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Abstract
Understanding how microorganisms respond to environmental disturbance is one of the key focuses in microbial ecology.
Ammonia-oxidizing bacteria (AOB) and archaea (AOA) are responsible for ammonia oxidation which is a crucial step in the
nitrogen cycle. Although the physiology, distribution, and activity of AOA and AOB in soil have been extensively investigated,
their recovery from a natural disturbance remains largely unknown. To assess the recovery capacities, including resistance and
resilience, of AOA and AOB, soil samples were taken from a reservoir riparian zone which experienced periodically water
flooding. The samples were classified into three groups (flooding, recovery, and control) for a high-throughput sequencing and
quantitative PCR analysis. We used a relative quantitative index of both the resistance (RS) and resilience (RL) to assess the
variation of gene abundance, alpha-diversity, and community composition. The AOA generally demonstrated a better recovery
capability after the flooding disturbance compared to AOB. In particular, AOAwere more resilient after the flooding disturbance.
Taxa within the AOA and AOB showed different RS and RL values, with the most abundant taxa showing in general the highest
RS indices. Soil NH4

+ and Fe2+/Fe3+ were the main variables controlling the key taxa of AOA and AOB and probably influenced
the resistance and resilience properties of AOA and AOB communities. The distinct mechanisms of AOA and AOB in main-
taining community stability against the flooding disturbance might be linked to the different life-history strategies: the AOA
community was more likely to represent r-strategists in contrast to the AOB community following a K-life strategy. Our results
indicated that the AOA may play a vital role in ammonia oxidation in a fluctuating habitat and contribute to the stability of
riparian ecosystem.
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Introduction

Disturbance is defined as a discrete event, force, or process, of
either abiotic or biotic origin, that results in changes in the
relative abundance and diversity of organisms, or in their com-
munity composition [1, 2]. Disturbances occur at different
scales, frequencies, intensities, and periodicities [3]. They
can be divided into Bpulse^ or Bpress^ disturbance according
to their duration and impact. In general, pulse disturbances are
relatively discrete, short-term events, whereas presses are long
term or continuous [4]. In natural ecosystems, disturbances
frequently come from regime shifts such as fire or flooding
cycles [2, 5, 6], which cause changes in community composi-
tion arising from a shift between alternative stable states.

Microbial communities show different strategies in
responding to environmental disturbances. In some cases, mi-
crobial groups show a high degree of metabolic flexibility and
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physiological tolerance which makes them resistant against
changing environmental conditions [7]. Resilient microbial
communities may experience changes in composition in re-
sponse to unfavorable conditions; however, they may still re-
cover quickly, whether by fast growth rates, physiological ad-
aptation, or rapid evolution [8]. Whether or to what extent a
community could recover from a disturbance depends on the
strength and duration of the disturbance [9, 10]. Understanding
how microbial guilds respond to cycles of disturbance and the
recovery process can reveal important relationships between
community structure and ecosystem functions, especially in
the context of global climate change with predictable increas-
ing in extreme drought or precipitation events [11].

Ammonia oxidation, which is often the rate-limiting step of
nitrification in a wide variety of environments [12], is a critical
ecosystem process. It has been long assumed that autotrophic
ammonia oxidation is exclusively performed by bacteria (am-
monia-oxidizing bacteria (AOB)); however, the isolation of
marine ammonia-oxidizing archaea (AOA), Candidatus
‘N. maritimus’ [13], initiated extensive studies on the physi-
ology [14], distribution [15–17], and role of Archaea in am-
monia oxidation [18, 19]. The distributions and relative roles
of AOA and AOB are often differentiated by environmental
conditions, which is probably due to the distinct physiologies
between Archaea and Bacteria. For instance, AOA tend to
dominate at low pH (3.7–5.8) [16, 20], and are nearly ten
times more abundant than AOB in a low-oxygen (0.1–
0.2 mM) subterranean estuary [21]. Other key factors affect-
ing the relative importance of these two groups include am-
monium level [13, 14], temperature [22], and salinity [21].

More recent studies have been paying attention to the re-
covery of ammonia oxidizers after environmental distur-
bances. A microcosm-based study showed that the AOA
abundance and community composition were less resistant
to changes than AOB, and niche differentiation of AOA and
AOB associated with ammonia concentration was proposed
[23]. Compared to AOB, the AOA had better adaptability to
oxygenated/hypoxic alternant conditions as evidenced by the
increased AOA operational taxonomic unit numbers and the
higher AOA/AOB ratios of abundance [24]. The recovery
abilities of AOA and AOB are thus key traits in determining
their roles in ammonia oxidation in the environment, since
most habitats are subject to disturbances over time.
However, the recovery capacities, including resistance and
resilience, of AOA and AOB remain largely unclear.

