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Abstract
Soil bacterial communities play fundamental roles in ecosystem functioning
and often display a skewed distribution of abundant and rare taxa. So far,
relatively little is known about the biogeographical patterns and mechanisms
structuring the assembly of abundant and rare biospheres of soil bacterial
communities. Here, we studied the geographical distribution of different bac-
terial sub-communities by examining the relative influence of environmental
selection and dispersal limitation on taxa distributions in paddy soils across
East Asia. Our results indicated that the geographical patterns of four differ-
ent bacterial sub-communities consistently displayed significant distance–
decay relationships (DDRs). In addition, we found niche breadth and dis-
persal rates to significantly explain differences in community assembly of
abundant and rare taxa, directly affecting the strength of DDRs. While con-
ditionally rare and abundant taxa displayed the strongest DDR due to higher
environmental filtering and dispersal limitation, moderate taxa sub-
communities had the weakest DDR due to greater environmental tolerance
and dispersal rate. Random forest models indicated that soil pH (9.13%–

49.78%) and average annual air temperature (16.59%–46.49%) were the
most important predictors of the variation in the bacterial community. This
study advances our understanding of the intrinsic links between fundamen-
tal ecological processes and microbial biogeographical patterns in paddy
soils.

ORIGINALITY—SIGNIFICANCE
STATEMENT

Understanding the biogeographical patterns and
mechanisms structuring the assembly of abundant
and rare bacterial communities is central to predict
how soil biological function responds to biotic/abiotic
disturbances. Here, we uncovered the distance–
decay relationship (DDR) and the corresponding driv-
ing mechanism of the rare and abundant soil bacterial
communities in paddy soils across East Asia. Our
results indicated that four different bacterial sub-
communities consistently showed significant DDRs,

with environmental filtering and dispersal processes
regulating the strength and direction of DDRs. Taken
together, our study indicates an interplay of commu-
nity assembly mechanisms operating across distinct
bacterial sub-communities, directly determining their
DDRs and biogeographical distributions.

INTRODUCTION

The soil microbial diversity underlies major ecosystem
processes responsible for ecosystem functioning and
maintenance (e.g., carbon, sulfur, and nitrogen cycling)
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(Bahram et al., 2018). Advancing our understanding of
the processes and mechanisms structuring the distribu-
tion and abundance of different microbial taxa
(i.e., biogeographical patterns) in soils is essential to
better predict their functional outcomes (Bahram
et al., 2018; Luan, et al., 2020b; Meyer et al., 2018).
The ‘long-tailed’ skewed species abundance distribu-
tion of bacterial taxa in soil communities represents a
universal pattern. This relates to the existence of a
(meta)community containing a large number of low-
abundance taxa and a small number of high-
abundance taxa (Brown et al., 2014; Hanson
et al., 2012; Jousset et al., 2017). Abundant taxa
(AT) are generally assumed to be highly active and
important for ecosystem functioning (Cottrell &
Kirchman, 2003), while rare taxa (RT) are often (albeit
not always) assumed to provide complementary func-
tions and/or specific metabolisms (Dimitriu et al., 2010).
Recent studies have started to focus on the mecha-
nisms structuring the rare biosphere (Jia et al., 2018),
as well as their species diversity and distribution, and
co-occurrence patterns (Xue et al., 2018; Zheng
et al., 2021).

Distance–decay relationship (DDR) is an approach
widely used to study biogeographical patterns of organ-
ismal distribution across spatial scales (Hanson
et al., 2012; Soininen et al., 2007). This metric quan-
tifies the decrease in compositional similarity (β-diver-
sity) between communities with increasing
geographical distance. Thus, DDR is used to demon-
strate whether communities in close proximity are more
similar to each other than distant ones (Soininen
et al., 2007). It can be conceptually devised that eco-
logical communities and DDR are structured by an
interplay of four fundamental ecological processes.
First, environmental selection filters species out, and it
is often spatially distributed in a gradient. Second, eco-
logical drift is associated with randomness in taxa in
births and deaths, and it is expected to be more impor-
tant in RT (Luan, et al., 2020b; Pimm et al., 1988;
Villarino et al., 2018). Third, dispersal (that is, the
movement of species) tends to counteract composi-
tional differences by homogenizing species distribution
in space. And, fourth, diversification affects DDR by
increasing local genetic diversity, which lowers the
height (not the slope) of the DDR curve and increases
its variance (Hedrick, 1999; Slatkin, 1993). Since spa-
tial patterns of community dissimilarity may reflect the
outcome and interplay of multiple community assembly
processes, it remains a major challenge to elucidate
the DDRs among different microbial taxa.

