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Abstract: Agricultural land use may deteriorate soil bacterial diversity and function in an agroe-
cosystem. This study aimed to explore the impact of agricultural disturbance on the taxonomic and
functional diversity of soil bacteria using a high-throughput sequencing method. We examined the
bacterial community diversity in five types of flooded soils in the Hanon Maar Crater from two types
of canals characterized by different nutrient levels and three field types with a different rice cultiva-
tion history. Proteobacteria (43.2%), Chloroflexi (19.8%), Acidobacteria (15.8%), Actinobacteria (5.1%),
and Nitrospirae (5.0%) were the dominant phyla (>5%). The relative abundance of Actinobacteria
was 7.1 times greater in the abandoned fields than in the polluted canal. Alpha diversity indices of
taxonomic diversity showed strong negative correlations with C, N, and NH4

+ levels. The 1.7-fold
greater number of operational taxonomic units (OTUs) in abandoned fields than in paddy fields may
be caused by factors other than nutrients. Functional analysis revealed that 11 putative functions,
including cellulolysis and ligninolysis, were significantly affected by soil management. Functional
diversity indices showed negative correlations with electrical conductivity (EC) and NH4

+. Nitrogen
input had a greater effect on bacterial taxonomic diversity than on functional diversity. Available P
was positively correlated with the diversity indices. Taken together, these results suggest that keeping
land fallow for more than 5 years and monitoring of C, N, and P levels are practical approaches for
restoring taxonomic diversity but not functional diversity of soil bacteria. Our study demonstrated
a decoupled response of taxonomic and functional diversity to rice cultivation, highlighting the
necessity of further studies on the impact of decoupling on the stability of ecosystem functioning.

Keywords: nitrogen; phosphorus; function; restoration; sustainability

1. Introduction

Maars are shallow volcanic craters formed during phreatomagmatic explosions [1].
The Hanon Maar Crater, created approximately 3.4 million years ago on Jeju Island, is the
only maar-type crater on the Korean Peninsula [2]. Located at the center of the Hanon
Volcano, it is approximately 1.0–1.2 km in diameter. Approximately 500 years ago, the
side wall of the crater was pulled down for drainage, and crop cultivation was started
there [3]. Rice cultivation has been done mainly in the low ground via irrigation with spring
water [4]. Volcanic craters are valuable resources for obtaining climatic and ecological data
on microbes and other biota [5,6]. Because of the historical and ecological importance of
the Hanon Maar Crater, efforts have been made to restore its ecosystem. An important
goal of such restoration is to preserve the soil, which provides valuable archaeological and
geochemical data, which are, in turn, useful for research on climatic change [7].

Soil bacteria are important in the multiple functions of soil, including organic matter
decomposition, nutrient cycling, and aggregate formation [8,9]. In turn, soil nutrients are
critical factors influencing bacterial communities [10]. The agricultural practice of fertil-
ization disturbs the biotic and abiotic environments of the soil ecosystem. The application
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of organic and inorganic fertilizers changes the chemical properties of soil, such as pH
and nutrient conditions [11,12]. Fertilizers spread from soil to aquatic systems through
drainage and underground leakage. Leached fertilizers are non-point sources of aquatic
pollution and cause eutrophication and influence soil bacteria in aquatic habitats [13,14].
Moreover, craters on islands are geographically isolated habitats that are vulnerable to
environmental disturbances.

Biodiversity is an important ecological indicator in the restoration of various ecosys-
tems [15,16]. Restoration practices increase ecosystem functioning by promoting the re-
covery of biodiversity [17]. Issues of microbial biodiversity encompass sustainable devel-
opment in relation to ecosystem services [18]. Agricultural practices may decrease soil
ecosystem sustainability with regard to bacterial diversity [19]. Ecosystem biodiversity
helps in maintaining stability against environmental stress and ecological disturbance. In
this context, there is great interest in determining whether reducing agricultural distur-
bances promotes the restoration of bacterial communities [20].