Here, we investigated the recovery capacities of AOA
and AOB in soils from a riparian zone of the Three
Gorges Reservoir (TGR) in China. The Three Gorges
Dam is the world’s largest hydroelectric project. The
riparian area of the TGR is directly affected by the
water-level fluctuation ranging from 145 m in summer
up to 175 m in winter since the Dam started full oper-
ation in 2010 [25]. The frequent and dramatic water

fluctuation turns the original terrestrial ecosystem into
a seasonal wetland ecosystem. The original vegetation
species failed to survive under the prolonged submer-
gence condition during the high water-level stage and
died out [26]. Therefore, the TGR riparian zone is cur-
rently at an early stage of secondary succession. So far,
studies have focused mainly on vegetation restoration
[27] and nutrient turnover [28], but relatively little at-
tention has been paid to the recovery of soil microor-
ganisms which is essential in restoring and supporting
the riparian ecosystem functions.

We specifically hypothesized that (i) due to niche dif-
ferences, the AOA and AOB might structure differently in
their response to flooding disturbance, and (ii) the differ-
ences in the community structure of AOA and AOB com-
munities might lead to different recovery processes after
disturbance. To test these hypotheses, we showed the re-
sponses and recovery processes of the AOA and AOB
communi t ies us ing qual i ta t ive (high- throughput
sequencing) and quantitative (qPCR) analyses of archaeal
and bacterial amoA genes against flooding disturbance.
Furthermore, we studied the link between community
structure and recovery capacities by identifying the key
taxa of the AOA and AOB communities.

Materials and Methods

Study Site and Sampling Strategy

The riparian zone undergoes periodically water flooding with-
in a year. Accordingly, the riparian soil is flooded for 39–
273 days at different elevations, while it is re-exposed to at-
mosphere and returns to dry state during the rest of the year
(the rotations of flooding and exposure, and the respective
durations are listed in Table S1).

Four field sampling surveys were conducted in the riparian
zone of Baijiaxi (31° 09′ 02″ N, 108° 33′ 45″ E) which is
located in a wetland nature reserve with limited impact of
human activities (Fig. 1). The zonal soil type is mainly purple
soil developed from purple gritstone, and the soil texture is
dominated by silt clay. The climate of the study area is char-
acterized by a humid mid-subtropical monsoon type. The an-
nual mean air temperature is 10.8–18.5 °C, and the annual
precipitation is about 1200 mm with a rainy season for about
6 months.

The water level of the study area rises periodically to the
highest level (174–175-m elevation) in November and then
decreases to the lowest level (at 150 m) in May of the follow-
ing year. Sampling sites were set at 5-m intervals in one tran-
sect along the elevation gradient. Samples were taken on 10
October 2013 and 1 April 2014, 23 September 2014, and 6
May 2015, representing the beginning and later stages of
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water flooding within two inundation cycles, respectively
(Fig. 2). A site at 175.5 m, which had never been flooded in
recent years, was used as a control site.

Sampling and Sample Classifications

Soil samples (0–10-cm depth) above water level were collect-
ed using a stainless steel core sampler, while samples below
water level were collected with a Petersen grab. Soil samples
were taken away from plant stands to minimize the influence
of vegetation. Three parallel subsamples were collected and
mixed thoroughly to form one composite sample from each
sampling site. Each collected composite sample was divided
into two portions. One was stored at 4 °C for physicochemical
analysis, and the other one was stored at − 20 °C for DNA
extraction and downstream molecular analysis.

Three groups of samples were formed according to the state
of the flooding: unflooded sites were used as control group (4
soils), sites below the water-level at the sampling date
(flooding group, 13 soils), and sites where the water was

receded at the sampling date (recovery group, 7 soils)
(Table S1).

Analytical Procedures of Physicochemical Properties

Soil properties of the pH and concentrations of NH4
+, NO3

−,
organic matter (OM), total carbon (TC), total nitrogen (TN),
total sulfur (TS), ferrous iron (Fe2+), and ferric iron (Fe3+)
were analyzed. The C/N ratio was calculated from the TC
and TN results. The Fe2+–Fe3+ system often acts as an electron
carrier; therefore, the Fe2+/Fe3+ ratio was employed as an in-
dicator to estimate the redox conditions in soil [29, 30]. The
soil pH was measured after shaking with MilliQ water at a
soil/water ratio of 1:5. The NH4