Species abundance and diversity are under the
direct influence of distinct community assembly pro-
cesses, resulting in contrasting patterns of DDRs in
abundant and rare taxa (Jia et al., 2018; Jiao &
Lu, 2020). For example, AT usually consist of a small
number of cosmopolitan species with relatively high

abundance, high dispersal capabilities, and greater
environmental tolerance (Jiao & Lu, 2020; Wu
et al., 2017). In contrast, RT are oligotrophic and/or
endemic species with relatively low abundance, vari-
able dispersal capabilities, and constant environmental
filtering. But for conditionally rare and abundant taxa
(CRAT), which have a small number of species and rel-
atively low abundance, may face strong dispersal limi-
tations and environmental filtering (Jia et al., 2018; Xue
et al., 2018). Given that microbial taxa are potentially
shaped by different ecological processes, we hypothe-
size that the DDRs of microbial taxa vary with the rela-
tive influences of distinct ecological processes.

Paddy soils represent the third-largest cropland
area and the largest anthropogenic wetland on Earth
(Jiang et al., 2016; Jiao et al., 2020). These soils are
often under waterlogged paddy rice cultivation, result-
ing in a relatively higher uniformity and physical similar-
ity. Until now, it has remained unclear whether the
uniform management resembles an overall homogeni-
zation of bacterial communities, for both the abundant
and rare biospheres. This might relate to the balance of
community assembly processes, in particular, environ-
mental selection and dispersal rates acting on species
distributional patterns. Here, we used a continental-
scale field sampling of paddy soils across East Asia to
explore patterns of soil bacterial biogeography. Specifi-
cally, we addressed the following questions: (1) whether
different microbial taxa show distinct biogeographical
patterns at both taxonomic and phylogenetic levels;
and (2) how the community assembly processes deter-
mine the DDRs of different bacterial sub-communities.
Our results indicated that the geographical patterns of
four different bacterial sub-communities consistently
displayed significant DDRs, based on both taxa distri-
butions and phylogenetic distances. In addition, we
found niche breadth and dispersal rates to significantly
explain differences in the community assembly of rare
and AT, directly affecting the strength of DDRs.

EXPERIMENTAL PROCEDURES

Soil sampling and data collection

We used a paddy soil dataset previously published
elsewhere (Jiang et al., 2016). In brief, a total of 45 soil
samples were collected in a paddy ecosystem along
the north–south transect across East Asia (Figure 1A).
For each sampling point, three sub-plots were ran-
domly established in a 10 � 100 m rectangular plot.
Within each sub-plot, 20 soil cores (5 cm diameter) of
the upper 15 cm were collected randomly and
composited into a single bulk sample. The latitude of
the sampling area ranged from 15.90 to 44.31�N, the
average annual air temperature (MAT) from 2 to
27.5�C, and the average annual precipitation (MAP)

2 LUAN ET AL.

 14622920, 0, D
ow

nloaded from
 https://am

i-journals.onlinelibrary.w
iley.com

/doi/10.1111/1462-2920.16281 by N
anjing Institution O

f Soil Science, W
iley O

nline L
ibrary on [31/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



from 550 to 2345 mm. The global positioning system
coordinates recorded at each sampling site were used
to calculate the MAT and the MAP using the NOAA
website (https://www.noaa.gov). Soil environmental
factors, including soil pH, total potassium (TK), avail-
able potassium (AK), total phosphorus (TP), available
phosphorus (AP), soil organic carbon (SOC), and total
nitrogen (TN), were determined according to standard
procedures (Pansu & Gautheyrou, 2006). The soil bac-
terial community was profiled using high-throughput
sequencing as previously described (Luan, et al.,
2020a). Alpha-diversity indices (taxon richness, Shan-
non index, Chao1, Faith’s phylogenetic diversity [PD],
nearest taxon index [NTI], and net relatedness index
[NRI]) of bacterial communities were calculated using
the ‘vegan’ and ‘picante’ packages after rarifying all
samples to the same sequencing depth of 26,994
sequences (Kembel et al., 2010; Oksanen et al., 2019).

