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Abstract

The shift in belowground biodiversity driven by wetland degradation is a hotspot research in global change ecology. However,
little is known about the association of microbial diversity with alteration in soil environment along a degradation gradient.
This study aimed to identify the specific response of bacterial taxa to change in soil variables along wetland degradation
gradient, using Illumina high-throughput sequencing technology. Four stages, including primary wetland (for reference),
swamp meadow (transitional stage), meadow (degraded stage), and reclaimed wetland (severely degraded stage), were
employed to identify the abundance change of different bacterial taxa along degradation gradient in the Napahai plateau.
The relative abundance of dominant taxa, i.e., Acidobacteria (8.5-25.6%) and &-Proteobacteria (7.2-21.7%), varied with
wetland degradation. The primary and transitional stages distributed higher 8-Proteobacteria abundance (19-21.7%), while
degraded stages had higher Acidobacteria (22.7-25.6%). We observed a conspicuous decrease (1.5-5.3 times) in soil water,
organic matter, and total and available nitrogen, but a distinct increase (1.1-2.8 times) in carbon to nitrogen ratio, and total
phosphorus compared with primary wetland. The 8-proteobacteria abundance was mainly determined by concentrations of
soil water, organic matter, and total and available nitrogen, whereas Acidobacteria abundance was closely associated with
carbon to nitrogen ratio and total phosphorus. Therefore, our results indicate that alterations in edaphic variables (e.g., soil
water, carbon, nitrogen, and phosphorus) can serve as crucial predictors for shift in taxa abundance of bacterial community
along degradation gradient.
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Introduction

At present, predicting the influence of wetland degrada-
tion on global biodiversity has become a hotspot of global
change research, as wetlands are extremely sensitive to
human interference and global climate change (Mamo and
Bekele 2020; Aiza et al. 2021). Wetlands often suffer from
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serious degradation due to climate changes (e.g., increas-
ing temperature, decreasing precipitation) and human inter-
ference (e.g., anthropogenic drainage, peat exploitation,
and land reclamation) (Shen 2019; Cui et al. 2021). These
changes have resulted in a series of degradations in water,
soil, and vegetation of wetlands (Mamo and Bekele 2020).
For example, the artificial drainage for grain and livestock
production lowers wetland water table, resulting in gradual
disappearance of hydrophytes and the invasion of dominant
mesophytes (Hu et al. 2015). Ultimately, wetland degrada-
tion is subjected to strong recessions in native marsh soils.
This leads to loss of organic matter, humus, and peat horizon
from wetland soils, which may reduce microbial diversity
in soils (Steinmuller and Chambers, 2019). In particular,
wetland degradation can induce the change in aerobic and
anoxic soil conditions, affecting microbial composition and
diversity (Mandal et al. 2020). Thus, it is crucial to identify
how the wetland degradation can shape the change in micro-
bial community.
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The response of microbial community to wetland degra-
dation is important but unclear in predicting the alteration
in nutrient cycling of ecosystems. Soil bacteria account for
70-90% of the total soil microorganisms, which play key
roles in regulating biogeochemical cycles of wetland ecosys-
tems (Chapman et al. 2017). At present, the severe degrada-
tion of world’s wetlands had resulted in crucial effects on soil
bacterial communities (Lamsal et al. 2015). Furthermore,
bacterial communities can respond to alterations in wetland
soil environments more quickly than plants (Andersen et al.
2013; He et al. 2021). However, little is known about the
influencing extent of the increase or decrease of soil vari-
ations on taxonomic composition of bacterial community
during wetland degradation (Gu et al. 2018). Therefore, the
responses of bacterial groups to wetland degradation need
to be better determined for predicting their effects on soil
carbon and nitrogen cycling.