+ and NO3
− were determined

by flow injection analysis (FIA Star 5000, FOSS Tecator,
Sweden) after extraction with a 2 M KCl solution. The soil
OM was measured according to LOI550 (loss on ignition at
550 °C) [31]. The contents of TC, TN, and TS were measured
with an Element Analyser (Vario EL cube, Elementar,
Germany). The Fe2+ was measured by o-phenanthroline

Fig. 2 Water-level fluctuation
and sampling site distribution at
six elevations within a riparian
zone. Sampling dates are marked
by arrows with corresponding
water levels. Daily data of water
level were obtained from the
China Three Gorges Corporation
(http://www.ctg.com.cn/)

Fig. 1 Location of the study area
in the Three Gorges Area (TGA),
China. Along an elevation
gradient, sampling sites were set
up at 5-m intervals ranging from
170 to 150 m in elevation.
Samples at 175.5-m elevation
(unflooded during the study
period) were used as a control.
Respective views in summer and
winter of sampling location are
also presented
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spectrophotography at an absorbance of 520 nm (UV-1750,
Shimadzu, Japan) after extraction with a 0.1 M Al2(SO4)3
solution (pH = 2.5). Fe3+ was determined from the subtraction
of the measured total iron (the reduced Fe2+ by hydroxylamine
hydrochloride and inherent Fe2+ in the extract solution) and
inherent Fe2+ measured directly by o-phenanthroline
spectrophotography [32]. All the analyses were carried out
in triplicate.

DNA Extraction and Quantitative PCR

Soil DNA was extracted according to the manufacturer’s in-
struction using the PowerSoil DNA Isolation Kit (Mobio,
USA). The DNA concentration was determined using a
NanoVue Plus Spectrophotometer (GE Healthcare, UK), and
the DNA quality was checked by 1% (weight/volume) aga-
rose gel electrophoresis.

The abundances of archaeal and bacterial amoA genes were
measured by quantitative PCR (qPCR) using primer sets
Arch-amoAF/Arch-amoAR [15] for AOA and amoA-1F/
amoA-2R [33] for AOB. Standard curves were constructed
with plasmid DNA containing archaeal and bacterial amoA
genes fragments. The 20-μL reaction mixtures contained
10 μL SYBR® Premix Ex Taq™ II (Takara, Japan), 0.4 μL
ROX Reference Dye (Takara, Japan), 0.3 μL (10 pmol μL−1)
of both forward primer and reverse primers, 8 μL sterilized
water, and 1 μL template DNA (ca. 1 ng). Quantitative PCR
assay was performed in a ABI ViiA™ 7 (Applied Biosystems,
USA) using an initial denaturation of 95 °C for 2 min, 40 cy-
cles of 20 s at 95 °C, 30 s at 55 °C for AOA or 59 °C for AOB,
and 1 min at 72 °C. The specificity of each amplicon was
checked by melting-curve analysis. The qPCR efficiencies
were 92–108% (R2 > 0.991) for AOA and 91–101% (R2 >
0.996) for AOB, respectively.

Amplification and High-Throughput Sequencing

The amoA genes were amplified using the same primer
sets as mentioned above with appropriate barcodes
(10 bp). The amplification was carried out using an ABI
GeneAmp® 9700 with the programs identical to the
above mentioned. The PCR products were purified using
an AxyPrep DNA Gel Extraction Kit (Axygen, USA).
Prior to sequencing, the DNA concentration of each
PCR product was measured by the QuantiFluor™-ST blue
fluorescence system (Promega, USA). Subsequently, puri-
fied amplicons were pooled in equimolar amounts and
paired-end (PE) sequenced (2 × 300) on an Illumina
MiSeq PE300 pla t form at Majorbio Bio-Pharm
Technology Co., Ltd., Shanghai, China (http://www.
Majorbio.com).

Sequence Analysis

Raw fastq files were demultiplexed and quality-filtered using
Trimmomatic (version 0.30). The sequences with low quality
(average quality score < 20 and length < 50 bp) were removed.
Sequences exactly matching their barcode and primers were
kept, and barcode and primer sequences were removed. The
remaining high-quality sequences were clustered into opera-
tional taxonomic units (OTUs) using the Usearch pipeline
(version 7.0, http://drive5.com/uparse/) at 85% identity for
AOA [34] and 88% identity for AOB [35], which equals
about 97% identity of 16S rRNA genes [36]. The
representative sequence of each OTU was blasted against
the NCBI database (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
to exclude the non-amoA gene OTUs. Neighbor-joining phy-
logenetic trees were constructed by aligning representative
sequences together with reference sequences using 1000 boot-
strap replicates using MEGA 5 [37]. The reference sequences
were retrieved from the NCBI database by their accession
numbers as obtained from previous studies [36, 38–40]. The
raw data of the high throughput sequencing were deposited in
NCBI Sequence Read Archive (SRA, http://trace.nvbi.nlm.
nih.gov/Traces/sra/sra.cgi) under the accession number
PRJNA416222.