Soil nutrient management is critical for the conservation of bacterial diversity, leading
to improved soil functions and crop production [21]. Bacterial communities are associated
with soil nutrient availability and enzyme activity [22]. The excessive use of fertilizers leads
to the deterioration of bacterial diversity, and reducing fertilizer use is an environmentally
friendly way to improve the soil ecosystem [23]. However, it is feared that reduced nutrients
may cause a decrease in crop yield. Optimizing fertilization practice is necessary to balance
soil bacterial diversity and agricultural production [24]. Hence, a recommendation for soil
nutrient levels is necessary for a practical approach to achieve these goals.

The diversity of soil bacteria is assessed in terms of taxonomic and functional diversity.
Taxonomic diversity, a critical component supporting ecosystem sustainability, is a good
indicator of a healthy ecosystem [18]. Functional diversity influences metabolic activity in
the ecosystem, and maintenance of various functional bacterial communities is essential
for sustainable agriculture [19]. Bacterial diversity and functions are closely associated
with soil habitat and are used to assess environmental quality [25,26]. Conventional
culture-dependent methods measuring bacterial functions are limited to cultivable species
and cycling of specific materials [27,28]. However, recent advances in predicting bacterial
function based on genetic and taxonomic analysis have been applied to analyze the bacterial
community to overcome these problems.

Taxonomic and functional diversity are key components supporting ecosystem func-
tions. Management of agricultural soil bacteria requires an understanding of ecological
processes that mediate how agricultural practice influences bacterial functions. The aims of
the present study are as follows: (1) to compare the composition and diversity of bacterial
communities in flooded soils under different agricultural uses and (2) to investigate the
changes in bacterial functions in response to chemical disturbance caused by nutrient
input. Bacterial community diversity was compared among five different types of soils
subjected to different levels of nutrients and agricultural management. This study was
designed to simultaneously analyze soil bacteria’s taxonomic and functional diversity.
Further, sequencing-based approaches were used to fully analyze the putative functions of
cultivable and uncultivable bacteria.

2. Materials and Methods
2.1. Study Site

The Hanon Maar Crater is located on Jeju Island, Republic of Korea (33◦15′06′ ′ N,
126◦32′43′ ′ E), at an altitude of 750–850 m. The annual mean temperature is 16.6 ◦C, and
the annual mean precipitation is 1923 mm. The crater is 1.0–1.1 km in diameter and has an
area of 127.6 ha. The crater currently contains agricultural fields that are used to cultivate
rice, fruit, and vegetables, with crop selection depending on the altitude of a particular
site. Paddy fields are mainly located in the northern part of the crater (Figure 1). The
flooded soils in the crater were grouped into five types, including two types of canals and
three types of fields according to agricultural use. Two types of canal soil were selected
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according to the degree of nutrient pollution. The unpolluted canal soil was continuously
provided with fresh water from a spring. The polluted canal was located at the end of the
canal system, and nutrients mainly came from nearby paddy fields. Synthetic fertilizer and
manure composts were applied as basal fertilizer, and urea was used as additional fertilizer
in paddy fields of this area. Three types of field soil comprised soils in paddy, fallow, and
abandoned fields. The fallow fields had not been cultivated for 1–3 years and were sparsely
located among cultivated fields. The abandoned fields were located in the eastern part of
the crater and had not been cultivated for 5–6 years. The dominant plant species are shown
in Table 1.

Figure 1. Survey sites in Hanon Marr crater. The photograph was obtained from Naver (www.naver.com,
accessed on 8 December 2021).

Table 1. Composition of dominant plant species.

