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Abstract

In this study, we employed pyrosequencing-based analysis of the V4-V6 16S rRNA gene region and community level
physiological profiling (CLPP) to characterize and compare bacterial community composition and metabolic activities in
order to determine if microbial composition and activity were able to recover in land transitioning from agriculture to
natural wetland. The sample sites included natural wetland (with native vegetation), reclaimed for tillage (agriculture),
and abandoned tilled (wetland restoration) soils. The entire data set comprised 78,790 good-quality sequences, 62,364 of
which were classified in 23 known phyla. The dominant taxonomic groups presented in all samples were Proteobacteria
(34.3%), Acidobacteria (15.5%), Verrucomicrobia (6.9%), Chloroflexi (6.3%), Nitrospira (2.6%) and Actinobacteria
(2.4%), while 27.1% of the sequences could not be classified to any known phylum. Microbial community composition
and activity were found to cluster into two distinct groupings: one associated with agriculture and the other with restored
and natural wetlands. The average well colour development (AWCD) based on carbon source utilization pattern was
significantly higher in natural and restored wetland soils than in reclaimed soils, suggesting an improvement of soil
health. In conclusion, these findings indicated that microbial community composition and activity were affected by land
use and may be used to assess the extent of recovery of natural microbial-driven processes during wetland restoration.
Furthermore, restored soil microbial communities in this study appear to be tended to a gradual return to those of natural
wetland soils with time.
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Introduction

Microorganisms are one of the primary active components of

Ling L. Huang and Wen B. Kou contributed equally to this work soil. Their physiological activity performs vital ecosystem
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composition and activity are greatly influenced by an assort-
ment of biotic and abiotic factors including plant species rich-
ness, pH, nutrient availability, and soil organic carbon (Zak
= Gané Ge q et al. 2003; Fierer and Jackson 2006; Nautiyal et al. 2010).

A Furthermore, differences in rates and diversity of microbial
activity have also been linked to changes in community com-
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Bisset etal. 2011). Hence, understanding the links among land
use, microbial community composition and activity is an ac-
tive and vital topic of contemporary microbial ecology re-
search (Fierer et al. 2013; Carbonetto et al. 2014).

Microbial community composition (van Dijk et al.
2009; Kubler et al. 2014) or activity (Bending et al.
2002; Lewis et al. 2010) has been documented as an
indicator of ecosystem responses to anthropogenic alter-
ation and ecological recovery (Harris 2003). However,
previous studies have shown that monitoring both micro-
bial composition and activity in conjunction with differ-
ent types of land use mainly associated with various
agricultural practices (Chaudhry et al. 2012; Yu et al.
2013). We extended the scope of work that has been
done in previous studies by comparing microbial com-
munity composition and activity in undisturbed wetland,
agricultural land converted from natural wetland, and re-
stored wetland habitat.

Freshwater wetlands provide habitat and food for wa-
terfowl and other wildlife, protect shorelines, and improve
water quality of rivers and lakes, etc. (Richardson and
Marshall 1986; Roulet 2000; Alewell et al. 2008). In ad-
dition, wetlands play a crucial role in sequestering carbon
as they store 25-30% of the world’s carbon pool despite
only covering 5-8% of the land surface (Mitsch and
Gosselink 2007). Despite the critical ecological function
that wetlands provide, 50% of the world wetlands have
been destroyed in the last century (World Conservation
Union 1996). This is mainly attributed to anthropogenic
activities, such as reclamation for agricultural use, wet-
land drainage and in-filling, and deforestation.

Poyang Lake is the largest freshwater lake in China.
In this basin, wetland degradation for agricultural pur-
poses is significant. Lake capacity, primarily its wetland
areas, decreased by 22% from 37 to 28.9 billion m?
during a 44-year period from 1954 to 1998 (Min 1999).
Fortunately, overuse and reclamation of the Poyang Lake
wetland has decreased since the 1980s as the government
realized the serious consequences of destroyed wetlands
and implemented a policy of restoring wetland habitat by
abandoning agricultural land.