Quantification of Resistance and Resilience

A relative quantitative measurement of resistance and resil-
ience was used to compare the response of ammonia-
oxidizing communities to disturbance. The resistance (RS)
index was calculated for ammonia-oxidizing amoA gene
abundances, alpha-diversity, and the relative abundance of
key ammonia-oxidizing taxa, accounting for the differences
in the amount of change that a disturbance could cause. The
equation for RS index was as follows [41]:

RS ¼ 1−
2jC0−P0j

C0 þ jC0−P0jð Þ

C0 and P0 are the values of variables in the control soil and
flooding affected soil, respectively. The RS is bounded by − 1
and + 1, with + 1 showing that the water flooding had no effect
(maximal resistance) and lower values showing stronger ef-
fects (less resistance).

The resilience (RL) index was calculated as follows [41]:

RL xð Þ ¼ 2jC0−P0j
jC0−P0j þ jCx−Pxjð Þ −1

C0 and P0 are the values of variables in the control soil and
flooding affected soil, respectively. Cx and Px are the values of
ammonia oxidizers relevant variables in the control soil and
recovery soil, respectively. In this study, the value of C0 was
equal toCx. The RL is also bounded by − 1 and + 1, where + 1

1044 Ye F. et al.

http://www.majorbio.com
http://www.majorbio.com
http://drive5.com/uparse/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://trace.nvbi.nlm.nih.gov/Traces/sra/sra.cgi
http://trace.nvbi.nlm.nih.gov/Traces/sra/sra.cgi


indicates complete recovery (maximal resilience) and lower
values represent a slower rate of recovery.

Statistical Analysis

Alpha-diversity indices of Shannon diversity, Chao1 richness,
and Shannon-based community evenness were calculated
with OTU data. Alpha-diversity and rarefaction analysis were
calculated using the program Mothur (version v.1.30.1). The
difference of AOA and AOB amoA gene abundances, alpha-
diversity, and relative abundances of AOA and AOB taxa
among the three sample groups were calculated based on in-
dependent sample t test and repeated measures ANOVA (IBM
SPSS Statistics 20.0 for Windows). Pearson correlations were
used for archaeal abundance and soil properties (IBM SPSS
Statistics 20.0 for Windows). A two-way permutational mul-
tivariate analysis of variance (PerMANOVA) was calculated
on OTU level to imply the dissimilarity of AOA and AOB
community compositions between the sample groups based
on Bray-Curtis distance with 999 permutations in the R plat-
form (version 3.0.1, vegan package). Community structures
and correlation with physicochemical properties were ana-
lyzed with redundancy analyses (RDA; 999 Monte Carlo per-
mutation tests) using CANOCO 5 software. Graphs were gen-
erated using ORIGIN 9.0 software.

Results

Physochemical Characteristics of Sampling Sites

Clear influences from water flooding were observed on soil
NH4

+, NO3
−, pH, TS, and Fe2+/Fe3+. The lowest NH4

+, pH,
TS, and Fe2+/Fe3+ were observed in the control group, and the
highest values were observed in the flooding group (Fig. S1).
Contrarily, the lowest NO3

− concentration was observed in the
flooding group, being significantly lower compared to the
control group (P < 0.05). For the parameters of OM, TC,
and TN, minor variations were observed between the three
groups.

Community Structures of Ammonia Oxidizers
Responding to Flooding Disturbance

Abundance of AOA and AOB

The copy numbers of AOA and AOB amoA genes ranged from
1.3 × 106 to 6.6 × 108 and 1.6 × 104 to 1.5 × 107 copies (g d.w.s,
gram dry weight soil)−1, respectively (Fig. 3). The control group
showed the highest abundance of AOA and AOB at 2.0 × 108

and 4.3 × 106 copies (g d.w.s)−1, respectively. Since the abun-
dance of AOA and AOB decreased respectively to 5.9 × 107

and 2.1 × 106 copies (g d.w.s)−1 after flooding, water flooding

appeared to have a negative effect on the abundance of both
AOA and AOB in the riparian soil. Significant differences in
the AOA abundances were observed between the flooding and
recovery groups (P < 0.05) (Fig. 3). Significant differences (P <
0.01) were found comparing AOA and AOB from the recovery
and flooding groups (Fig. 3).

