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ABSTRACT: Soil microorganisms can be altered by plant
invasion into wetland ecosystems and comprise an important
linkage between phosphorus (P) availability and soil carbon (C)
chemistry; however, the intrinsic mechanisms of P and C
transformation associated with microbial community and function
are poorly understood in coastal wetland. In this study, we used a
sequential fractionation method and 13C nuclear magnetic
resonance (NMR) spectroscopy to capture the changes in soil P
pools and C chemical composition with bare flats (BF), native
Phragmites australis(PA), and invasive Spartina alterniflora(SA),
respectively. The responses of the soil microbial community using
phospholipid fatty acid (PLFA) profiling and function indicated by
nine enzyme activities associated with C, nitrogen (N), and P
cycles were also investigated. Compared to PA and BF, SA invasion significantly (P < 0.05) changed P pools and mainly increased
the available P by 17.5 and 37.0%, respectively. The presence of the plants (SA and PA) significantly (P < 0.05) altered the soil C
chemical composition mainly by affecting the aliphatic functional groups, resulting in a lower alkyl C/O-alkyl C ratio value.
Compared to BF and SA, PA significantly (P < 0.05) increased arbuscular mycorrhizal fungi (AMF) abundance. Soil enzyme activity,
especially for the P and C cycle enzymes, was also affected by plant species with the highest geometric mean enzyme and hydrolase
activity for the PA zone. We also found that soil C compositions and P pools were associated with microbial community structure
and enzyme activity, respectively. However, little interaction between C and P was found on either soil microbial composition or soil
enzyme activity variation. Further, microbial community composition was tightly correlated with the soil P compared to soil C
chemistry, while enzyme activity showed more response with soil C chemistry compared to soil P pool changes.

1. INTRODUCTION

Wetlands form a critical interface between uplands and
adjacent water bodies, and act as transition and buffer zones
between terrestrial and marine ecosystems, due to their special
position in the landscape. These ecosystems are complex but
fragile as they are easily invaded by exotic plant species, which
threaten native plants and change ecosystem functions.1,2

Spartina alterniflora (SA), which is native to North America,
was introduced to eastern China for coastal protection and
sediment stabilization in 1979.3 Since then, the SA population
has expanded rapidly, invading bare flat (BF) land and
displacing native plants. Thus, SA has become one of the
dominant invasive species found in the coastal wetlands of
eastern China and is most widely distributed on the Jiangsu
coast.2

The spatial and temporal distribution characteristics of
phosphorus are important indicators of the eutrophication
risks, productivity, and functions of wetland ecosystems.4

Thus, soil P transformation and transportation in wetland soils

have received considerable attention.5,6 S. alterniflora invasion
would definitely affect P cycles in the wetland ecosystem. The
dynamics of phosphorus concentrations and fractions is
thought to be extremely complex, due to the intermittent
flooding7 and the diversity of plant species,8 and also involves
plant−microbe interactions.9 However, soil P transformation
was observed to be tightly linked with C cycles. Firstly, the
anaerobic condition in the tide period could release more
available P since iron and manganese minerals are sensitive to
redox changes,10 while this redox condition also usually
impedes the decomposition of soil organic carbon (SOC).11
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Secondly, SA has greater biomass and a more developed root
system than native plants such as Suaeda salsa and Phragmites
australis(PA). Thus, SA invasion could result in a different P
utilization efficiency, but also might provide a higher input of
plant resides with a slower decomposition rate of SOC.
Further, microbial communities and functions have been
shown to provide a different feedback on nutrient availability,12

although SOC is an important regulator of the soil microbial
community.13 Fungi are able to utilize recalcitrant organic
matter when the soil organic matter decomposition rates and
nutrient (i.e., P) availability are low.14,15 For example, Huang
et al.7 reported that the increased C input induced by
vegetation in coastal wetland soils significantly affects
phosphatase activity, which is a key factor for soil P
mineralization. Gao et al.16 illustrated that plant type and

distribution can also alter tidal hydrodynamics and the lateral
transportation of sediments, which further affects the soil C
and P cycle.
There is a large body of reports on soil organic C

sequestration, and their relationships with microbial commun-
ity composition under SA invasion, since wetland ecosystems
accumulate 20−30% of global soil carbon storage in 5−8% of
the land area and have the highest productivity per unit area.17