Definition of abundant and rare taxa

We classified all operational taxonomic units (OTUs) into
four categories based on the cutoff level of relative abun-
dance (Xue et al., 2018): AT with relative abundances
≥0.01% in all samples and ≥1% in some or all samples;
RT with relative abundances <0.01% in some or all sam-
ples but never ≥1% in any sample; moderate taxa
(MT) with relative abundances between 0.01% and 1% in
all samples; and CRAT with relative abundances ranging
from rare (<0.01%) to abundant (≥1%) (Figure 1B).

Distance–decay slope and halving-
distance

To assess the distance decay of community similarities,
we regressed the ln-transformed Bray–Curtis
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F I GURE 1 Sampling sites and a detailed description of different bacterial taxa. Soil samples were collected in a paddy ecosystem along the
north-south transects across East Asia, and each site was randomly set to three replicates (A). The division of different groups of bacteria (B).
The correlation between average relative abundance and frequency (number of occupied sites) of all OTUs (C). Proportion of OTU numbers
(D) and accumulative relative abundances (E) of four bacterial sub-communities. AT, abundant taxa; CRAT, conditionally rare and abundant
taxa; MT, moderate taxa; RT, rare taxa.
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community similarities (S) against their geographic dis-
tances (D). The geographic distances were determined
based on the latitude and longitude of the sampling
sites. The slopes of the DDRs were used to estimate
the species turnover rates (Soininen et al., 2007):

lnS¼ aþb lnD, ð1Þ

where a is the intercept and b is the slope of the DDR.
The halving distance identifies the distance at which

community similarity halves, with a smaller halving dis-
tance indicating a faster species turnover (Soininen
et al., 2007). The halving distance was calculated for
each community using a logarithmic decay model:

dH ¼ 10
ln
S0
2 �a

b , ð2Þ

where S0 is the initial community similarity at the lowest
transit distance (1 km) (Soininen et al., 2007). Com-
pared with other metrics of dispersal scales, the halving
distance can be calculated for any type of regression
between similarity and distance. As such, it provides a
useful and comprehensible metric for the comparison
across various habitats and organism types.

Generalized linear models

To determine the relative importance of environmental
factors and spatial factors on bacterial community
structure, we modelled the bacterial community compo-
sition using multivariate negative binomial generalized
linear models (Li et al., 2019a). Environmental factors
contained pH, TK, AK, TP, AP, SOC, TN, C/N ratio,
MAT, and MAP, while spatial factors contained geo-
graphic distance. The number of sequences in each
OTU was treated as a taxa abundance. The model fit-
ness of the soil physicochemical properties model and
spatial model were compared using OTU-specific
akaike information criterion (AIC) scores. A model was
considered to support the other model if the difference
in AIC (ΔAIC) > 2 (Alzarhani et al., 2019). The total AIC
score across all OTUs (ΣAIC) for each model was then
calculated to be compared at the community level.

Habitat niche breadth

Niche breadth was calculated according to Pandit et al.
(2009), using Levins’ niche breadth index (B):

Bj ¼1
.XN

i¼1

P2
ij ð3Þ

where Bj represents the habitat niche breadth of OTU
j in a metacommunity, N is the total number of

communities in each metacommunity, and Pij is the pro-
portion of OTU j in the community i. A high B value rep-
resents wide habitat niche breadth, indicating that the
OTU occurs widely and evenly along with a large range
of locations. The niche breadth of bacterial communi-
ties was calculated using the ‘spaa’ package (Zhang &
Zhang, 2013).

