immediately responsive to soil restoration,
they can be used as indices of environmental stability and soil quality for riparian sustainable
management. Our results showed that soil enzyme activities and microbial biomass, however, tend to
stabilize in the revegetated bald cypress and Bermuda grass soils after revegetation, and the bald
cypress showed more preponderance. Therefore, temporal changes in enzyme activities should
be accounted for when evaluating the sustainability of revegetation in the TGR region. Besides,
the revegetation of bald cypress and Bermuda grass enhanced the ratios of C/N, C/P, SMC/SOC,
and SMN/TN, in revegetated soils, indicating a faster nutrient turnover rate after revegetation of the
degraded riparian zone of the TGR.
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