Importantly, changes in soil conditions induced by SA invasion
could simultaneously trigger fluctuations in the transformation
of P and C, and subsequently impact microbial community
structure; then, their feedback on the P and C dynamics would
largely change the P and C cycles in wetland systems.
However, the linkage between P and C transformations and

Figure 1. P fractions obtained by sequential extraction from coastal wetland soils, including bare flat (BF) land, land invaded by Spartina alterniflora
(SA), and land occupied by Phragmites australis (PA). (a) Available P = Resin-P + NaHCO3-Pi; (b) secondary P; (c) primary P; (d) occluded P;
(e) organic P = NaOH-Po + NaHCO3-Po. Vertical bars indicate standard deviations of the mean (n = 5). For each parameter, different letters
indicate significant differences between means at P < 0.05.

Figure 2. Relative intensities (%) of eight shift regions of carbon-13 cross-polarization magic angle spinning nuclear magnetic resonance (13C
CPMAS NMR) spectra obtained from the wetland soil samples. (a) Alkyl-C; (b) O-alkyl-C; (c) aromatic-C; (d) carbonyl-C; (e) A/O-A; (f)
aromaticity; and (g) HI. Soil samples were collected from three areas of wetland: bare flat (BF) land, land invaded by Spartina alterniflora (SA), and
land occupied by Phragmites australis (PA). Vertical bars indicate standard deviations of the mean (n = 3). For each parameter, different letters
indicate significant differences between means at P < 0.05.
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microbial community composition and function, and their
interacting mechanisms remain poorly understood.
In the present study, we investigated the forms and

availability of P and C composition in the soil from three
wetland communities in northern China. The samples were
taken from the wetland invaded by SA, occupied by the
dominant emergent species Phragmites australis (PA), and the
bare flat (BF) land nearby. We hypothesized that (i) SA
invasion would increase soil P availability; (ii) SA invasion
would repress SOC decomposition, resulting in lower C
recalcitrance under anaerobic conditions; and (iii) C chemistry
interaction with changes in P pools would alter microbial
community and function.

2. RESULTS AND DISCUSSION
2.1. Changes in Soil P Fractionation. The differences in

soil P fractionation in the three wetland communities are
shown in Figure 1. The concentrations of the different soil P
fractions were ordered as follows: primary P > occluded P >
available P > Po > secondary P. The SA samples had the
highest level of soil-available P of all three wetland
communities, with a concentration of 76.58−89.40 mg kg−1.
Moreover, compared with the BF samples, the concentrations
of secondary mineral P pools in the topsoil were significantly
greater in the SA samples, at concentrations of 40.56−46.14
mg kg−1. Conversely, Phragmites australis (PA) did not have a
significant effect on P fractionation.
2.2. Relative Abundances of C Components. The 13C

NMR spectral results showed that there were different relative
abundances of aliphatic functional groups among the soil
samples from the three wetland communities, while the
aromatic functional groups were similar (Figure 2). The
relative intensities of the four C components were ordered as
follows: O-alkyl C > alkyl C > aromatic C > carbonyl C. The
BF soil had the highest relative abundance of alkyl C and the
lowest relative abundance of O-alkyl C, which resulted in the

highest A/O-A ratio. Compared with BF, SA had a weaker
promotion effect on O-alkyl C functional groups than native
PA samples. This, in combination with the higher alkyl C
component in SA samples, led to a higher value of A/O-A in
SA samples than in PA samples. Additionally, the aromaticity
did not significantly differ among the samples from the three
wetland communities.