Neutral model

We used the Sloan neutral model to estimate the
importance of dispersal on community assembly by
predicting the relationship between the frequency of
each taxon’s occurrence in a set of local communities
and their abundances across the wider metacommunity
(Sloan et al., 2007). In the model, the dispersal rate (m)
is used to evaluate the probability of a random loss of
an individual in a local community being replaced by an
immigrant from the metacommunity. The calculation is
as follows:

Freqi ¼1� I 1�NjN�m�pi, N�m� 1�pið Þð Þ, ð4Þ

where Freqi is the occurrence frequency of taxon
i across communities, N is the number of individuals
per community, pi is the average relative abundance of
taxon i across communities, and I() is the probability
density function of the beta distribution; m is the esti-
mated dispersal rate, and higher m value means a
higher dispersal rate. This analysis was performed
using nonlinear least-squares fitting with the ‘minpack.
lm’ package (Elzhov et al., 2016). The 95% confidence
intervals (CIs) of the model predictions were calculated
using the Wilson score interval in the ‘Hmisc’ package
(Harrell, 2013). The overall fit of the model to observed
data was carried out by comparing the sum of squares
of residuals, SSerr, with the total sum of squares, SSto-

tal: model fit = 1 � SSerr/SStotal (generalized R-
squared). The fit of the neutral model and a binomial
distribution model were compared to determine
whether the model was based on the random sampling
of the source metacommunity. Sampling from a bino-
mial distribution represents the case where local com-
munities are random subsets of the metacommunity in
the absence of processes of drift and dispersal limita-
tions (Sloan et al., 2007). The AIC and the Bayesian
information criterion of each model were calculated
based on 1000 bootstraps.

Statistical analyses

Correlational analyses were based on Pearson
(p < 0.05). The turnover and nestedness of bacterial
communities were calculated based on the Bray–Curtis
dissimilarity index using the ‘betapart’ package
(Baselga, 2010; Li, Jiang, et al., 2019b). Random forest

4 LUAN ET AL.
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analyses were performed using the ‘randomforest’
package (Liaw & Wiener, 2002). The entire dataset
was randomly divided into two parts, with about 2/3
used for the training dataset and the remaining for the
‘out-of-bag’ dataset (Wei et al., 2010). The importance
of each factor was evaluated by analysis of the
increase in the mean square error between the
observed and predicted values seen when the predictor
was randomly permuted (Breiman, 2001). The accu-
racy of the results was measured for each tree and then
averaged across the forest containing 500 trees (Cutler
et al., 2007).

RESULTS

General distribution of bacterial abundant
and rare biospheres

After excluding singletons and rarefying sequences to
a uniform depth, the dataset contained a total of 26,994
sequences in each sample. These were further sub-
jected to OTU clustering, resulting in a total of 10,379
OTUs. First, we found a significant positive correlation
between bacterial relative abundances and frequencies
(R2 = 0.68, p < 0.001) (Figure 1C). To partition the
bacterial abundant and rare biospheres, we classified
these OTUs into four categories according to OTU fre-
quency and relative abundance (Figure 1D,E), includ-
ing AT, RT, MT, and CRAT. The OTUs classified as AT
accounted for 0.04% of the total OTUs and 5.84% of
the total sequences; the OTUs classified as RT
accounted for 98.77% of the total OTUs and 62.76% of
the total sequences; the OTUs classified as MT
accounted for 0.03% of the total OTUs and 0.43% of
the total sequences; the OTUs classified as CRAT
accounted for 1.17% of the total OTUs and 30.97% of
the total sequences.

Composition and diversity of bacterial
abundant and rare biospheres

We detected a total of 47 phyla/classes, with RT con-
taining 47 phyla/classes, AT containing 2 phylae/clas-
ses, CRAT containing 12 phyla/classes, and MT
containing 3 phyla/classes (Figure S1). The RT sub-
community was mostly composed of Chloroflexi
(15.61%), Actinobacteria (19.88%), Acidobacteria
(13.15%), Alphaproteobacteria (9.20%), Gammapro-
teobacteria (7.20%), Deltaproteobacteria (6.40%),
Planctomycetes (5.13%), Bacteroidetes (3.76%),
Gemmatimonadetes (2.42%), and Firmicutes (2.32%).
The AT sub-community was composed of Actinobac-
teria (5.84%) and Alphaproteobacteria (0.31%). The
CRAT sub-community was composed of Gammapro-
teobacteria (10.72%), Actinobacteria (9.01%),

Chloroflexi (3.81%), Bacteroidetes (1.83%), Firmicutes
(1.36%), and Acidobacteria (1.23%). And, the MT sub-
community was composed of Chloroflexi (0.27%), Acti-
nobacteria (0.09%), and Acidobacteria (0.08%).