It is pivotal to determine the linkage of soil properties
(or biogeochemical cycling) with bacterial community dur-
ing wetland degradation. The edaphic variables can differ
in effects on bacterial community, as bacterial taxa have
different demands for soil water and nutrients (Bai et al.
2013; Panico et al. 2020). For example, soil bacterial taxa
such as copiotrophs or oligotrophs have distinct difference
of nutritional requirements (Koch 2001;Romero-Trigueros
et al. 2021). The change in soil variables can thus drive the
shift in bacteria composition and diversity during wetland
degradation (Gu et al. 2018). Wetland degradation can also
induce the alteration in abundance of specific bacterial taxa.
For example, Bacteroidetes were widely distributed in pri-
mary swamp wetlands, while a-Proteobacteria were more
dominant in degraded wetlands (Tang et al. 2012). The shift
in bacterial taxa may be critical for predicting the changes
in ecosystem composition and functioning. However, there
is limited knowledge about the response of specific bacte-
rial taxa to wetland degradation. Probably, the reduction of
soil nutrients due to wetland degradation results in a selec-
tive effect on specific bacterial taxa (Cederlunda et al. 2014;
Stone et al. 2021). Therefore, the change in specific bacterial
taxa would be valuable indicators for the changes in soil
nutrient environments during wetland degradation.

Napahai plateau wetlands are hot spots for conservation
of global biodiversity, as they are internationally famous for
their rich species and diverse habitats. However, Napahai
wetlands have suffered from a series of degradations due
to global change and human activities such as drainage and
farming since 1960s (Guo et al. 2013a, b; Luan et al. 2014).
These thus formed four typically degraded stages, includ-
ing primary wetland (PW, reference site), swamp meadow
(SM, transitional stage), meadow (M, degraded stage), and
reclaimed wetland (RW, severely degraded stage) (Lu 2018).
For this study, four stages (i.e., PW, SM, M and RW) along
a degradation gradient were employed to determine the
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response of bacterial communities to wetland degradation,
using [llumina high-throughput sequencing technology. The
specific queries of this study were (1) to explore the shift in
soil bacterial communities along degradation gradient, (2)
to identify the specific taxa governed by different soil varia-
tions, and (3) to link the possible association of specific bac-
terial taxa with soil variables. We hypothesized that (1) soil
bacterial communities vary with wetland degradation, and
(2) soil variations show different effects on specific bacterial
taxa during wetland degradation. Our research can provide
basic data for predicting the interaction of bacterial commu-
nity and soil variables during wetland degradation.

Materials and methods
Site trait

We conducted this study in the Napahai wetlands
(27°49'~55" N, 99°37'~43" E), which located in the north-
western transverse margin of Qinghai-Tibet Plateau, Shan-
grila, Yunnan, southwest of China. The wetlands have a typi-
cal western monsoon climate, characterized by high cold,
long frost period, low precipitation, and distinct dry—wet
seasons (Xiao et al. 2008). Mean annual precipitation is
about 620 mm, with 87% precipitation occurred in the wet
seasons (from May to October). The wetlands have specially
closed and semi-closed terrain, favor a high biodiversity, and
thus become hot spots for biodiversity conservation in the
world (Guo et al. 2013a, b). However, a series of degraded
wetland stages were formed due to global change and human
interference (e.g., draining and reclamation). Four stages
(i.e., PW, SM, M, and RW) along a degradation gradient
were applied to explore the response of bacterial community
to wetland degradation (Table 1; Figs. 1 and 2; Lu 2018).

Soil sampling and analysis

We randomly sampled three sites (50 X 60 m quadrats,
at least 200 m apart) for each of four degraded stages.
Three plots (10X 10 m, 20 m apart) were also randomly
sampled for each site. Soils were sampled in each repli-
cated site at 20 cm soil layer in January 2016. Soil cores
were taken from five points (20 X 20 cm, 3-m intervals),
and then thoroughly mixed into one composite sample for
each plot. Soil cores (5 cm diameter) were then sampled
to determine soil variables. One portion of these samples
was utilized to analyze soil water content (SW) gravimetri-
cally, while another portion was used for analysis of other
soil variables. A glass electrode was used for determining
soil pH in a 1:2.5 soil/water solution (w/v). The procedure
of external heating dichromate oxidation was applied to
determine soil organic matter (SOM). Kjeldahl digestion
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Table 1 Site characteristics along a degradation gradient in the Napahai plateau wetlands