2.3. Soil Phospholipid Fatty Acid (PLFAs) and Enzyme
Activity. The microbial species and their functions in the
three wetland communities were examined using 19 PLFA
biomarkers (Figure 3). Soil bacteria were the dominant soil
microorganisms in the BF samples and the native (PA) and
invasion (SA) soils. As illustrated in Figure 3, the invasion of
SA led to increased abundance of bacterial PLFAs (P > 0.05),
with an average enhancement of 28.05% compared to BF. S.
alterniflora invasion particularly promoted G− activity, which
resulted in a lower G+/G− value than in the mudflat samples.
However, fungal PLFA content did not vary significantly
among the samples, and a similar result was obtained for the
soil F/B ratio values.
The changes in soil enzyme activity are illustrated in Figure

4. In general, compared to the BF samples, native Phragmites
australis significantly facilitated soil hydrolase enzyme activity,
but mitigated oxidoreductase enzyme activity (P < 0.05). The
samples from areas populated with plants (SA and PA)
possessed higher alkaline phosphatase (ALP), cellulase (CL),
and polyphenol oxidase (PPO) activity than BF samples.
However, the SA and PA samples displayed reduced nitrate
reductase (NR) activity compared to BF samples, with a
greater reduction in PA soil. Furthermore, sucrase (SC) was
the most active enzyme among all the tested enzymes and
exhibited the highest activity in the PA samples, at 774.25 ±
209.52 μmol g−1 day−1. The second and third most active
enzymes were PPO and CL, and their activities were lowest in
the BF samples, at 325.30 ± 35.86 and 303.66 ± 6.49 μmol g−1

day−1, respectively.

Figure 3. Phospholipid fatty acid (PLFA) biomarker concentrations obtained from the wetland soil samples. (a) G−; (b) G+; (c) G+/G−; (d)
arbuscular mycorrhizal fungi (AMF); (e) B; (f) F; and (g) F/B. Soil samples were collected from three areas of wetland: bare flat (BF) land, land
invaded by Spartina alterniflora (SA), and land occupied by Phragmites australis (PA). Soil fungi (F), Gram-positive (G+) bacteria, Gram-negative
(G−) bacteria, and arbuscular mycorrhizal fungi (AMF) were identified based on their specific PLFA biomarkers. B represents the total bacteria as
the sum of G+, G−, 15:0, and 17:0; G+/G− represents the ratio of Gram-positive to Gram-negative bacteria; and F/B represents the ratio of fungi to
bacteria. Vertical bars indicate the standard deviation of the mean (n = 3). For each parameter, different letters indicate significant differences
between means at P < 0.05.
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2.4. Linking Soil Microorganisms to C Composition
and P Fractionation. The redundancy analysis (RDA)
allowed for visualization of the relationships between C
composition, P fractionation, and microorganisms (Figure 5).
The soil C composition explained 34.9% (Figure 5a) and
63.4% (Figure 5e) of the total variation in microbial
community composition and enzyme activity, respectively.
Coupled with Monte Carlo permutation tests and Pearson
correlation analysis (Figure 6), the results indicated that alkyl-
C was the most relevant factor (P = 0.032) for enzyme activity
and had a significant positive correlation with NR and CAT (P
< 0.01), and a significant negative correlation with CL, SC,
ACP, and ALP (P < 0.05). Moreover, soil alkyl C and O-alkyl
C pools are also important regulators of AMF. However, based
on RDA analysis, none of the factors had a significant effect on
microbial community composition.
For the soil P fractions, the variation explained 67.3%

(Figure 5b) and 38.1% (Figure 5f) of the changes in PLFAs

and enzyme activity, respectively, and soil Po pool was the
most relevant factor (P = 0.016) for microbial community
composition. It is worth noting that bacterial and G− PLFAs
were negatively correlated to Po (P < 0.05; Figure 6).
Furthermore, we analyzed the complex effects of the soil C

compositions and P pools together on PLFAs and enzyme
activity in Figure 5c,d,g,h. We found that soil C and P together
could explain 94.2% of the variation in microbial community
composition and 99.6% for enzyme activity. The explained
percentages are almost equal to the sum of the effects of C and
P individually.