All determined alpha-diversity indices (taxon rich-
ness, Chao1 index, and Shannon index) and PD (NRI
and NTI) were significantly higher in RT (p < 0.05) com-
pared to AT, MT, and CRAT (Figure S2). The AT and
MT had the lowest alpha diversity compared with the
RT and CART. Random forest modelling was per-
formed to assess the interpretability of the diversity of
different taxa on the whole bacterial diversity
(Figure S3). The models for different diversity indices
were consistently significant (R2 = 0.42–0.69,
p < 0.01). We found that the indices of taxon richness
(RT = 16.32% and CRAT = 5.25%), Chao1
(RT = 15.82%), Shannon (RT = 80.12%,
CRAT = 77.87%, AT = 62.31%, and MT = 9.23%), PD
(RT = 16.75%), NRI (RT = 18.40%, CRAT = 14.34%,
and AT = 11.81%), and NTI (RT = 15.92% and
AT = 18.94%) of different taxa contributed significantly
(p < 0.05) to the corresponding indices of the whole
bacterial diversity.

Community dissimilarities and DDR

Both pairwise Bray–Curtis and weighted UniFrac simi-
larity values of MT and AT were significantly greater
than those of RT and CRAT (p < 0.001) (Figure 2A,B).
Nestedness (64.09% and 72.42%) overwhelmed the
effect of species turnover for the community variations
in MT and AT, and species turnover (72.97% and
90.66%) predicted the community variations in CRAT
and RT better than nestedness (Figure 2C). Random
forest models for different β-diversity metrics were con-
sistently significant (R2 = 0.43–0.98, p < 0.01). We
observed that Bray–Curtis (43.92% of RT, 35.75% of
CRAT, 22.77% of AT, and 18.92% of MT), weighted
UniFrac (47.58% of RT, 70.85% of CRAT, 14.15% of
AT, and 18.73% of MT), turnover (71.59% of RT,
31.54% of CRAT, 21.54% of AT, and 22.17% of MT),
and nestedness (48.35% of RT, 37.13% of CRAT,
33.45% of AT, and 42.42% of MT) indices of four differ-
ent sub-communities significantly affected the corre-
sponding β-diversity of the whole bacterial community
(Figure S4).

DDRs were determined using both Bray–Curtis and
weighted UniFrac distances. The whole bacterial com-
munity and four sub-communities consistently had sig-
nificant DDRs (Figure 2D,E). Overall, the DDRs based
on weighted UniFrac distances (slope =
�0.01 to �0.05, R2 = 0.03–0.15) were weaker than
those based on Bray–Curtis (slope = �0.07 to �0.30,
R2 = 0.08–0.29), for all sub-communities. The DDR
slope based on Bray–Curtis was the highest for CRAT,
which displayed greater community variability (slope =

GEOGRAPHIC PATTERNS OF ABUNDANT AND RARE TAXA 5
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�0.30, p < 0.001), and the lowest values of initial simi-
larity (0.34) and halving distance (2199 km)
(Figure 2F,G). In contrast, MT had the weaker DDR
with the weakest community variability (slope = �0.07,
p < 0.001) and the largest values of initial similarity
(0.68) and halving distance (6394 km). Besides, the
DDR slope based on weighted UniFrac distances was
the highest for CRAT with the greater community vari-
ability (slope = �0.048, p < 0.001) and the lowest
values of initial similarity (0.68) and halving distance
(9285 km). Conversely, AT had the lowest DDR with
the weakest community variability (slope = �0.012,
p < 0.001), and the largest values of initial similarity
(0.93) and halving distance (38,150 km).

Community assembly of bacterial
abundant and rare biospheres and GLMs
analysis

Multivariate negative binomial generalized linear
models (GLMs) analysis was used to disentangle the
relative influence of environmental factors and spatial
factors on the composition of the abundant and rare

biospheres compared with the whole community
(Figure 3). All AT, MT, and most of CRAT (88.43%)
were better explained by spatial variables than environ-
mental ones, while most RT (83.92%) followed the
opposite trend.