Wetland type Site  Location Elevation/m Dominant plant species Soil type Hydrology human interference
Primary wetland PW1 E99°38'03" 3260 Hippuris vulgaris, Myri- Swamp soil ~ Perennial
N27°53’ pophyllum spicatum, Flooding
39" Potamogeton pectinatus (0.84~1.95 m), no interference
PW2 E99°38' 20"
N27°53"' 22"
PW3 E99°38' 26"
N27°53" 06"
Swamp meadow SM1 E99°38' 09" 3262 Sanguisorba filiformis, Meadow Seasonal flooding (0~0.21 m), low inter-
N27°53" 41" Deschampsia caespitosa,  bog soil ference
SM2 E99°38' 27" Carex pleistoguna
N27°53' 27"
SM3  E99°38' 36"
N27°53"' 08"
Meadow M1  E99°38' 17" 3266 Euphorbia jolkinii, Agrostis  Meadow soil No flooding, drainage
N27°53" 44" matsumurae
M2  E99°38' 36"
N27°53' 35"
M3 E99°38' 59"
N27°53" 11"
Reclaimewetland RW1 E99°38'29” 3279 Hordeum vulgare Brown soil ~ No flooding, drainage, farming, and no
N27°53"' 48" fertilization
RW2 E99°38' 41"
N27°53"' 39"
RW3 E99°38' 22"
N27°53" 16"

PW1, PW2, and PW3: three replicated primary wetlands; SM1, SM2, and SM3: three replicated swamp meadows; M1, M2, and M3: three repli-

cated meadows; RW1, RW2, and RW3: three replications of reclaimed wetlands

Fig.1 Sketch map of sampling

sites in the Napahai plateau
wetlands
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Fig.2 Ground landscape in dry
and wet seasons along a degra-
dation gradient in the Napahai
wetlands
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method was used for the analysis of total nitrogen (TN),  melting-flame photometry. Available phosphorus (AP)
and available nitrogen (AN) was analyzed by alkali diffu-  was measured by Mo—Sb colorimetric method. Avail-
sion method. The colorimetry of H,SO,~HCIO, elimina-  able potassium (AK) was analyzed by a flame photometry
tion—-Mo-Sb was applied to determine total phosphorus = method. All selected soil characteristics were determined
(TP), and total potassium (TK) was determined by NaOH by the method described by Lu 2004).
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DNA extraction and high-throughput sequencing

DNAs in soil samples were extracted using a Power-
Soil DNA Isolation kit (MoBio Laboratories, catalog no.
12888-50, USA), following the manufacturer’s instructions.
The extracted DNAs were checked by 1% agarose gel elec-
trophoresis, and then stored below — 20 “C until use.

The primers 341F: CCCTACACGACGCTCTTCCGA
TCTG (barcode) CCTACGGGNGGCWGCAG and 805R:
GACTGGAGTTCCTTGGCACCCGAGAATTCCAGACTA
CHVGGGTATCTAATCC were applied to amplify V3-V4
regions of the 16S rRNA gene. The primers contained 10-bp
multiplex identifiers (MIDs) and the Roche 454-pyrose-
quencing adaptor Lib-L (Zhao et al. 2016). The conditions
of first PCR amplification were 95 ‘C for 5 min with 27
cycles of three steps (i.e., 95 “C for 30 s, 55 °C for 30 s, and
72 °C for 30 s), with a final step at 72 “C for 10 min. TruSeq
DNA HT Sample Prep Kit (Catalog No. FC-121-2001, Illu-
mina) was applied to purify the PCR products, and a Quanti
Fluor TM-ST system (Promega Corporation, Madison, WI,
USA) was used for quantifying them. An Illumina Sequencer
Miseq platform (San Diego, CA, USA) was applied for high-
throughput sequencing in Sangon Biotech (Shanghai, China)
Co., Ltd. The obtained sequences were filtered by quality
and length control (Phred score threshold 25, length range
from 200 to 600 bp) (Embarcadero-Jiménez et al. 2016).