3. DISCUSSION
Sequential fractionation of soil P and 13C NMR spectroscopy
were employed to illustrate the alteration in soil P pools and C
chemical forms after the invasion of SA. Primary P (HCl-P)
was the dominant form of P in all three vegetation cover soils
(Figure 1), which may be related to the high pH and salinity of

Figure 4. Enzyme activities, the geometric means (Gmea) of the assayed enzyme activities, and the hydrolase (GH) and oxidoreductase (GOR)
activities observed in the wetland soil samples. Soil samples were collected from three areas of wetland: bare flat (BF) land, land invaded by
Spartina alterniflora (SA), and land occupied by Phragmites australis (PA). The activities of acid phosphatase (ACP), alkaline phosphatase (ALP),
β-glucosidase (β-GC), catalase (CAT), nitrate reductase (NR), cellulase (CL), polyphenol oxidase (PPO), urease (UE), and sucrase (SC) are
shown. Vertical bars indicate standard deviation of the mean (n = 3). For each parameter, different letters indicate significant differences between
means at P < 0.05.
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coastal wetlands.18 The little variation of primary P among the
samples demonstrated that HCl-P originated from soil
minerals rather than plant residues. Soil P fractions that
display obvious fluctuations can be characterized as mobiliz-
able P pools.7 In the present study, SA invasion significantly
increased the amounts of soil-available P compared to PA and
BF samples (Figure 1). The increase in soil-available P may be
attributed to the well-developed root tissue of SA and its
exudates.19 Microbial decomposers can mobilize P as a
nutrient for their growth. The increase in soil-available P
may be caused by the microbial decomposers associated with
plant roots, as a result of the observation that PLFAs and P
concentrations were tightly linked (Figure 5). S. alterniflora is
mainly located in the intertidal zone, where the periodic floods

and low tides result in alternating periods of wetting and
drying. The distribution of secondary mineral P (Fe/Al-P) is
sensitive to oscillations in redox potential caused by the
alternation of dry and wet conditions.20 Compared to BF, SA
increased secondary mineral P concentrations, which indicated
that the growth environment of SA favors the formation of Fe/
Al-P.7

The results from the 13C NMR spectroscopy indicated that
O-alkyl C was the dominant form of C in the coastal wetlands,
accounting for more than 40% of the soil C relative intensity
(Figure 2). Among the soil samples, the PA samples had the
highest proportion of O-alkyl C and the lowest A/O-A ratio
values, indicating that PA may have the highest decomposition
potential.21 Further, SA had a higher HI ratio compared to PA,

Figure 5. Redundancy analysis (RDA) for (a) soil microbial community components and carbon (C) composition; (b) microbial community
components and P fractionation; (c, d) linkage of soil microbial community components and C and P; (e) enzyme activity and C composition; (f)
enzyme activity and P fractionation; and (g, h) the linkage of soil enzyme activity and C and P in different wetland soil samples. Soil samples were
collected from three areas of wetland: bare flat (BF) land, land invaded by Spartina alterniflora (SA), and land occupied by Phragmites australis
(PA). Fitted site scores from BF, SA, and PA samples are displayed by circles, triangles, and squares, respectively. Affected factors are denoted as
red arrows, and influencing factors are denoted by blue arrows.

Figure 6. Pearson correlation diagram for the relationships between soil C and P pools and microbial community components and enzyme activity.
Blue represents positive correlations and red indicates negative. Statistical significance is indicated by asterisks: *P < 0.05, **P < 0.01, and ***P <
0.001 (n = 9).
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which is an indicator of the stability of the combination of soil
C and aggregation; the larger the ratio value, the higher the soil
C stability resulting from aggregation.11 Taken together, the
results seemly showed that SA invasion elevates the degree of
SOM recalcitrance in the soil compared to that in soils
occupied by native plants (P. australis). However, we observed
no significant differences between SA and PA in SOC contents
(Figure S1). This demonstrated two different SOC stabiliza-
tion mechanisms between SA and PA. Compared to the
elevated SOC recalcitrance for SOM originated from SA, C
protection mechanisms for PA may be related to the chemical
protection of mineral-related C.22 Here, BF with the highest
A/O-A ratio and HI value indicated that the labile C had been
largely consumed, thus resulting in high stability.23