Alpha-Diversity of AOA and AOB

Because rhythm of flooding fluctuation at level of 160 m is
almost identical with that at 165 m, the samples collected at
160-m elevation were excluded from analysis, resulting 20
samples for both AOA and AOB. A total of 239,920 high-
quality sequences (6519–17,421 sequences per sample) for
AOA and 435,119 (11,803–32,325 sequences per sample)
for AOB were obtained across the 20 samples, respectively.
Sequences were rarified to an even sequencing depth of 6500
per sample according to the minimum sequences of samples.
In total, 15 and 17 unique OTUs for AOA and AOB were
obtained, respectively. The Good’s coverages of the amoA
gene were around 99.9%, indicating that the sequencing effort
covered a significant amount of the richness in the examined
samples (Table S2).

Alpha-diversity indices including Shannon diversity,
Chao1 richness, and Shannon evenness of AOA and AOB
community were assessed based on the amoA gene-targeted
high-throughput sequencing data (Fig. 4).

In the AOA community, the highest values in all
alpha-diversity indices were observed in the flooding
group and the lowest values in the control group.
Statistical differences between the flooding and recovery
groups were observed on Shannon diversity and Chao1
richness (P < 0.05), indicating the Shannon diversity
and Chao1 richness in the recovery group were more
close to those of the control group (Fig. 4).

In the AOB community, we did not observe any alpha-
diversity gradient like in the AOA community (Fig. 4). The
highest values of the three indices were also observed in the
flooding group, but the lowest ones were observed in the
recovery group. Statistically significant differences between
the recovery and flooding groups were observed on all the
three indices (P < 0.01). In addition, the Shannon diversity
and evenness in the recovery group were significantly lower
than those of the control group (P < 0.05).

Shannon diversity and Chao1 richness of AOA were
positively correlated with soil NH4

+ (P = 0.012 and
0.005, respectively) (Table S3). Moreover, the Chao1
richness of AOA was also positively correlated with
the Fe2+/Fe3+ ratio (P = 0.000) and negatively correlated
with soil NO3

− (P = 0.008). In contrast, the Shannon
evenness of AOA did not show significant correlation
with any of the measured soil properties. Similarly, the
Shannon diversity and Chao1 richness of AOB showed
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positive correlations with NH4
+ (P = 0.001 and 0.000, respec-

tively) and Fe2+/Fe3+ (P = 0.014 and 0.000, respectively). The
AOB Chao1 richness was also negatively correlated with NO3

−

(P = 0.042). In contrast to the Shannon evenness of AOAwhich
did not correlate with any of the measured soil properties, the
Shannon evenness of AOB was positively correlated with NH4

+

(P = 0.008), and negatively correlated with TS (P = 0.018).

Community Compositions of AOA and AOB

A redundancy analysis (RDA) was performed to illustrate the
AOA and AOB community structures of each site (Fig. 5). The
distribution of the AOA community showed a gradient from
the flooding group to the recovery and control groups
representing a recovery process. Besides, the AOA community

Fig. 4 Alpha-diversity of AOA
and AOB across the three sample
groups. Error bars represent
standard error of the mean (n = 4,
7, and 13 in control, recovery, and
flooding groups, respectively);
B*^ and B**^ indicate significant
differences at P < 0.05 and 0.01
based on independent sample t
test, respectively. Diversity: the
Shannon index; richness: the
Chao1 estimator; evenness: a
Shannon index-based measure of
evenness

Fig. 3 Abundance of AOA and
AOB amoA genes among the
three sample groups. Error bars
represent standard error of the
mean (n = 4, 7, and 13 in control,
recovery, and flooding groups,
respectively); B*^ and B**^
indicate significant differences at
P < 0.05 and 0.01 based on an
independent sample t test,
respectively
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structure and the recovery appeared to be governed by the soil
NH4

+ (pseudo F = 9.7, P = 0.001) and Fe2+/Fe3+ (pseudo F =
4.7, P = 0.005) (Fig. 5). The soil NH4

+ (pseudo F = 6.7, P =
0.001) and Fe2+/Fe3+ (pseudo F = 4.1, P = 0.004) were also key
variables for the AOB community structure, but no gradient
was observed.