Grouping and statistical analysis

The sequences were clustered into operational taxonomic
units (OTUs) at 97% similarity threshold using the Mothur
program (http://mothur.org, version 1.30.1). Microbial
alpha diversity (i.e., Chao, ACE, and Shannon and Simp-
son index) was determined by Mothur for each sample
(Zhao et al. 2016). Principal component analysis (PCA)
was utilized to identify the relationship between spatial
soil heterogeneity and soil bacterial communities across
wetland degradation. The classifier of Ribosomal Data-
base Project (RDP) was applied to determine taxonomic
sequence classifications at an 80% confidence threshold,
according to recommended sequences in the length range
(Zhao et al. 2016; Embarcadero-Jiménez et al. 2016). A
one-way ANOVA (analysis of variance) was used to deter-
mine the differences of soil variables and bacterial com-
munity among the four degradation stages. Redundancy
analysis (RDA) was conducted to address the links of rela-
tive abundance of taxonomic groups with soil variations.
The correlation between soil variables and the relative
abundance of bacteria phyla was illustrated using Adobe
IMlustrator. Correlation matrix analyses were applied to
show the relationships between bacterial diversity and
measured soil variables. The association of OTUs rich-
ness and diversity to soil variations was examined by

correlation matrix analyses. The data were confirmed for
variance normality and homogeneity before analysis. Mul-
tiple comparisons were conducted through a Duncan test.
Means were compared by least significant difference test
(LSD) (P <0.05). The whole process was conducted on
computation with Canoco software (version 4.5, Centre
for Biometry, Wageningen, The Netherlands).

Result

Variation in soil variables along degradation
gradient

There was a distinct separation of soil variables in four
degradation stages, indicating that wetland degradation
resulted in a clear spatial heterogeneity for the develop-
ment of bacterial community (R>0.9, P <0.001) (Fig. 3).
Soil variables increased or decreased along wetland degra-
dation in the Napahai plateau (Table 2; P <0.01). The con-
centrations of SW, SOM, TN, and AN generally decreased
along degradation gradient, whereas there was an increase
in values of C/N and TP (Table 2). The highest concen-
trations of TK, AP, and AK were observed in reclaimed
wetland, while the lowest values were in meadow wetland
(Table 2). Soil pH also varied significantly among the
four degradation stages, with the lowest values observed
in reclaimed wetland (5.92 +£0.35; n=9, P <0.05). There-
fore, soil properties can differ in response to wetland
degradation.

1A @ PWI,PW2, and PW3
-
SMI, SM2, and SM3
M1, M2, and M3
B RWI, RW2, and RW3
<
0
\O
Q
N
<
1 -
qy &
o All ANOSIM P values less than 0.001
- and statistical R values more than 0.9
15 PCA1(72.7%) 1.5

Fig. 3 Principal component analysis (PCA) showing effect of wetland
degradation on spatial soil heterogeneity (e.g., SW, pH, and C, N, P,
K nutrients) in the Napahai plateau
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Table 2 Soil variables and

T2 . Primary wetland Swamp meadow Meadow Reclaimed wetland F value

bacterial diversity along a

degradation gradient in the SW (%) 106.15+7.41a  23.60+4.57b  2024+3.13c  20.00+4.74c 662.35%*