Dominant Species

Unpolluted canal Zizania latifolia, Hydrilla verticillata, Potamogeton cristatus
Polluted canal Hydrilla verticillata, Leersia japonica, Nasturtium officinale

Paddy field Alopecurus aequalis, Aneilema keisak, Eclipta prostrata
Fallow field Juncus effuses, Hydrocotyle sibthorpioides, Stellaria alsine, Aneilema keisak

Abandoned field Echinochloa crusgalli, Aneilema keisak, Lemna perpusilla, Eleocharis acicularis

2.2. Soil Sampling and Analysis of Chemical Properties

Soil sampling was conducted before the rice-growing season on 23 April 2015; the
sampling sites are depicted in Figure 1. Soils were sampled at a depth of 0–10 cm using a
soil sampler at three replicate plots (8 × 4 m each). The canal soils were collected from the
side wall of the canals. Samples collected from four to five places at each plot were pooled.
Fifty grams of soil was freeze-dried and then preserved at −72 ◦C for sequencing analysis.
Soils for chemical analysis were air-dried, and plant debris was carefully removed. Soil
pH and EC were measured in a 1:5 (soil:water) suspension by pH meter and conductivity
meter, respectively. NH4

+ and available P were extracted with 2 M KCl and acetate-lactate
buffer, respectively. These nutrients were measured using a SmartChem autoanalyzer
(Westco, Italy) in accordance with the manufacturer’s manual. The levels of C and N were
determined using a CN analyzer, in accordance with the manufacturer’s instructions (Vario
Max CN, Elementar, Langenselbold, Germany).

2.3. DNA Extraction, PCR Amplification, and Sequencing

Total DNA was extracted from 0.5 g soil using the FastDNA® SPIN Kit for Soil (MP
Biomedicals, Solon, OH, USA). PCR was performed using a Peltier Thermal Cycler (PTC-
200; MJ Research, Waltham, MA, USA). The V3–V4 region of the bacterial 16S rRNA

www.naver.com
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gene was amplified using fusion primers 341F (5′-AATGATACGGCGACC-XXXXXXXX–
TCGTCG GCAGCGTC-AGATGTGTATAAGAGACAG-CCTACGGGNGGCWGCAG-3′)
and 805R (5′-CAAGCAGAAGACGGCATACGAGAT-XXXXXXXX-GTCTCGTGGGCTCGG-
AGATGTGTATAAGAGACAG-GACTACHVGGGTATCTAATCC-3′). The amplification
cycle consisted of an initial denaturation step of 3 min at 95 ◦C, followed by 25 cycles
of 30 s at 95 ◦C, 30 s at 55 ◦C, and 30 s at 72 ◦C. PCR products were verified using 1%
agarose gel electrophoresis and cleaned using CleanPCR (CleanNA, Waddinxveen, The
Netherlands). The product quality and size were assessed using a DNA 7500 chip on
a Bioanalyzer 2100 (Agilent, Palo Alto, CA, USA). Mixed amplicons were pooled, and
sequencing was conducted with the Illumina MiSeq Sequencing system (Illumina, San
Diego, CA, USA) [29].

2.4. Bioinfomatics Analysis

Chimeric reads were filtered on the basis of <97% similarity by reference-based chimera
detection using the UCHIME algorithm [30] and the non-chimeric 16S rRNA database from
EzBioCloud [31]. OTUs with single reads were excluded from further analysis. Functions
of culturable bacteria were assigned on the basis of Functional Annotation of Prokaryotic
Taxa (FAPROTAX), and their functions were estimated by the relative abundance of bac-
teria assigned to each function [32]. For further functional analysis of bacteria, including
unculturable OTUs, the 16S rRNA sequencing reads were analyzed using the EzBioCloud
Microbiome Taxonomic Profiling (MTP) pipeline. The pipeline predicts Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathways using the Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States (PICRUSt) algorithm [33,34].

2.5. Statistical Analysis

For significant ANOVA results, a Tukey test was performed to examine the signif-
icant differences (p < 0.05) among the variables, bacterial community and soil chemical
properties. Pearson’s correlation analysis was performed between soil chemical properties
and bacterial community characteristics. These tests were performed using SAS v9.1 (SAS
Institute Inc., Cary, NC, USA). Diversity indices, including the Shannon index (H’) and
inverse Simpson index (1/D), were calculated to estimate alpha diversity. The similarity be-
tween bacterial communities was analyzed using the Fast UniFrac online tool for principal
coordinate analysis (PCoA). These analyses were performed in EzBioCloud 16S-based MTP
(ChunLab, Seoul, Korea). Analysis of similarities (ANOSIM) was performed to analyze the
significance of differences between bacterial communities using the vegan package in R
(version 3.4.3) [35].