Two-way PerMANOVA was conducted to assess the dis-
similarities of AOA and AOB community structures among
the flooding classifications. Between the control and flooding
groups, no significant difference was observed (Table 1).
However, judging from the values of R2, the AOB community
(R2 = 0.035) was more similar between the control and
flooding groups than the AOA community (R2 = 0.114), sug-
gesting a heavier impact of flooding on the AOA community.
When comparing the recovery and control groups, only a rel-
atively minor difference was observed between the AOA
communities (P = 0.684), while a significant dissimilarity
was found for the AOB. Similarly, the AOB community
(P = 0.025) from the recovery and flooding groups significant-
ly differed, compared to the relatively similar AOA commu-
nities from the two groups (P = 0.059).

Recovery of Ammonia Oxidizers After Flooding
Disturbance

Resistance and Resilience of AOA and AOB

The resistance and resilience of ammonia oxidizers were
assessed based on the abundance (i.e., copy numbers) and
the alpha-diversity (using Shannon diversity, Chao1 rich-
ness, and Shannon evenness) of the amoA genes. The RS

index of the AOB abundance was higher than that of
AOA (0.33 vs. 0.17), suggesting that AOB abundances
were more resistant than those of AOA (Fig. 6). In con-
trast, the RL of AOA amoA abundance was much higher
than that of AOB (0.33 vs. 0.05) (Fig. 6).

The RS index of AOB Shannon diversity and Chao1 rich-
ness was 0.48 and 0.35, respectively, which were both higher
than those of AOA. Only the RS index of AOB evenness was
lower than that of AOA (Fig. 6). In contrast, the RL values for
the AOA diversity indices (with the exception of the Chao 1
richness) were higher than those of AOB.

Resistance and Resilience of Key Taxa

Phylogenetic analysis showed that the obtained AOA se-
quences were mainly grouped intoNitrososphaera subclusters
1, 2, 4, 8, and the clusters Nitrosotalea, Nitrosopumilus, and
Nitrosocaldus (Fig. S2). More than 60% of the AOA

Fig. 5 Redundancy analysis of AOA andAOB community structures and
soil properties. Soil groups are marked with colors: blue-control, red-
recovery and pink-flooding. The green arrows indicate the soil

properties. The blue arrow in the background of AOA plot indicates a
gradient from flooding group to the recovery and control groups

Table 1 Dissimilarity of AOA and AOB community compositions
among the three sample groups based on two-way PerMANOVA

Comparison AOA AOB

R2 P R2 P

Control vs. flooding 0.114 0.145 0.035 0.750

Recovery vs. control 0.070 0.684 0.447* 0.014

Recovery vs. flooding 0.137 0.059 0.250* 0.025

Two-way PerMANOVA was calculated on OTU level based on Bray-
Curtis distance with 999 permutations implying the dissimilarity between
two groups. Significant values are shown in italics; *P < 0.05
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sequences grouped within the Nitrososphaera subcluster 4
(60.7%) (Fig. S3). The AOB sequences mostly fell into the
clusters Nitrosospira 3a, 3b, 4, Nitrosomonas europaea/
Nitrosococcus mobilis and Nitrosomonas marina (Fig. S2),
with the Nitrosospira cluster 3a being the most dominant
one (71.7%) (Fig. S3).

The RS and RL indices for taxa with relative abundance >
0.1% were calculated for both AOA and AOB using the var-
iation of relative abundance among groups. For AOA, the
Nitrososphaera subcluster 4, 1, and 8 had higher RS indices
(0.53–0.75), while the Nitrosopumilus and Nitrososphaera
cluster 2 had very low or negative RS values (Fig. 7).
Similarly, among the AOB, three clusters (Nitrosospira cluster
3a, 3b, and Nitrosomonas europaea/Nitrosococcus mobilis
cluster) showed higher RS indices (0.42–0.81), while the other
two AOB clusters had lower RS values (Fig. 7). With the
exception of Nitrososphaera subcluster 4 and Nitrosotalea,
both AOA and AOB clusters with higher RS indices showed
lower RL values and vice versa.

RDAwas performed to evaluate the relationships of the dom-
inant AOA and AOB taxa (relative abundance > 0.1%) with soil
properties (Fig. 8). The measured soil variables explained 56.3
and 49.4% of the total variance on the key taxa distribution for
AOA and AOB, respectively. Among the soil variables, NH4

+

(pseudo F = 9.4, P = 0.001; pseudo F = 4.5, P = 0.002, respec-
tively) and Fe2+/Fe3+ (pseudoF = 5.9,P= 0.002; pseudoF= 2.7,
P = 0.038, respectively) had the highest explanatory power. For
AOA, soil NH4

+ and Fe2+/Fe3+ weremainly positively correlated
with the Nitrosopumilus cluster. The two most abundant AOA
taxa of Nitrososphaera subclusters 4 and 8 showed negative
correlations with soil pH, which explained 12.9% of the distri-
bution (pseudo F = 2.7, P = 0.055). For AOB, soil NH4

+ and
Fe2+/Fe3+ were negatively correlated with the dominant taxon
Nitrosospira cluster 3a and positively correlated with
Nitrosomonas europaea/Nitrosococcus mobilis cluster.