We determined the dispersal rate (indicated by the
m parameter) of each OTU by fitting the frequency dis-
tribution to the Sloan neutral model (Figure 4A). All AT
and MT, as well as 8.26% of CRAT and 25% of RT,
were selectively enriched (Figure 4B). There were
9.5% of RT and 85.12% of CRAT OTUs selectively
excluded, and 65.5% of RT and 6.61% of CRAT OTUs
neutrally assembled. Our results showed that CRAT
(m = 0.007, R2 = 0.16) and RT (m = 0.09, R2 = 0.50)
had the lowest and highest m values, respectively
(Figure 4C, Table S1). The niche breadth was calcu-
lated to evaluate the influence of selection on commu-
nity assembly, with a wider niche breadth (Bcom)
reflecting lower selection (Figure 4D). We observed that
RT and MT had the lowest and highest Bcom values
(7.67 and 29.72), respectively. Random forest models
indicated that soil factors (pH = 9.13% –49.78% and
TK = 10.12%–42.37%), climate factors (MAT =
16.59%–46.49% and MAP = 10.86%–37.56%), and
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biological factors (Shannon = 7.16%–102.68%,
NTI = 9.49%–60.81%, and NRI = 5.99%–61.78%)
were the most important predictors of the variation in a
bacterial community (Figure 5).

DISCUSSION

In this study, we used a continental paddy soil dataset
to investigate the biogeographical patterns and ecologi-
cal mechanisms underpinning the bacterial abundant
and rare biosphere assemblies. We determined the
dynamic interplay of ecological processes (environ-
mental filtering and dispersal limitation) structuring
DDR patterns for the whole bacterial community, as
well as abundant and rare sub-communities. Overall,
the obtained results corroborate our initial hypothesis
that four sub-communities had significantly distinct
DDR patterns, with environmental filtering and dis-
persal limitations differentially affecting the intensities
of their respective DDRs.

We found significant DDRs for all tested bacterial
sub-communities, indicating that bacteria were not
ubiquitously distributed across space. The DDRs calcu-
lated based on the taxonomic index (Bray–Curtis simi-
larity) were significantly stronger than the DDRs based
on phylogenetic distances (weighted UniFrac). This
suggests that overall phylogenetic metrics tend to clus-
ter communities and/or operate at a lower resolution.
The literatures suggest that the complex microbial
communities—in some cases—appear to be generally
similar, albeit their differences in composition always
exist at finer taxonomic resolutions (e.g., species or
strain level) (Bryant et al., 2008; Clark et al., 2021). Our
results indicated that weighted UniFrac similarity and
initial similarity were approximately three and two times
higher than the Bray–Curtis similarity and initial similar-
ity, respectively (Figure 2). It has also been reported
that communities with less common species can exhibit
high phylogenetic similarity when the species share
many branches in the phylogenetic tree, thereby reduc-
ing the decay of similarity over geographical distance
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(Bryant et al., 2008; Clark et al., 2021). Within this gen-
eral pattern, CRAT (R2 = 0.29) and RT (R2 = 0.19)
had stronger DDRs than AT (R2 = 0.15) and MT
(R2 = 0.07), indicating that the community turnover
was higher in CRAT and RT sub-communities than in
AT and MT sub-communities. Besides, such results
might likely be structured by the dynamic interplay of
ecological processes operating in these sub-
communities.

We revealed that RT had a higher dispersal rate
(m = 0.092) than MT (m = 0.048), AT (m = 0.012), and
CRAT (m = 0.007), implying that RT had a greater dis-
persal potential. The effects of dispersal limitation on
rare and abundant taxa are not always uniform and
may depend largely on ecosystem type and geographic
scale (Liu et al., 2015; Shi et al., 2018; Wang
et al., 2013). Dispersal limitation significantly influenced
the AT sub-community rather than the RT sub-commu-
nity, possibly because the continental scale in our study

spanned a long geographic distance of 4000 km. It is
widely known that large geographic distances make it
difficult to detect highly ubiquitous species worldwide
(Martiny et al., 2006). We observed that the AT sub-
community (4 OTUs) represented 5.84% of the total
sequences (the average abundance of each OTU was
1.46%), while the RT sub-community (10,251 OTUs)
accounted for 62.76% of the total sequences (the aver-
age abundance of each OTU was 0.006%). As such,
significantly greater species numbers and population
densities can enhance the likelihood of passive dis-
persal of RT via passive mechanisms (e.g., wind,
water, and/or hitchhiking on macro-organisms)
(Villarino et al., 2018; Woo et al., 2018). We note that
the CRAT sub-community with a large relative abun-
dance was mostly influenced by dispersal limitation.
The CRAT sub-community was more sensitive to envi-
ronmental changes during the dispersal process,
potentially resulting in dispersal limitation (Jia
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et al., 2018). In fact, the dispersal rates of all sub-
communities were lower than 0.1, indicating that all
taxa were subject to some extent to dispersal limita-
tion. In addition to the large geographic distance,
reduced fluidity may have negative consequences for
the dispersal potentials of natural bacterial communi-
ties in terrestrial ecosystems (Jiao et al., 2020; Luan
et al., 2020a).