Napahai plateau wetlands pH 7824051a  697+031b 5924035  7.99+0.55a 58.09%*
SOM (gkg™)) 138.2+12.87a  81.31+4.36b 48.63+19.79c  50.8+9.73¢c 50.77%*
TN (gkg™h) 9.22+0.60a 4.93+0.94b 1.17+0.13¢c 1.74+0.77c 558.72%*
C/N 8.75+1.10c 9.82+1.94b 2422+23la 16.87+1.73a 4.50%*
AN (mgkg™") 627.75+8.88a  414.84+8.07b  308.92+14.09c  254.00+14.29d 1439.66%*
TP (gkg™) 0.64+0.03d 0.94 +0.06b 0.73+0.02¢c 1.33+0.09a 97.31%*
AP (mgkg™)) 6.78+0.47b 6.82+0.41b 3.87+041c 38.63+1.52a 1146.49%*
TK (gkg™h) 10.76 +1.07¢c 11.77+0.88b 7.38+0.55d 15.13+1.28a 51.77%*
AK (mgkg™") 176.76+10.80c  225.16+8.87b 104.35+8.31d  432.45+13.72a 4835.86%*
Shannon index 6.22+0.04c 6.74+0.21b 7.05+0.12b 7.27+0.14a 42.32%*
ACE index 5621.92+21.62c 7052.64+54.93b 7077.45+41.85b 7175.53+100.14a 413.11%**
Chao index 5173.33+24.61c 6627.94+44.62b 6707.26+67.43b 6813.38+95.26a  318.25%*
Simpson index 13.75+0.63a 6.34+0.22b 4.32+0.21b 2.01+0.20c 704.83%*

Values are means + SE within four degradation stages for each measured soil properties. The different let-
ters in the rows were significant difference (P <0.05). Shannon, ACE, Chao, Simpson are indicators of
bacterial diversity. The different letters in columns are significant differences (P <0.05)

SW soil water, SOM soil organic matter, TN total nitrogen, C/N ration of C to N, AN available nitrogen, 7P
total phosphorus, AP available phosphorus, 7K total potassium, AK available potassium

Alteration of soil bacterial taxa along degradation
gradient

Soil bacterial communities had similar assemblages,
with 12 major phylum present at four stages of degrada-
tion succession in the Napahai plateau wetlands (Fig. 4:
P <0.05). The composition of bacterial communities
was dominated by average abundances of Acidobacte-
ria (17.3%) and 8-Proteobacteria (14.6%). The common
taxa were a-Proteobacteria (8.6%), Firmicutes (7.8%),

Fig.4 Effect of wetland degra-
dation on taxonomic composi-
tion of bacterial communities in
the Napahai plateau. PW, SM,
M, and RW were primary wet-
land, swamp meadow, meadow,
and reclaimed wetland,
respectively. PW1, PW2, and
PW3: three replicated primary
wetlands; SM1, SM2, and
SM3: three replicated swamp
meadows; M1, M2, and M3:
three replicated meadows; RW1,
RW2, and RW3: three replica-
tions of reclaimed wetlands

2.3
(=)
1

70 4 ]
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B-Proteobacteria (71.3%), y-Proteobacteria (6.1%), Act-
inobacteria (6.0%), Chloroflexi (6.0%), Bacteroidetes
(5.4%), Verrucomicrobia (5.2%), Planctomycetes (4.1%),
and Gemmatimonadetes (2.3%) (Fig. 4). These bacterial
groups together accounted for 90.8% (on average) of the
taxa obtained from soils in the four stages (Fig. 4).

We observed that the relative abundances of bacte-
rial taxa varied markedly along degradation succession
(Fig. 4). In primary wetland, the average relative abun-
dance of Acidobacteria was the lowest (8.5%), while that