Discussion

Faster Recovery of AOA than AOB

In this study, the recovery of AOA and AOB after disturbance
was assessed with respect to gene abundance, community di-
versity, and composition. In general, the AOA showed higher
ability to recover from flooding than AOB.

Disturbance by flooding exhibited a predictable negative ef-
fect on both AOA and AOB abundance. However, the abun-
dance of AOA and AOB showed a tendency to return back to
pre-disturbance levels after the flooding receded. It was notewor-
thy that a significant increase of AOA abundance in the recovery
group was observed comparing with the flooding group. This
was not observed for AOB, suggesting a better recovery of
AOA abundance. Unlike the negative effect on gene abundance,
the flooding increased the alpha-diversity. The highest values for
bothAOA andAOBwere observed in the flooding group, which
was in accordance with previous studies showing that a certain
level of disturbance could result in a higher diversity [9, 42]. The
Shannon diversity and Chao1 richness of AOA decreased signif-
icantly in the recovery group, whichmeans this group was closer
to the values of the control groups. Contrarily, the alpha-diversity
of AOB did not show a gradient among the three groups. The
distinct responses of community diversity also implied that AOA
had a better recovery than AOB after flooding. Although
flooding showed a heavier impact on the community composi-
tion of AOA than AOB, the community composition of AOA in
the recovery groupwas similar with that of the control group than
to the flooding group. Here again, theAOB in the recovery group
was similar with that of the flooding group, suggesting that the
community composition ofAOA recovered faster than that of the
AOB.

The better recovery of AOA might be due to their better
adaptation to a broader range of habitats, and the more

Fig. 6 Resistance (RS) and
resilience (RL) indices of
abundance and alpha-diversity of
AOA and AOB. The alpha-
diversity was calculated as
diversity (Shannon index),
richness (Chao1 estimator), and
evenness (Shannon index-based
measure of evenness)

1048 Ye F. et al.



versatile metabolism which could allow mixotrophic growth
[16]. Moreover, compared to AOB, AOA had shown higher

affinity for ammonia [43], which indicates that the AOA
would outcompete the AOB in a nutrient limiting environ-
ments [44, 45]. Notably, the alpha-diversity of AOA in the
flooding group was generally higher than that of AOB.
Previous studies had shown that the probability of a commu-
nity to recover from disturbance was increased with high
alpha-diversity [9, 46]. A low diversity reduced the resilience
of soil microbial community to disturbances [47]. Hence, the
higher diversity of AOA could be another reason explaining
the higher ability to recover.

Resistance and Resilience of AOA and AOB

Resistance and resilience are two fundamental properties of
ecological stability [48], which were pervasive in evaluating
the recovery of microbial community from environmental dis-
turbance [23, 49, 50]. The resistance of a microbial commu-
nity can be explained as a high metabolic flexibility and broad
physiological tolerance to changing environments [7].
Resilient microbial communities seemed to be linked with
high abundances, widespread dispersal, and high growth rates
[51]. In our study, AOA may fit well into a resilient type of
microbial guilds with high abundance and high growth rates
(especially in low ammonia environments [52–54]). This as-
sumption was further supported by the RS and RL indices
which showed that both the abundance and diversity of
AOAwere more resilient than those of AOB. Adversely, the
AOB was more resistant than AOA to flooding. This is in
agreement with previous studies reporting that AOAwas less
resistant than AOB to drought stress, and that AOA might be
more resilient than AOB after alternating wetting-drying cy-
cles [23, 49]. The enhanced resilience of soil microbial com-
munities is often accompanied by higher diversity or species
richness [55]. It may be caused by the presence of species with
traits or interspecific interactions which may potentially be
relevant during and after the disturbance [56]. This probably
explains why the AOA, with higher alpha-diversity, exhibited
a higher resilience than AOB. Our study also suggested that

Fig. 8 Redundancy analysis of the dominant AOA and AOB taxa
(relative abundance > 0.1%) with soil properties. AOA and AOB taxa
are indicated by black arrows and soil properties by green arrows.
N’phaera: Nitrososphaera; N’pira: Nitrosospira; N’monas:
Nitrosomonas; N.europaea/Nc.mobilis: Nitrosomonas europaea/
Nitrosococcus mobilis

Fig. 7 Resistance (RS) and
resilience (RL) indices of the
AOA and AOB taxa with relative
abundance > 0.1%. N.europaea/
Nc.mobilis cluster: Nitrosomonas
europaea/Nitrosococcus mobilis
cluster. The RS and RL values of
Nitrosotalea were close to zero
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the higher resilience of AOA resulted in a better ability to
recover from flooding disturbance.