The microbial community structure based on PLFAs and a
series of hydrolase and oxidoreductase activities related to soil
nutrient cycling were also observed. In detail, soil PPO, CL,
SC, and β-GC were carbon-related enzymes, NE and NR were
nitrogen-related enzymes, and ACP and ALP were phospho-
rus-related enzymes. The soil enzyme activity differed among
the soils occupied by different plants, while the microbial
community composition did not appear to vary using the
PLFA approach (Figures3 and 4). Compared with the BF
samples, the presence of plants promoted the activities of ALP,
CL, and PPO, but reduced the activity of NR. Further,
compared to SA and BF, PA induced a higher GH activity but
a lower GOR activity (Figure 4). This might be due to a higher
demand of P for SA; thus, more GOR enzymes were released
to decompose SOC to acquire more P, since P is the limiting
factor for microbial growth.11,23

The linkages between soil C forms, P fractions and soil
PLFAs, and enzyme activity were further explored through
RDA and Pearson correlation analyses. We found that soil C
composition and P together could explain 94.2 and 99.6% of

the shift in microbial community composition and functions
(Figure 5d,h). Unexpectedly, little interaction existed between
these two factors and microbial community composition or
function. Further, more than soil C, soil P composition
explained the soil microbial community structure change;
however, this was the opposite for soil enzyme activity. This
phenomenon might be ascribed to the fact that P was the
relatively limited factor for microbial growth compared to C,
and thus a greater SOC decomposition is needed to fulfill the P
demand in addition to energy, as mentioned above.23

According to the Pearson correlation analysis, the bacterial
and G− biomass had negative effects on soil Po. Parallel results
have previously been found in the Yeyahu Wetland, where
bacteria have a crucial function in soil P transformation and are
involved in feedback on various P fractions.8 In accordance
with the observation reported by Teng et al.,8 we also observed
that bacterial PLFAs dominated the soil microbial community
in the bare mudflats as well as in the soils inhabited by native
and invasive plants. Gram-negative bacteria may promote the
production of phosphatase and further increase the availability
of soil P.24 In the present study, compared to BF, SA invasion
facilitated the growth of bacteria (Figure 3) and then resulted
in higher Po concentrations (Figure 1), although the increase
in magnitude is not significant.
The relative intensities of aliphatic functional groups were

the most significant impact factors and mainly regulated the
activities of CL, SC, ACP, NR, CAT, and ALP. CL had a
positive effect on O-alkyl C, and an inverse relationship with
alkyl C (Figures5 and 6). CL catalyzes the degradation of
cellulose, which can be characterized by O-alkyl C. In other
words, a greater abundance of O-alkyl C, as indicated by higher
relative intensity, can promote the activity of CL. It is worth
noting that aromatic C had a progressively increasing effect on
F/B. It has been reported that fungi prefer to decompose

Figure 7. Location map of the study sites in Yancheng National Wetland Reserve, China. BF, SA, and PA represent samples taken from bare flat
land, land invaded by S. alterniflora growing, and land occupied by P. australis growing, respectively.
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recalcitrant organic matter under conditions of low nutrient
availability.14,15 Unexpectedly, in the present research, no
significant differences were found among the three treatments
in either the F/B ratio or the soil aromatic C intensity.
Microbial community might prefer aliphatic functional groups
to aromatic C based on reduced energy cost associated with
their decomposition.

4. CONCLUSIONS

S. alterniflora invasion significantly enhanced available P
concentrations in the soil (P < 0.05), while native plants (P.
australis) had no significant effect on soil P fractionation. The
presence of the plants mainly affected the C chemical
composition mainly observed with aliphatic functional groups.
Compared to the native plants, S. alterniflora invasion led to
higher A/O-A ratio values and elevated the recalcitrance of the
SOC. Furthermore, changes in soil C and P pools affected soil
microbial community structure and enzyme activity. Soil P
pools accounted for a greater proportion of the changes in soil
microbial community structure than did soil C forms, however,
which was the opposite for soil enzyme activity. The present
results unveil a new viewpoint for understanding different soil
P and C pools in combination with variations in enzyme
activities and microbial communities in wetland ecosystems.