M Other
Gemmatimonadetes
Planctomycetes

Verrucomicrobia

Bacteroidetes
. M Actinobacteria
Chloroflexi
Firmicutes
M Acidobacteria
M B-Proteobacteria
M r-Proteobacteria
M a-Proteobacteria
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of &-Proteobacteria was higher in initial (19.0% in pri-
mary wetlands) and transitional (21.7% in swamp mead-
ows) stages than in the degraded stages (i.e., meadows
and reclaimed wetlands). The abundances (8.2-9.6%) of
B-Proteobacteria, y-Proteobacteria, Chloroflexi, and Bac-
teroidetes were the highest in primary wetlands (P <0.01),
whereas a-Proteobacteria (12.8%) and Gemmatimonadetes
(3.6%) were the most abundant in reclaimed wetlands.
The abundances of 8-Proteobacteria (21.7%) and Firmi-
cutes (14.3%) were highest in swamp meadow, but those
(7.5-25.6%) of Acidobacteria, Actinobacteria, Planctomy-
cetes, and Verrucomicrobia were the highest in meadows.
Soil bacterial community was dominated by
S-Proteobacteria in primary wetland, while 8-Proteobacteria
and Firmicutes were the dominate groups in swamp meadow
(Fig. 4). The soil bacterial community was dominated by
Acidobacteria, Verrucomicrobia, and 8-Proteobacteria in
meadow, whereas Acidobacteria and a-Proteobacteria were
the main groups in reclaimed wetland. The OTU richness
and indices of Shannon, ACE, and Chao of bacterial com-
munities were lower, but Simpson index was higher in pri-
mary wetlands than in transitional (swamp meadows) and
degraded wetlands (i.e., meadows and reclaimed wetlands)
(Table 2; P <0.01). In conclusion, wetland degradation can

exert a significant effect on relative abundance, composition,
and diversity of soil bacterial communities.

Response of bacterial taxa to change in soil
variables

Wetland degradation resulted in a significant alteration in
soil variables (Table 2), which exerted a positive or nega-
tive effect on bacterial community composition (Fig. 5).
Soil C/N and TP had positive association with the abun-
dances of a-Proteobacteria, Acidobacteria, Actinobac-
teria, Verrucomicrobia, Planctomycetes, and Gemmati-
monadetes (r=0.58-0.90; P <0.05 and 0.01), while AP
and AK were only positively related with those of Act-
inobacteria and Verrucomicrobia (r=0.55-0.76; P <0.05
and 0.01: Figs. 5 and 6). The abundances of Bacteroidetes
and y-Proteobacteria had positive responses to changes
in soil pH and TK (r=0.50-0.87; P < 0.05 and 0.01). The
abundances of 8-Proteobacteria, p-Proteobacteria, Chlor-
oflexi, and Bacteroidetes were positively correlated with
the changes in SW, SOM, TN, and AN along the wetland
degradation (r=0.51-0.93; P <0.05 and 0.01: Figs. 5 and
6). In primary wetland, soil pH and TK had main effects
on Bacteroidetes abundances, while y-Proteobacteria and

1.0

O SM3

Al §-Proteobacteria
A2 a-Proteobacteria
A3 r- Proteobacteria
A4 B-Proteobacteria
A5 Acidobacteria
A6  Firmicutes

RDA2 (23.8%)

O
RW2

-1.0

A7 Chloroflexi

A8 Actinobacteria
A9 Bacteroidetes
A10 Verrucomicrobia
All Planctomyctetes
Al12 Gemmatimonadetes
Al13 Other

Al3

-1.2 RDALI (60.7%)

Fig.5 Redundancy analysis (RDA) showing effect of wetland deg-
radation on bacterial community ordination based upon the relative
abundance of bacterial taxonomic groups and measured soil prop-
erties. SW soil water, SOM soil organic matter, TN total nitrogen,
C/N ration of C to N, AN available nitrogen, TP total phosphorus,
AP available phosphorus, TK total potassium, AK available potas-

1.0

sium. PW, SM, M, and RW were primary wetland, swamp meadow,
meadow, and reclaimed wetland, respectively. PW1, PW2, and PW3:
three replicated primary wetlands; SM1, SM2, and SM3: three repli-
cated swamp meadows; M1, M2, and M3: three replicated meadows;
RWI1, RW2, and RW3: three replications of reclaimed wetlands
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Fig.6 Adobe illustrator for cor-
relation between soil properties