The resistance and resilience of the microbial community
may specifically be exhibited by the key taxon of the commu-
nity [9, 55]. Generally, taxa with better resistance were usually
less resilient to disturbances and vice versa, which may be due
to a trade-off between resistance and resilience [48, 55, 57].
The majority of the AOA and AOB key taxa followed this
basic pattern in our study, but the most abundant AOA taxon
(Nitrososphaera subcluster 4) had the highest RS index as
well as a relatively high RL index. This subcluster might thus
be the key taxon preserving the stability of the AOA commu-
nity. The AOB taxon Nitrosospira cluster 3a, constituting the
main part (71.7%) of the AOB community, was the most
resistant taxon with a relatively low RL, which may explain
the overall high resistance ability of the AOB community.
Several environmental variables could influence the RS and
RL by controlling the relative abundance of the key taxa. For
instance, the Nitrososphaera subcluster 4 was negatively cor-
related with soil pH, suggesting a high pH would reduce the
relative abundance of members in this cluster, and subsequent-
ly the resilience of the AOA community. Similarly, the RDA
indicated that a high NH4

+ would reduce the relative abun-
dance of Nitrosospira cluster 3a and thus the resistance of
AOB community.

Differential Life-Strategies of AOA and AOB

From the ecophysiological point of view, microorganisms can
be characterized by their life-history strategies (i.e., r or K-
strategies), indicating that the genetic differences between mi-
croorganisms were responsible for their abilities to resist and
recover in disturbed environments [58, 59]. Typically, the r-
strategists show high growth rates and low efficiency of re-
source use, the reverse being true for K-strategists [55].
Compared to AOB, the AOAwere more likely to be r-strate-
gists. The higher gene abundance of AOA in this study im-
plied potentially higher growth rates than AOB. A previous
study also demonstrated growth of AOA in a wide range of
ammonium concentrations, while the AOB seemed to be re-
stricted in high ammonium concentration in a microcosm set-
ting [60]. Moreover, there was evidence showing that r-
strategists were more resilient but less resistant to disturbances
compared to K-strategists in soil microbial communities [61,
62]. In our study, the AOA showed a high resilience and the
AOB had high resistance with respect to gene abundance,
community diversity and community composition which sup-
ported their respective roles as r- and K-strategists.

Ecological Implications

Since the Three Gorges Dam was operated, the riparian zone
of the TGR has been confronting with periodic disturbance of

water-level changes, leading to serious environmental issues,
for instance, the nitrogen pollution. Ammonia oxidation is the
rate-limiting step of nitrogen cycle which alleviates ammonia
and nitrogen pollution and the serious environmental conse-
quences associated therewith [63, 64]. The presence of AOA
and AOB, both of which perform similar function in ammonia
oxidation, supports functional redundancy in reducing ammo-
nia pollution in riparian zone ecosystem. In contrast to the
AOB which dominate the ammonia oxidation process in sta-
ble habitats [18, 52], the AOA are more adaptable to highly
variable habitats shaped by the periodic flooding disturbance,
and thus, maintain the function against the disturbance, as
shown in this study.

In the riparian zone of the TGR, the NH4
+ in soil increased

during flooding (Fig. S1), which might be caused by the de-
composition of dead plants and other sediment particles in
water. However, the NH4

+ decreased and the NO3
− increased

in soil after the water receded, and the TN concentration
stayed stable in different groups, suggesting that the function
of ammonia oxidation was less influenced by the variable
habitats of ammonia oxidizers. Therefore, the regime shift
did not lead to an accumulation of nitrogen or disturb the
nitrogen cycle. The strong recovery capability of AOA may
contribute greatly to the stability in the riparian ecosystem of
the TGR.

Conclusions

The AOA community showed better ability to recover from
flooding disturbance with respect to the community abun-
dance, diversity, and composition.Moreover, AOAwere more
resilient than AOB after flooding but less resistant against
flooding than AOB, which might be associated with the
higher environmental adaptability and diversity of AOA.
The different mechanisms of AOA and AOB to maintain their
community stability in response to flooding disturbance might
be linked to their respective r and K life-history strategies. The
AOAwould be of greater significance in ammonia oxidation
in a changing environment and preserving the ecosystem
stability.
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