3. Results
3.1. Soil Chemical Properties

Soil chemical properties were influenced by agricultural land use. The unpolluted
canal soil showed relatively lower nutrient levels; in contrast, the polluted canal had
eutrophic soil with higher nutrient levels (Table 2). Polluted canal soil had higher C and
N levels than unpolluted canal soil, and it had the highest EC and NH4

+ concentrations
among all five types of soil. However, no significant differences were identified in the
measured soil chemical properties among the three types of fields associated with rice
cultivation (Table 2).



Agronomy 2022, 12, 651 5 of 14

Table 2. Chemical properties of studied soils.

pH EC (ds m−1) N (%) C (%) NH4
+

(mg kg−1) Av.P (mg kg−1)

Unpolluted canal 5.4 ± 0.2 a 0.6 ± 0.1 b 0.3 ± 0.2 b 6.0 ± 2.0 b 55.5 ± 5.5 b 18.2 ± 3.4 ab

Polluted canal 5.4 ± 0.1 a 1.5 ± 0.1 a 1.0 ± 0.1 a 20.1 ± 2.5 a 98.3 ± 11.9 a 2.8 ± 0.6 b

Paddy field 5.2 ± 0.1 a 0.6 ± 0.0 b 0.6 ± 0.1 ab 8.4 ± 0.4 b 49.2 ± 7.1 b 17.6 ± 5.7 ab

Fallow field 5.3 ± 0.1 a 0.4 ± 0.0 b 0.5 ± 0.1 ab 7.6 ± 0.5 b 41.9 ± 9.7 b 30.6 ± 7.6 a

Abandoned field 5.1 ± 0.1 a 0.5 ± 0.0 b 0.5 ± 0.1 ab 7.3 ± 1.0 b 44.0 ± 3.8 b 18.5 ± 3.3 ab

Data represent mean ± s.e., and different letters in the same column indicate significant differences according to
Tukey’s test (n = 3, p < 0.05).

3.2. Pyrosequencing Analysis of Bacterial Community

High-throughput sequencing yielded 2998 OTUs acquired from 15 soil samples. Pro-
teobacteria (43.2%), Chloroflexi (19.8%), Acidobacteria (15.8%), Actinobacteria (5.1%), and
Nitrospirae (5.0%) were the dominant phyla identified in this study (Figure 2). In the
comparison between the two canal sites, Nitrospirae was more abundant in the polluted
canal, and Planctomycetes was more abundant in the unpolluted one. Among the three
types of fields, only Actinobacteria were more abundant in the abandoned fields than in the
paddy fields. Dominant phyla showed diverse and significant correlations with chemical
properties. For example, Proteobacteria had positive correlations with EC, C, and N, but
Gemmatimonadetes showed an adverse trend with these nutrients. Furthermore, PCoA
was conducted to examine the relationships between the bacterial communities across
different soil types. PCoA showed that bacterial community composition was separated by
PC1 and PC2 at the species level (Figure 3). The two types of canal soils were separated
from the three types of field soils in this regard. ANOSIM revealed that the bacterial
communities differed significantly depending on field type (R = 0.746, p = 0.0001).

Figure 2. Relative abundance of major phyla and its correlation with soil chemical properties.
(left) Relative abundance of bacteria; (right) Spearman’s correlation coefficient. Different letters in
the same row represent significant differences according to Tukey’s test (n = 3, p < 0.05). *, **, and
*** indicate significant correlation at p < 0.05, p < 0.01, and p < 0.001, respectively.
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Figure 3. Soil bacterial community analyzed by principal coordinate analysis (PCoA) of UniFrac
distances.