In this study, our aims were to (i) determine if micro-
bial composition and activity would vary in natural, re-
stored, or reclaimed wetlands; (ii) assess the extent of
recovery for microbial composition and activity associat-
ed with wetland restoration. To achieve these objectives,
the structure of microbial community was analyzed by
454 pyrosequencing of the 16S rRNA gene, and microbial
activity was determined using community level physio-
logical profiling (CLPP). The use of 454 pyrosequencing
was selected due to its well-known capacity to accurately
elucidate the characters of microbial communities (Quince
et al. 2009; Zhang et al. 2012; Lu et al. 2015).
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Material and Methods
Site Description and Experimental Design

The studied sites were located on JiangXiang island in the
southwest corner of Poyang Lake (Jiangxi Province, China,
28°45'N,116°01'E) (Fig. 1). This area belongs to a subtropical
monsoon climate zone with significant variations in both pre-
cipitation and temperature. It has an annual average tempera-
ture of 17.5 °C.The average annual precipitation is 1470 mm,
and 69.4% of the annual precipitation occurs during April—
September. The soil type of the experimental field is classified
as semi-hydromorphic soils according to the Chinese Soil
Taxonomy.

In our study, there were four different land use types locat-
ed in the adjacent areas: natural wetland (NW), 38-year long
reclaimed field (RC38), 48-year long reclaimed field (RC48)
and 25-year long restored wetland (RS25). The NW and RS25
have loamy clay texture, while RC38 and RC48 have clay
loam texture (Table S1). The NW is now mainly covered with
Carex cinerascens and Phalaris arundinacea without artifi-
cial control or management. Two reclaimed fields, RC38 and
RC48, have been converted from natural wetland for rice
(Oryza sativa) cultivation since 38 years and 48 years ago,
respectively. On the natural wetland, embankments built along
the lake hold back the water and the fields were plowed for
rice cultivation. Along with irrigation and fertilization, inten-
sive cultivation of the land by double rice cropping a year are
undergoing for both two reclaimed fields. In each cropping
season, compound fertilizer (N, K, P, Ca) were applied before
planting, and urea was spread during the period of last phase
of flowering and early filling of rice. The RS25, a previously
reclaimed filed for rice cultivation, where embankments were
destroyed and has been left unplanted for 25 years. Now it has
been undergoing natural restoration and mainly covered by
C. cinerascen. For both natural and restored wetlands, there
is a dynamic wetland system where water level is generally
rising and vegetation is completely inundated during the sum-
mer rainy season, while water level is lowered below soil
surface layer during winter dry season.

Soil Sampling and Chemical Analysis

Soil samples were collected in May 2011 when both rice in
reclaimed fields and vegetation in restored and natural wet-
lands were actively growing. During the soil sample collec-
tion, all sites under different land use types have a generally
identical water level. The purpose of collecting samples in this
season was to ensure that comparisons made between land use
types were not biased by hydrology. The depth of the topsoil
horizons at four studied sites is 20 cm. Four similar 20 m x
20 m plots with 100 m apart from each other were selected for
each land use type and in each plot, topsoil samples were
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Fig. 1 Poyang Lake basin and
distribution of samples locations

collected from five randomly selected soil cores (2.5 cm in
diameter; 20 cm in depth) and mixed to give one composite
sample (US Environmental Protection Agency 2014). The
plots for each land use type were separated by the rice field
ridges or walkways. Therefore, there were a total of 16 soil
samples in this study. After roots and organic debris in the soil
samples were removed by hand, each soil sample was passed
through a 2 mm sieve, homogenized, and then divided into
two subsamples. One subsample was stored at —80 °C for the
determination of microbial community composition and ac-
tivity, and the other subsample was air-dried for analyses of
soil physicochemical properties.

Soil total organic C (TOC), total N (TN) and total P (TP)
were evaluated by the K,CrO,/H,SO, oxidation procedure, the
microkjeldahl method and the phosphomolybdic acid blue col-
or method, respectively (Lu 2000). Soil pH was measured by a
pH Meter (FE20K, Mettler) at a soil: water ratio of 1:2.5 (w/v).
Soil moisture content was measured by weighing after oven-
drying at 75 °C for 24 h. Soil bulk density was determined by
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the clod method (Blake 1965). The bulk density of soil clods
was calculated from their mass and volume. The volume was
determined by coating the clod with melted paraffin and by
weighing it first in air, then again while immersed in water.
Soil texture was determined by the Bouyoucos hydrometer
method (Bouyoucos 1962).