-0.855%*

-0.919%*

and the relative abundance of
soil bacteria phyla in the Napa-
hai plateau wetlands
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Chloroflexi abundances were obviously affected by SOM,
TN, and AN (Fig. 5). The abundances of Acidobacteria,
Actinobacteria, and Verrucomicrobia were affected by
C/N and TP in meadow and reclaimed wetlands (Fig. 5).
Soil variables had close associations with OTUs rich-
ness and diversity of soil bacterial communities during
wetland degradation (Fig. 7). We observed a positive
prediction for the changes in OTU richness of bacterial
communities by TP (r=0.67, P <0.05), while a negative
prediction by the concentrations of SW, SOM, TN, and
AN (r from —0.93 to—0.98, P <0.01: Fig. 7). The diver-
sity (i.e., Shannon, ACE and Chao indices) of bacterial
community was negatively related with SW, SOM, TN,
and AN (r from —0.86 to — 0.99, P <0.01), but positively
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related with TP (r=0.64-0.78, P <0.05: Fig. 7). Simp-
son index was positively related with SW, SOM, TN, and
AN (r=0.95-0.99, P <0.01), but negatively related with
TP (r=—-0.72, P <0.05). In particular, soil AP only had
a positive association with Shannon diversity (Fig. 7;
r=0.64, P <0.05).

Discussion

Effect of wetland degradation on soil variables

Understanding the process of wetland degradation is crucial
for land management, as wetland diversity and functioning
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have been severely affected by global change and anthropo-
genic activities (Cui et al. 2018). The wetland degradation
often results in soil degradation from protogenic swamp to
degraded meadow, and even reclaimed wetland (Guo et al.
2013a, b). This deterioration can lead to a loss of soil humus
and peat horizon, and a decrease in some soil nutrients,
which affects bacterial diversity and ecosystem functions
(Luan et al. 2014; Steinmuller and Chambers 2019). For this
study, the pronounced decrease in soil organic matter and
total nitrogen may be attributed to the fact that nutrient min-
eralization was promoted by increased soil permeability due
to decreased soil and surface water content during primary
wetland degraded into reclaimed land (Fang et al. 2020). In
contrast, the conspicuous increase in concentrations of phos-
phorus and potassium may be owing to increased nutrient
release through the mineralization of soil organic matter, as
richer soil oxygen in degraded wetland can result in higher
microbial activity compared with primary wetland (Bostic
et al. 2010). The degradation of soil fertility can shape bac-
terial composition and diversity, as well as bacterial accli-
matization and evolution (He et al. 2021; Yang et al. 2016).
Therefore, information about alterations of soil variables
along wetland degradation may be crucial for predicting the
effect of wetland degradation on bacterial community.

Effect of wetland degradation on bacterial
abundance composition

The wetland degradation often results in alterations of soil
biogeochemical cycling (or soil properties), which can
shape bacterial abundance composition. It may be attrib-
uted to the specific effects of soil variables on metabolic
path and growth of soil bacteria (Buckley et al. 2006; He
et al. 2021). For this study, different metabolic types of soil
bacterial taxa had differed responses to the alternations in
soil carbon and nitrogen availability during wetland degra-
dation. The abundances of copiotrophic &-Proteobacteria
were higher in primary and transitional wetlands where
there were higher concentration of carbon and nitrogen in
soils. The Proteobacteria (e.g., Deltaproteobacteria and
Betaproteobacteria) are often stimulated in nutrient-rich
soil environment (Zhang and Xu 2008; Roskea et al. 2012).
In contrast, oligotrophic Acidobacteria were more abun-
dant in degraded soils where there were lower carbon and
nitrogen concentrations, as they include many oligotrophs
that prefer for less organic matter (Nemergut et al. 2010;
Ling et al. 2021). Therefore, the change in soil nutrients
can be important for predicting the shift in bacterial com-
munity along wetland degradation.