5. MATERIALS AND METHODS

5.1. Site Description and Sample Collection. The study
was carried out in Yancheng National Wetland Reserve
(33°26′N, 120°77′E) in Jiangsu Province, China. The area is
located in a warm temperate zone and is mainly affected by
maritime and continental climates. The study site has a mild
mean yearly temperature of 12.6 °C and a mean annual rainfall
of 1040 mm. S. alterniflora was introduced into the region by
the United States in 1982 and subsequently invaded the habitat
of native plants extensively. The samples (0−20 cm) were
collected from the wetland invaded by SA, occupied by the
dominant emergent species (PA), and the bare flat (BF) land
nearby, respectively (Figure 7). The study area is about 1 km ×
1 km, and the distance between two sample points is about 150
m. Soil samples were collected in April 2019. The samples
were partially kept at 4 °C and freeze-dried before using for
microbial analyses and the remaining samples were air-dried
and then sieved (2 mm) for further analysis.
5.2. Sequential Extraction of Soil P. The Tiessen

sequential P extraction method was used to characterize the
amounts and forms of P in the soil samples.25 Air-dried soil
samples (0.5 g) were processed sequentially as follows:
addition of deionized water with one resin strip (Sinopharm
Chemical Reagent Co., Ltd.); 0.5 M NaHCO3 (pH 8.5); 0.1 M
NaOH; 1 M HCl; and H2SO4 and H2O2 digested at 360 °C.
The soil samples were subjected to a reciprocating shaker at
180 rpm for 16 h after the addition of each solution, followed
by centrifugation for 10 min at 8000 rpm at 0 °C and filtering
through Whatman No. 42 filter paper. The NaHCO3 and
NaOH extractions were divided into two portions to quantify
the contents of total P and inorganic P (Pi). Pi concentrations
were measured directly from one aliquot of the extracts, while
total P was measured after the digestion of another aliquot
with 10 mL 0.9 M H2SO4 and 0.5 g of ammonium persulphate
at 330 °C. The soil organic P (Po) was calculated based on the
difference between total P and Pi.

An ultraviolet spectrometer (UV 2500, Japan) was used to
measure the P concentration of the supernatants and the
digestion sample based on the ascorbic acid molybdenum blue
method.26 Each of the seven fractions represents a specific P
pool.27 In detail, resin-P and NaHCO3-Pi are considered as
available P pools, which can be easily taken up by crops.
NaHCO3-Po and NaOH-Po were assigned as the Po pools.
NaOH-Pi is considered to be a secondary mineral P with low
utilization by plants. HCl-P indicates the primary mineral P
pool that binds calcium and is released by the weathering
process. Moreover, residual-P represents the occluded P pool,
which is least likely to be taken up by crops due to its
particularly low solubility.

5.3. Carbon-13 Nuclear Magnetic Resonance (NMR)
Spectroscopy. 13C NMR spectroscopy was employed to
analyze soil C composition. Soils were processed eight times
with 50 mL of HF (10%), and then four times with hydrogen
peroxide. Subsamples were packed in a 4 mm zirconia rotor
and spun at 6 kHz in a Bruker Avance III 400 spectrometer
(Bruker BioSpin, Rheinstetten, Germany) with the resonance
frequency set at 100.625 MHz for 13C. To decouple the pulse
program, 1000 μs of contact time was coupled with 0.5 s of
relaxation delay, a ramp contact, and a small phase incremental
alternation with 64 steps (SPINAL64).28 Eight soil C
components were quantified by calculating the corresponding
chemical shift values of the spectra obtained as described by
Shrestha et al.29 The primary chemical compositions of C were
expressed as follows: alkyl C (0−45 ppm), O-alkyl C (45−110
ppm), aromatic C (110−160 ppm), and carbonyl C (160−220
ppm) All manual integration procedures were completed using
MestReNova software. Three ratios were calculated: (1) soil
alkyl C/O-alkyl C (A/O-A); (2) aromatic C/(alkyl C + O-
alkyl C + aromatic C), which represented the aromaticity; and
(3) (alkyl C + aromatic C)/(O-alkyl C + carbonyl C), which
represented the hydrophobicity (HI) ratio. These ratios were
considered to be indicators of the degree of decomposition, the
complexity of the molecular structure, and the hydrophobicity
of the SOC.22