Community-Level Physiological Profiles

Community—level physiological profile patterns (CLPP) of
soil bacterial communities were assessed by the BIOLOG
procedure, using BIOLOG 96-well Eco-Microplates (Biolog,
Inc., Hayward, CA) with 31 different carbon sources (Garland
and Mills 1991; Sharma et al. 1998; Girvan et al. 2003; Bisset
et al. 2011). Briefly, moist soil samples with a unified dry
weight (10 g) was extracted with 100 ml sterile saline solution
(0.85% NaCl) by shaking for 10 min then the suspension was
diluted 100-fold. The unified dry weight (10 g) of soil samples
was calculated from fresh weight and moisture content.
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Aliquots (150 pL) of the 1:1000 (w/v) soil suspensions were
directly added to each of the 96 wells, and then the
Microplates were incubated at 25 °C in the dark for 10 days.
Colour development in the wells was read at 590 nm every
12 h using the MicroStation™ System (BIOLOG, USA). The
average well colour development (AWCD) was used to ex-
press general microbial activity (Garland and Mills 1991).

DNA Extraction and Pyrosequencing

DNA of homogenized samples (0.5 g) was extracted using
the PowerSoil DNA Isolation kit (MoBio, USA) according
to manufacturer instructions. The V4-V6 region of the bac-
terial 16S rDNA was PCR amplified with 10-bp Bar-coded
primers 530F (5'-GTGCCAGCMGCNGCGG-3') and
1100R (5'-GGGTTNCGNTCGTTG-3") and containing
the A and B 454 FLX adapters. These primers were select-
ed based on recent results indicating that this region is the
best performing for profiling and identification of diverse
members of bacterial communities (Turner et al. 1999;
Acosta-Martinez et al. 2008; Lu et al. 2015). The PCR
reactions were as previously described (Acosta-Martinez
et al. 2008). Replicate PCR reactions were performed for
each sample then pooled to minimize PCR bias, and finally
established a single library. Following PCR, DNA
amplicons were purified with ultraclean Gelspin DNA pu-
rification kit (Mobio) and quantified using Quant-iT
Picrogreen dsDNA assay kit (Invitrogen). Amplicon pyro-
sequencing was performed using GS Junior Titanium
chemistry at the Kent State University Biology
Department. The pyrosequencing-derived 16S rDNA se-
quence datasets were submitted to the NCBI Sequence
Read Achieve (SRA) under accession number SRP035329.

Organization of Pyrosequencing Data

Barcodes of the reads were scanned and trimmed using the
Pipeline Initial Process on Ribosomal Database Project (RDP)
(https://pyro.cme.msu.edu/init/form.spr). Then reads were
filtered using Mothur software package. Poor quality reads,
sequences shorter than 200 bp, and sequences identified as
chimeras were removed (Schloss et al. 2009). The qualified
sequences were clustered into operational taxonomic units
(OTUs), which were defined by 97% sequence identity, using
the RDP pyrosequencing pipeline (http://wildpigeon.cme.
msu.edu/pyro/index.jsp) (Cole et al. 2004). Taxonomy was
subsequently assigned to representative OTUs using the
Greengenes database classifier at a confidence threshold of
80% (Wang et al. 2007). Each sample was randomly re-
sampled and normalized, based on the sample with the least
number of reads.
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Statistical Analysis

In order to quantify and compare the distribution of com-
munity pyrosequencing data, several indices were calcu-
lated. Community richness was estimated with Chaol
(Gotelli and Colwell 2001), while Shannon and Simpson
indices were used to compare community diversity.
Differences in bacterial communities from four fields
were tested by J-Libshuff implemented in Mothur
(Schloss et al. 2009). The two libraries were considered
to be significantly different from each other if the lower of
the two P values generated by |-Libshuff was below or
equal to the critical P value (Schloss and Handelsman
2004). A heat map comparing the relative abundance of
phyla in each community was generated using the NCSS
2007 software.

Redundancy analysis (RDA; LeGendre and Legendre
1998) was conducted to determine if microbial activity
(categorized carbon source utilization) was significantly
correlated with microbial community composition. If any
categorized carbon sources were significantly correlated
with community composition, we wanted to determine if
there were taxa that may be driving this pattern. In order
to test that question, we used linear regression and
Pearson correlation to determine if there were significant
relationships between carbon source utilization and dom-
inant genera (relative abundance > 1%) within communi-
ties. Likewise, potential correlations between the relative
abundance of individual phyla and soil properties were
examined by Person correlation coefficients.

We used one-way ANOVA to determine if there were sig-
nificant differences in soil properties, microbial activities and
community diversity (Shannon and Simpson indices) and
richness (Chaol) associated with different land use types.
Where the F values were significant, post hoc comparisons
were made using the least significant difference test at the
0.05 probability level. Statistical analysis was performed
using SPSS 16.0 and Statistica 7.0.