3.3. Taxonomic Diversity

Taxonomic diversity measured using OTU number and Shannon index were influ-
enced by the type of soil management (Figure 4). The polluted canal showed lower bacterial
diversity than the unpolluted one; however, the OTU number did not differ significantly
between the two types of soil. Abandoned field soil had 1.7-fold more OTUs than the
paddy field soil, and the Shannon index was also higher in the abandoned fields than in
the paddy fields. OTU number and diversity indices were correlated with EC and nutrient
levels but not significantly correlated with pH and C/N ratio (Figure 5).

Figure 4. Operational taxonomic unit (OTU) numbers and alpha diversity indices of soil bacterial
community as affected by agricultural activities. (a) OTU number, (b) Shannon index, (c) inverse
Simpson index. Different letters indicate significant differences (Tukey test, p < 0.05). Each bar
represents SE.

Figure 5. Spearman’s correlation coefficient between bacterial taxonomic diversity indices and soil
chemical properties. *, **, and *** indicate significant correlation at p < 0.05, p < 0.01, and p < 0.001,
respectively.
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3.4. Putative Functions of Soil Bacteria

A taxa-centered approach using the FAPROTAX system was performed to analyze
bacterial functions. It revealed that 11 putative functions were significantly influenced by
soil management (Figure 6). Degradation of materials, including cellulose and lignin, was
correlated with EC and nutrients. Methanotrophy and nitrate reduction showed a strong
positive correlation with EC. KEGG orthologs derived from PICRUSt were used to estimate
bacterial genes in relation to soil functioning, and functional diversity was assessed based
on the results of FAPROTAX (Figure 7). KEGG pathway analysis revealed that only four
functions, including degradation of caprolactam and ethylbenzene, differed significantly
by soil type. Soil chemical properties, including EC, C/N ratio, and nutrient levels, were
partly correlated with these putative functions.

Figure 6. Putative functions of soil bacteria showed significant differences based on Functional
Annotation of Prokaryotic Taxa (FAPROTAX) and its correlation with soil chemical properties.
(left) Relative abundance of bacteria; (right) Spearman’s correlation coefficient. Different letters in
the same row indicate significant differences according to Tukey’s test (n = 3, p < 0.05). *, **, and
*** indicate significant correlation at p < 0.05, p < 0.01 and p < 0.001, respectively.

Figure 7. Putative functions of soil bacteria showed significant differences based on the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway and its correlation with soil chemical properties.
(left) Relative abundance of bacteria; (right) Spearman’s correlation coefficient. Different letters in
the same row represent significant differences according to Tukey’s test (n = 3, p < 0.05). *, **, and
*** indicate significant correlation at p < 0.05, p < 0.01 and p < 0.001, respectively.

3.5. Diversity of Putative Function

Functional diversity was predicted according to FAPROTAX analysis. No significant
difference was found in the number of bacterial functions (Figure 8). However, the Shannon
index was higher in the polluted canal soil than in the unpolluted canal soil, and it was
greater in the paddy fields than in the abandoned fields. Diversity indices were partly
correlated with EC, C/N ratio, and nutrients (Figure 9).
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Figure 8. Alpha diversity indices of soil bacterial function in flooded soils. (a) Function number,
(b) Shannon index, (c) inverse Simpson index. Different letters indicate significant differences (Tukey
test, p < 0.05). Each bar represents SE.

Figure 9. Spearman’s correlation coefficient between functional diversity indices of bacteria and soil
chemical properties. * and ** indicate significant correlation at p < 0.05 and p < 0.01, respectively.