Our results further showed that environmental fac-
tors (especially soil pH and MAT) exhibited a more pro-
nouncedly influence on RT and CRAT communities
than AT and MT communities. This was further con-
firmed by the results of niche breadth, which showed

that RT (avg.Bcom = 7.67) and CRAT (avg.Bcom = 9.10)
had narrower niche breadth compared to AT (avg.
Bcom = 20.09) and MT (avg.Bcom = 29.72). This indi-
cates that RT and CRAT were under greater influence
from environmental filtering than AT and MT (Figure 4).
The narrower niche breadth may result from the rare
species’ particular life-history strategies and ecological
trade-offs. For example, oligotrophic organisms can
successfully persist under low-nutrient conditions at
low abundances, mostly due to intrinsic metabolic con-
straints (Fierer et al., 2007). Alternatively, the persistent
low abundance of some RT may be a consequence of
selective exclusion by shifting environmental conditions
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(Jia et al., 2018). In the case of bacteria, some taxa can
enter a reversible state of decreased metabolic activity
by engaging in dormancy and can persist at low densi-
ties for long periods to contend with unfavourable or
harsh local environmental conditions (Lennon &
Jones, 2011). Conversely, the higher niche breadth of
abundant species may be dependent upon a combina-
tion of intrinsic species characteristics and environmen-
tal selection. Abundant bacterial taxa have been
proposed as habitat generalists able to utilize a wide
spectrum of resources available in the environment
(Hambright et al., 2015). The unique microhabitats in
paddy soils could selectively enrich specific bacterial
populations to be widespread (Figure 4B). However,
CRAT is composed of many opportunistic species with
narrow niche breadth and is therefore highly sensitive
to climatic-environmental changes (Jia et al., 2018).
When environmental conditions are unfavourable,
CRAT exists at low abundances or in a dormant state,
or grows slowly. Once they encounter a suitable envi-
ronment, CRAT will gradually recover their population
densities and become abundant members of the com-
munity (Evans et al., 2014; Jia et al., 2018).

Last, we propose a conceptual framework describ-
ing the relative influence of environmental selection
and dispersal rate on DDRs in paddy soils. In brief,
environmental filtering and dispersal limitation collec-
tively mediate the geographic distribution of the CRAT
sub-community, leading to a strong DDR pattern
(Figure 6A). The RT sub-community is strongly affected
by environmental filtering, but greater dispersal rates
flatten the intensity of the DDR (Figure 6B). The MT
and AT sub-communities are less influenced by envi-
ronmental filtering and dispersal limitation, thus result-
ing in weak DDRs. The MT sub-community has the
weaker DDR due to the wider niche breadth com-
pared to AT sub-community (Figure 6C,D). Corrobo-
rating previous studies, we also suggest that MT and
AT were not strongly structured by environmental fil-
tering, probably because of their wide range of inher-
ent growth rates and/or their significant advantages
in adapting to unique environments. However, we do
not rule out the importance of unmeasured abiotic
and biotic variables potentially accounting for the
observed differences in the MT and RT sub-
communities (Luan et al., 2020a).
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CONCLUSION

Our results demonstrated that both the entire bacterial
community and four sub-communities had significant
DDRs at taxonomic and phylogenetic levels in paddy
soils. In particular, we revealed that the CRAT sub-
community had the strongest DDRs due to greater
environmental filtering and dispersal limitations. On the
contrary, the MT sub-community had the weakest
DDRs owing to the lowest intensity of environmental fil-
tering and greater dispersal. Taken together, our study
highlights an interplay of ecological processes dynami-
cally structuring the bacterial abundant and rare bio-
spheres, with direct implications for DDR patterns in
paddy soils.
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