Results
Soil Chemical Properties

There were significant differences in soil chemical character-
istics between reclaimed and natural wetland soils. The levels
of TOC, TN and C/N ratio decreased in the following order:
reclaimed > restored > natural wetland. Reclaimed for agri-
culture soils had significantly higher soil moisture, TOC, and
TN than either the restored or natural wetland sites (P < 0.05,
Table 1). TP contents were significantly higher in the RC38
soil than any other soil types (P < 0.05).
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Physiochemical characteristics of reclaimed, restored, and natural wetland soils

Table 1

Clay%

Silt%

Sand%

pH

TP (gkg )

C/N ratio

TN (gkg )

Bulk density (grem>)  TOC (gkg ™)

Soil moisture (%)

Sample

17.4+0.72 ¢
17.28+035 ¢

5297+033a  34.44+2.02 ab

5.72+0.14a

0.51+0.01ab
0.83+0.02a

8.12+0.08a
8.78 +0.22a
6.85+0.05b
6.84 +0.40b

2.25+0.19a

18.26+1.41a

0.75+0.02a

71.36 £4.06a
69.02+2.23a
37.19+1.17b
33.21+0.89b

RC48

30.33+3.06 b
418+149a

5238+34la

4.77+0.07¢c

2.07+0.18a

18.18£0.78a
8.42+0.09b
9.58 +£0.73b

0.74+0.02a

RC38

36.12+032 a

543+0.13ab  22.08+1.68 b

5.22+0.09b

0.70 £0.02ab
0.22+0.01b

1.23+0.02b
1.40+0.25b

0.76 £0.15a

RS25

39.49+0.70 a 31.76£0.35 b
P

P=10.015

28.75+£0.64 b

0.77+0.03a

ns

0.0001

0.0001

P=

0.002

P=

0.045

P=

0.026

P=

0.001

P=

0.0001

P=

0.0001

P=

ANOVA

Data are means =+ standard deviations. The different case letters indicate that the means are significantly different among samples by post-hoc test (P < 0.05)

RC48: 48-yr-old reclaimed; RC38: 38-yr-old reclaimed; RS25: 25-yr-old restored wetland; NW: natural wetland

Microbial Activity

AWCD increased with the incubation time during the 10-day
period (Fig. 2). Significant differences (P = 0.001) were found
in the AWCD among reclaimed, restored, and natural wetland
soils. The highest AWCD was in restored wetland soil, follow-
ed by natural wetland and reclaimed soil.

Activity differences among the four communities were an-
alyzed in detail with categorized carbon source utilization.
Polymers (P =0.001), carbohydrates (P =0.011), and carbox-
ylic acids (P =0.020) were utilized most efficiently by mi-
crobes living in restored wetland soil (RS25), while amines,
amino acids, and phenolic acids were utilized equally by mi-
crobes (P> 0.05) in all sites (Fig. 3).

Pyrosequencing, Richness and Diversity

A total of 62,364 reads were obtained from pyrosequencing
after removal of low-quality and chimeric sequences (78,790
sequences before trimming) (Table 2). With a phylotype de-
fined as those sequences sharing > 97% identity, 1922 and
2838 OTUs were obtained from RC48 and RC38 samples,
while 1814 and 1985 OTUs were recorded from RS25 and
NW samples, respectively. Almost all rarefaction curves
(Supplemental Fig. S1) reached saturation levels, indicating
adequate sampling of actual species richness. The coverage
among these samples is ranged from 88.7% to 96.3%.
Richness and diversity were similar at all sites except RS25
which had the lowest Chaol and Shannon indices
(P<0.0001) (Table 2).

Community Composition

After comparing the high quality sequences to the SILVA
database, we classified the soil microbial community into
known (23 Phyla, 201 genera) and unclassified phylotypes
(Fig. 4). Proteobacteria (32.36% to 36.27%) was the most
abundant phylum in every sampling site, followed by
Acidobacteria, Verrucomicrobia, Chloroflexi, Nitrospira and
Actinobacteria. These six phyla accounted for more than 68%
of the total bacterial community in each sample, while
24.40% — 30.02% sequences were unclassified. It showed that
the proportions of these known phyla varied among the four
different soil libraries. For instance, Delta-proteobacteria,
Nitrospira, and WS3 were more abundant in RS25 and NW
soils compared to reclaimed soils. On the other hand,
Verrucomicrobia and Gamma-proteobacteria were more
abundant in reclaimed than restored or natural wetland soils.
In addition, Gemmatimonadetes was more abundant in the
NW soil than other soils, while Chloroflexi was less abundant
in NW soil than other soils (P < 0.05).