4. Discussion

The relative abundance of some bacterial phyla was markedly correlated with C,
N, and P concentrations, suggesting that nutrients were the main influencing factors of
bacterial community composition. Bacterial phyla are classified into copiotrophs and olig-
otrophs according to substrate affinity and life strategies [36]. The fact that Proteobacteria
was the most abundant phylum in polluted canal soil with high nutrient levels suggests
that this phylum comprises copiotrophic bacteria [37]. In contrast, C and N had strong
negative effects on the abundance of oligotrophic groups, such as Planctomycetes and
Gemmatimonadetes [38–40]. Ren et al. [41] reported that the C/N ratio affected Chloroflexi
but not Gemmatimonadetes, as observed in the present study, and they suggested that
the interaction between C and N also influences soil bacteria. P had contrasting effects on
the abundance of bacterial phyla, such as a positive effect on Chloroflexi and a negative
effect on Proteobacteria [10]. Remarkably, the two phyla showed the same response to
the application of phosphate-solubilizing bacteria [42]. However, many previous studies
have reported limited effects of P on the bacterial community [43–46]. The inconsistent
effect of P observed in the present study is partly explained by its interaction with other
components [47]. Li et al. [45] also reported that P addition affected bacterial community
abundance only in combination with N addition.

Soil C, N, and P exerted various effects on bacterial taxonomic diversity. Soil C has
been observed to have an inconsistent correlation with bacterial diversity [48,49]. The
effects of soil C on bacterial diversity may be influenced by shifts in C availability and
dynamics [50]. N seems to be a critical factor in reducing bacterial diversity because NH4

+

and total N were negatively correlated with OTU number and diversity indices [51,52]. P
showed positive effects on bacterial diversity, which is not in accordance with previous
findings of neutral [53] and negative [54] effects. The positive effect of P on bacterial
diversity may be limited to P-poor conditions, such as those in volcanic soil, because high
available P decreases the alpha diversity of soil bacteria [55]. Another explanation for the
observed positive effect is that P may ameliorate the negative effects of N addition on
the soil bacterial community [56]. Moreover, N influences bacterial diversity in a dose-
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dependent manner because moderate N addition has a promoting effect, but excessive N
addition showed an inhibitory effect [57].

Notably, the OTU number was 1.7-fold higher in the abandoned fields than in the
paddy fields despite no significant difference in nutrient levels. Garcia-Orenes et al. [58]
suggested that the bacterial community abundance of abandoned fields may not be fully
explained by the soil’s chemical and physical properties. Instead, the effects of ceased
fertilization on the bacterial community may be altered by vegetation and fallow period [59].
Zhang et al. [60] reported that soil bacterial diversity increased until equilibrium at the
late successional stage in abandoned agricultural fields. Abandoned fields showed an
early to middle successional stage in the present study, and a prolonged fallow period
is likely to further increase bacterial diversity. Plant diversity may have a positive effect
on soil bacterial diversity via an increase in soil heterogeneity [61,62]. The shift from
mono-cropped rice to diverse natural plant species in the fallow period may induce various
bacterial species to flourish because rhizosphere bacteria are specific to plant species [63].
Further research is warranted to separate the effect of soil chemical properties from that of
a shift in plant community.

FAPROTAX is useful for identifying functional groups of soil bacteria [64], and it
revealed that material cycling was correlated with nutrient contents. C and N are funda-
mental nutrients determining bacterial growth and biomass [65]. The C/N ratio showed
wider and stronger effects on the putative functions than C and N individually did. The
C/N ratio is known to alter specific bacterial functions, including nitrification, and a re-
duction in the C/N ratio enriched rare taxa that use ammonium and nitrite in previous
studies [66,67]. The correlation of the C/N ratio with aerobic nitrite oxidation and nitrate
reduction demonstrates its effects on N cycling. N fertilization increases the abundance of
bacterial genes related to N metabolism, including denitrification and nitrate reduction [45].
The positive correlation of nitrate reduction with N and NH4

+ levels indicates that bacterial
function is dependent on the input of raw materials. NH4

+ was positively correlated
with cellulose and lignin degradation, which is in contrast with the finding of a previous
study [68]. The discrepancy is partly explained by the fact that the effect of N on bacteria
may be altered by the N/P ratio and individual levels of N and P [69].