@ Springer
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The alteration in water table during wetland degrada-
tion directly affects oxic-anoxic interfaces and indirectly
changes the status of soil nutrients, which ultimately gov-
erns bacterial composition and abundance (Jaatinen et al.
2007; Tian et al. 2012). The primary wetland usually favors
anoxic, neutrophilic, and copiotrophic bacteria, while the
degraded wetland facilitates the development of oxic,
eosinophilic, and oligotrophic bacteria (He et al. 2021,
Zhang et al. 2020). This was why soil pH and total potas-
sium had main contribution to the change in Bacteroidetes
abundances, and soil organic matter and total and available
nitrogen facilitated the development of y-Proteobacteria
and Chloroflexi in primary and swamp wetlands. In con-
trast, there was a greater contribution of carbon/nitrogen
ratio to the abundances of Acidobacteria, Actinobacteria,
and Verrucomicrobia in meadow and reclaimed wetlands.
Furthermore, soil variables differed in effects on bacterial
groups that had different behaviors of nutrient adsorption
and immobilization during wetland degradation (Feng
et al. 2020). The increase in concentrations of soil water,
soil organic matter, and total and available nitrogen obvi-
ously facilitated the development of d-Proteobacteria and
B-Proteobacteria, through affecting the fixation pathways
of autotrophic carbon and nitrogen (Jesser et al. 2013). In
particular, p-Proteobacteria abundance can be stirred by
soil phosphorus through increase of polyphosphate accu-
mulations and ribosomal RNA synthesis (Liu et al. 2021).
Therefore, wetland degradation differed in modifications
on soil variables, which can exert specific effects on the
abundance composition of soil bacterial communities.

Effect of wetland degradation on bacterial diversity

Wetland degradation had a crucial regulation on OTU
richness and diversity of bacterial community. During
the wetland degradation, the abundance of dominated
taxa (e.g., Acidobacteria and a-Proteobacteria) was
decreased, which unexpectedly resulted in an increase
in bacterial diversity. Some studies found that bacterial
diversity decreased along wetland degradation, which may
be closely linked with increased soil pH (Tang et al. 2012).
In contrast, our results observed that the decreased bac-
terial diversity was closely related with the increase in
concentrations of total and available phosphorus during
wetland degradation. This is similar with some other
studies that reported the association of total and available
phosphorus with bacterial OTUs and diversity (Huang
et al. 2016; Zhou et al. 2020). A number of mechanisms
can explain this association. Soil microbes need a lot
of phosphorus to meet their metabolisms and growths
(Turner et al. 2013). Some studies documented that soil
phosphorus directly accelerated the abundance of specific
bacterial taxa through stirring the growth of their cells

@ Springer

(Marks et al. 2019), which may affect bacterial diver-
sity. Therefore, our results indicate that total and avail-
able phosphorus are good predictors for shift in bacterial
diversity along wetland degradation. Our findings can be
crucial in determining how the wetland degradation can
affect soil bacterial community. Furthermore, the shift in
specific bacterial taxa may be valuable in predicting the
effect of wetland degradation on biogeochemical cycling
of ecosystem.

Conclusions

Our results showed that wetland degradation changed bacte-
rial community from copiotrophs to oligotrophs. The shift in
abundance composition and diversity of soil bacterial com-
munities was governed by specific soil variables. Wetland
degradation severely decreased the concentrations (1.5-5.3
times) of soil water, soil organic matter, and total and avail-
able nitrogen, disfavoring the development of copiotrophic
8-Proteobacteria and Bacteroidetes. In contrast, wetland
degradation strongly increased (1.1-2.8 times) the ratio of
carbon to nitrogen, which increased the abundances of oligo-
trophic Acidobacteria and a-Proteobacteria. Furthermore,
the increases in total and available phosphorus were closely
linked with increased OTU richness and diversity of bacte-
rial communities along wetland degradation. Therefore, soil
properties exert a crucial effect on nutrient metabolism and
development of specific bacterial taxa, which can serve as
crucial predictors of the shift in bacterial community com-
position and diversity.
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