To further compare community taxonomic differences, 16S
rRNA gene libraries were pairwise compared by the RDP
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Fig.2 AWCD of the BIOLOG

Eco plates for microbial samples
from reclaimed (RC48 and o
RC38), restored (RS25) and RC48
natural wetland (NW) soils.
RC48: 48-yr-old reclaimed soils; 1A —A—RC38
RC38: 38-yr-old reclaimed soils;
RS25: 25-yr-old restored wetland
soils; NW: natural wetland soils 0.8 -
[
=
= 0.6 -
0.4 -
0.2 -
O -

0 12 24 36 48 60 72

84 96 108120132144156 168180192204 216228240

Incubation Time/h

library compare tool. Libshuff analysis indicated that every
pairwise comparison of site community composition was
found to be significantly different (P < 0.001) from each other
(Table 3). The specific taxa driving differences in community
composition among sites were shown in Fig. 5. Despite indi-
vidual site differences, the top of Fig. 5 indicated hierarchical
clustering among bacterial composition of RC48 and RC38
sites, and a separate clustering of RS25 and NW sites. Heat
map analysis also implied that the similarity of bacterial

community composition between RS38 and RS48 was higher
than RS25 and NW.

At genus level, 61.26% of the sequences were unclassified.
Among classifiable genera, 118 and 147 genera were found in
RC48 and RC38 soils, respectively. 88 genera were detected in
restored soil (RS25), and 108 genera were obtained from the NW
soil. The predominant genera in all samples mainly consisted of
Gpl (16.10%), Subdivision3_genera_incertae_sedis (15.97%),
Geobacter (9.07%), Gp2 (5.68%), Anaeromyxobacter (5.41%),

Fig. 3 Carbon source utilization
patterns of soil samples from 0.80 1
reclaimed (RC48 and RC38),
restored (RS25) and natural 0.70 1
wetland (NW) at 72 h absorbance.
Bars with the same letter are not 0.60 1
significantly different (P < 0.05) 0.50
3
= 0.40
<«
0.30
0.20
0.10
0.00

mRC38
mRC48
mRS25
ENW
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Table 2 Species diversity and richness of the OTU soil microbial community for each land use type

Sample  No. of raw seq.  No. of filtered seq.  OTUs  unique OTUs  coverage chaol Shannon index ~ Evenness index
RC48 10993 8193 1922 917 88.7% 3095.1+£204.2ab  6.72+0.42a 0.89+0.07a
RC38 24965 21814 2838 1216 94.4% 4383.4+287.7a 6.75+0.28a 0.83+0.04a
RS25 26791 20690 1814 765 96.3% 2876.7+200.1b 5.69+0.35b 0.76 +£0.10a
NW 16041 11667 1985 888 92.4% 3129.9+2379ab  6.47+0.16a 0.85+0.05a

RC48: 48-yr-old reclaimed; RC38: 38-yr-old reclaimed; RS25: 25-yr-old restored wetland; NW: natural wetland

Gp7 (4.72%), Thermodesulfovibrio (4.32%), Gp3 (2.71%), Gp6
(2.62%), and Ktedonobacter (2.07%) (Table S2).

Relationships between Soil Characteristic, Microbial
Composition and Activity

Pearson correlation coefficients revealed significantly
positive correlations of TOC with Gamma-proteobacteria
(P=0.018) and Alpha-proteobacteria (P =0.043), while
negative correlations of TOC with Delta-proteobacteria
(P=0.009), Firmicutes (P=0.022) and Nitrospira
(P<0.001) were found. Chloroflexi was positively corre-
lated with TN (P<0.001).

Redundancy analysis indicated that microbial activity in-
volving carbohydrate and carboxylic acid utilization was sig-
nificantly correlated with community composition (P = 0.046)
(Supplemental Fig. S2). Furthermore, we tested carbohydrate
and carboxylic acid utilization against the relative abundance of
the dominant genera at each site. We found significant correla-
tions between carbohydrate utilization and Spartobacteria (P =
0.019), carboxylic acid and Rhizomicrobium (P =0.044), as
well as carboxylic acid and Spartobacteria (P =0.006).
However, linear regressions were generated and the correla-
tions were shown to be negative.