The data obtained using KEGG pathway analysis were used to fully assess the putative
functions of unculturable bacteria. However, it did not work as well for soil samples as
in previous reports [63,70]. Damon et al. [71] listed 23 types of functions in relation to
soil nutrients; however, only a few functions significantly differed among groups in this
study. Bacterial degradation of pollutants, including caprolactam and aromatic compounds,
was associated with EC and the C/N ratio. Hickman and Reid [72] also reported that
nutrient levels and the C/N ratio influenced bacterial degradation of organic pollutants.
Degradation of xenobiotic and toxic materials may assist ecosystem restoration against
chemical disturbance.

Species diversity indices can be applied to categorical traits to assess functional di-
versity [73]. FAPROTAX was used to investigate the changes in the functional diversity
of bacteria because it is generally adopted to explore bacterial functions in biogeochem-
ical cycling. The Shannon index was higher for taxonomic and functional diversity in
unpolluted canal soil than polluted canal soil, suggesting an ecological link between the
two traits [74,75]. However, the comparison between paddy fields and abandoned fields
showed a contrasting result for the Shannon index for the two types of diversity. The
discrepancy is partly explained by the fact that rice cultivation provides more variable
resources and heterogeneity in the chemical and physical properties of soil, and its promot-
ing effect was diminished by the fallow period [76]. Functional diversity is not necessarily
associated with taxonomic diversity [77,78]. Functional diversity may depend on the
amount of effective resources; for example, in a previous study, functional diversity was
increased only under intermediate N input [79]. The change in functional diversity was
not concomitant with taxonomical diversity in response to rice cultivation history. The
decoupled response reflects a weak link between the two variables and can be explained
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by function redundancy [32,80]. Moreover, Cheaib et al. [81] suggested that decoupling
taxonomic and functional variation reflects an adaptive signature of the microbial com-
munity. Experimental studies demonstrating linkages between bacterial diversity and the
performance of metabolic processes have been reported [82–84]. However, little is known
about the impact of decoupling on metabolic functions, requiring further studies to explore
how it influences the stability of ecosystem functioning.

The function-based approach combined with taxonomic information is critical to
ecological strategies for restoring bacterial diversity. However, decoupling in diversity
traits makes biodiversity target selection challenging. For example, this study’s taxa-
based analysis of functional diversity has limited physiological and metabolic information.
Instead, taxonomic diversity has been traditionally used for measuring biodiversity and
may be a primary target in ecological engineering. Soil bacterial community diversity is
an indicator of wetland soil restoration [85]. Practical strategies are needed to restore soil
bacterial diversity, which provides valuable archaeological and geochemical information [7].
Some studies tried to reconstruct the soil bacterial community prior to the agricultural
era [48]. Long-term fallow of rice fields may restore soil bacterial taxonomic diversity.
The increase in OTU number and some diversity indices by the cessation of cultivation
observed in this study support this concept. Leaving a field fallow has been shown to
be beneficial for maintaining soil bacterial diversity [37]. Our results imply that leaving
a field fallow may not be effective in a short period, and changes in soil properties after
cessation of cultivation may be gradual [86]. Moreover, it should be considered that the
practice of fallow may have adverse effects on the functional diversity of soil bacteria. The
other option is to manage fertilization by decreasing N input and supplementing P in rice
cultivation. An overdose of N fertilizers has been a concern, and N input needs to be
decreased. The effect of P supplementation seems to be limited to P-deficient environments,
and its effect can be altered through interaction with other nutrients.

5. Conclusions

We observed that agricultural land use in the Hanon Marr crater altered the soil
bacterial community composition and diversity. This study demonstrated that C, N, and P
were the main nutrient factors influencing the bacterial community. Our genomic analysis
of the bacterial community revealed that taxonomic and functional diversity showed a
decoupled response to rice cultivation, suggesting a weak linkage between them. Therefore,
improving taxonomic diversity could be a preferable goal for restoring bacterial diversity.
Our results propose that it can be accomplished by long-term fallow. Furthermore, we
provide the following recommendations for soil amendment to improve bacterial diversity:

o Keeping land fallow for more than 5 years.
o Reducing the input of C and N from fertilizers.
o Supplementing P in P-deficient soil.
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