5.4. Phospholipid Fatty Acid (PLFA) Analysis. The soil
microbial community composition was analyzed under differ-
ent P treatments by measuring soil PLFA concentrations. A
chloroform−methanol−citrate buffer mixture (1:2:0.8, v/v/v;
0.15 M, pH 4.0) was used to extract the PLFAs from the
lyophilized soil samples.30 The obtained fatty acid methyl
esters were isolated and distinguished on a gas chromatograph
(Agilent 7890 N, Wilmington, DE) equipped with a MIDI
Sherlock Microbial Identification System (version 4.5; MIDI,
Newark, NJ). Chloroform, acetone, and methanol were added
to the middle of the Supelclean Solid Phase Extraction Tubes
that had been washed with acetone and chloroform to dissolve
the glycolipid. This step was followed by saponification,
methylation, and extraction steps, and finally 100 μL of
chromatographically pure n-hexane was added to dissolve the
sample to be tested. Based on 19:0 fatty acid methyl ester
ratios, the abundance of each PLFA was calculated and
presented as μg g−1 soil.
Soil fungi, Gram-positive bacteria (G+), Gram-negative

bacteria (G−), and AMF were identified based on their
specific PLFA biomarkers. In detail, the biomarkers included
i14:0, i15:0, a15:0, i16:0, i17:0, and a17:0 for G+ bacteria;
16:1w7c, 18:1w7c, cy17:0, and cy19:0 for G− bacteria;
10Me16:0, 18:2w6c, and 18:1w9c for fungi; and 16:1w5c for
AMF.30,31 To assess the changes in microbial community
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composition caused by different plant covers in the wetland
soils, the ratios of fungi to bacteria (F/B, where bacteria is the
sum of G+, G−, 15:0, and 17:0) and of G+ to G− (G+/G−) were
further calculated.
5.5. Microbial Activity. A series of hydrolases and

oxidoreductases associated with soil P and C cycles were
assessed to quantify the functional capacities of the microbes.
Soil acid phosphatase (ACP) and alkaline phosphatase (ALP)
activities were determined as described by Tabatabai.32 The
activity of β-glucosidase (β-GC) was calculated from the
quantity of p-nitrophenol released from the samples using a
colorimetric method.33 Soil sucrase (SC) and urease (UE)
activities were analyzed using sodium thiosulfate titration and
the hypochlorite-alkaline phenol method as described by
Guan.34 A colorimetric method was used to determine nitrate
reductase (NR) activity,34 and cellulase (CL) activity was
determined according to Deng and Tabatabai.35 Catalase
(CAT) activity was analyzed by measuring the amount of O2
evolved following H2O2 decomposition, while polyphenol
oxidase (PPO) activity was analyzed according to the method
described by Montgomery and Sgarbieri.36 The enzyme
activities were presented in μmol g−1 day−1. In addition, the
geometric mean (Gmea) of the measured enzyme activities
and the hydrolase (GH) and oxidoreductase (GOR) activities
were calculated as follows

Gmea
ACP ALP GC CAT NR UE SC CL PPO9 β

=
× × − × × × × × ×

GH ACP ALP GC UE SC CL6 β= × × − × × ×

GOR CAT NR PPO3= × ×

5.6. Calculations and Statistical Analysis. The statistical
analysis of the influence of the three wetland community soil
parameters was performed using the Duncan method (P =
0.05) and one-way analysis of variance (ANOVA) using SPSS
17.0. Redundancy analysis (RDA) was conducted to further
explore the relationships between C composition and PLFAs
coupled with soil microbial enzyme activity, and P pools and
PLFAs combined with soil microbial enzyme activity. RDA was
performed using Canoco 4.5. The Pearson correlation analysis
was performed using R 3.6.2 (R Core Team, 2016) to
simultaneously explore the linear correlations within the
measured parameters.
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