Fig. 4 Relative abundance of the 100
major bacterial phyla present in
reclaimed (RC48 and RC38), 90

restored (RS25) and natural

Discussion

Our study showed that differences in microbial community
composition (reclaimed sites in one cluster, restored and
natural wetland sites in the other cluster, Fig. 5) were associ-
ated with land use types. The influence of land use on com-
munity composition varied in other studies. Some studies
showed a strong land use effect on bacterial communities
(Chaudhry et al. 2012; Guan et al. 2013), while another study
indicated that the bacterial composition of freshwater wetland
samples from managed agriculture areas were similar to the
bacterial communities from undisturbed wetland soils
(Drenovsky et al. 2010). In our study, bacterial diversity of
restored and natural wetland soils were lower than reclaimed
soil, this finding was consistent with the results in other wet-
land ecosystems, where reference soils have the least diverse
bacterial community (Hartman et al. 2008).

The utility of Biolog plates to assess differences in wetland
microbial activities has been previously demonstrated in for-
ested, floodplain wetlands (Alewell et al. 2008), and peatland
restoration (Andersen et al. 2010). Our results indicated sig-
nificantly higher microbial activity in the natural and restored
wetland sites than the reclaimed sites (Fig. 2). As higher
Biolog activity implies the improvement of soil health
(Rampelotto et al. 2013), our findings suggested that the

unclassified
W other

Betaproteobacteria

wetland (NW) soils -~ 80 B Gammaproteobacteria
X —_— ] Deltaproteobacteria
g B Alphaproteobacteria
g r— || iphap:
g 60 | B unclassified "Proteobacteria”
= B Acidobacteria
= 50 . .
% B Actinobacteria
q; 40 W Bacteroidetes
= B Chioroflexi
=30 o !
i) Firmicutes
= 20 ® Gemmatimonadetes
u Vi .
10 —— Nitrospira
m B =
0 B Verrucomicrobia
RC48 RC38 RS25 NW uS3
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Table 3 J-Libshuff

comparison of bacterial Comparison ~ dCXYScore P value

communities in

reclaimed, restored RC48-RC38  0.00182239  <0.0001

wetland, and natural RC38-RC48  0.00056200  <0.0001

wetland soils RC48-RS25  0.00728570  <0.0001
RS25-RC48 0.00261724 <0.0001
RC48-NW 0.00869500 <0.0001
NW-RC48 0.00629949 <0.0001
RC38-RS25 0.00450169 <0.0001
RS25-RC38 0.00214655 <0.0001
RC38-NW 0.00540411 <0.0001
NW-RC38 0.00659369 <0.0001
RS25-NW 0.00205314 <0.0001
NW-RS25 0.00525565 <0.0001

RCA48: 48-yr-old reclaimed; RC38: 38-yr-
old reclaimed; RS25: 25-yr-old restored
wetland; NW: natural wetland

The critical P value for three clone libraries
is 0.0042, family-wise error rate 0.05

natural and restored soils have a higher degree of soil health
than the reclaimed soils.

Our study demonstrated that natural and restored wetland
sites have lower diversity within their community composi-
tion but higher microbial activity than reclaimed sites. In par-
ticular, the levels of microbial carbon utilization activity asso-
ciated with polymers, carbohydrates, and carboxylic acids in
restoration site were higher than those found at any other sites
(Fig. 3). The relatively high functional activity may be related
to the environmental factors in this site. The soil physico-
chemical total C and N were highest in reclaimed soils,
followed by restored wetland soils and natural wetland.
Reduced nutrient availability in the wetland sites may drive
the soil microbial communities to develop an increased capa-
bility to acquire diverse carbon sources, which may be
reflected in higher Biolog activity. The opposite dynamic
may occur in reclaimed soil; increased nutrient levels may
support copiotrophic bacteria to out-compete oligotrophic
bacteria and decrease overall richness in these sites. Our re-
sults provided some evidence in supporting the work which
showed that the increased microbial richness and diversity
were associated with reduced microbial activity (Jousset
et al. 2011; Becker et al. 2012). While it is not possible to
determine if this is absolutely occurring with this data set,
these results point toward an avenue of possible further inves-
tigation that may be useful in increasing our understanding of
microbial composition and activity associated with ecological
restoration.

Soil moisture followed a pattern that was similar to the soil
physiochemical total C, N and C/N ratio. This is due to artifi-
cial irrigation in reclaimed soil. The soil total C, N, C/N ratio
and moisture gradients suggested that reclamation leads to the
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increased nutrient levels and soil moisture, while wetland res-
toration generally represents a return to less fertile and less
saturated soil conditions. Moreover, soil texture fractions of
restored wetland appear to be similar to those of natural wet-
land. These findings provided evidence that during the process
of ecological restoration, soil microbial community activity
can shift in a similar trend as natural conditions. This dynamic
has been demonstrated using Biolog plates during wetland
(Alewell et al. 2008) as well as forest (Chaudhry et al. 2012;
Doi and Ranamukhaarachchi 2013) and grassland (Li et al.
2012) restoration.

Despite significant differences in microbial composi-
tion and activity associated with land use types, none of
the individual soil physiochemical properties significant-
ly affected activity or community composition in this
work. Most likely there are complex interactions among
land use, nutrient levels, soil properties, and dominant
plant communities that drive the significant differences
in microbial activity and community composition. For
example, although significant difference in overall micro-
bial activity between wetland and reclaimed soil was
found in this study, the utilization patterns for individual
carbon sources were not distinct. To illustrate this point,
the level of N-acquiring utilization activity (amino acid,
and amine) in natural and restored wetland soil was even
higher than that found in reclaimed soil. These sites had
the lowest levels of N-associated physiochemical variable
(TN), supporting the fact that higher levels of N in the
environment suppress the potential for N-acquiring activ-
ity. Nevertheless, further investigation is necessary to test
these observations, and more detailed chemical and phys-
ical properties of soil should be considered, such as re-
dox potential, which is also a key environmental factor
shaping microbial community structure and function
(DeAngelis et al. 2010).

Finally, the relationship between soil properties and the
relative abundance of various phyla in this study was com-
pared to previous findings. Delta-proteobacteria relative
abundance in natural and restored wetland soils was higher
than reclaimed soils. The concentrations of TOC was de-
creased in reclaimed wetland in comparison with that of nat-
ural and restored wetland, which supported the previous work
that documented Delta-proteobacteria was significantly neg-
atively correlated to organic carbon (Nacke et al. 2011). In
contrast, Gamma-proteobacteria relative abundance was
higher in reclaimed soils than in natural and restored wetland
soils. In this work, reclaimed soils had significantly higher N.
Previous work (Campbell et al. 2010) also documented higher
abundance of Gamma-proteobacteria in soils with higher nu-
trient levels.

The relative abundance of Chloroflexi was higher in
reclaimed soils than natural soils (Fig. 4). The reclaimed
soils in this study were being used to grow rice, and this
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Fig. 5 Heat map analysis of soil
bacterial community composition
from reclaimed (RC48 and
RC38), restored (RS25) and
natural wetland (NW) samples at
the phylum level
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finding is in agreement with Sheng et al. (2013) who also
found a higher relative abundance of Chloroflexi in land.
Moreover, it was found that the relative abundance of
Chloroflexi was positively correlated with total nitrogen.
This result is quite interesting because of its apparent con-
tradiction with previous works, in which Chloroflexi was
found to prefer nutrient poor conditions (Ding et al. 2013;
Tsitko et al. 2014).These findings illustrated that our un-
derstanding of the relative importance of environmental
factors influencing Chloroflexi distribution could be in-
creased with research utilizing a range of controlled and
manipulated nutrient and oxygen-level conditions. As
shown in Fig. 4, Proteobacteria and Acidobacteria (as rep-
resented of 49.8% of the bacterial clones) were dominant
in all the studied communities which indicated that these
phyla may not be largely affected by the changes in land
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use (Rampelotto et al. 2013). Moreover, quite a large por-
tion of effective bacterial sequences in this study (27.1%)
could not be assigned to any taxa at phylum level, indicat-
ing the extent of novel sequences captured by this study.

In conclusion, this work demonstrated that microbial
community composition and activity were affected by land
use types and might be used to assess the extent of recov-
ery of natural microbial-driven processes during wetland
restoration. The scope of this work could be extended by
utilizing a similar approach to investigate restoration in
similar and different types of wetlands, recovering from
similar and different types of agriculture, as well as grass-
land and forest restoration. A collection of studies that
provide detailed information would help to facilitate wet-
land soil management and increase our understanding of
the ecological process of natural habitat restoration.
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