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ARTICLE OPEN

Unravelling the interplay of ecological processes structuring the
bacterial rare biosphere
Xiu Jia 1✉, Francisco Dini-Andreote 2,3 and Joana Falcão Salles 1✉

© The Author(s) 2022

Most ecological communities harbor many rare species (i.e., the rare biosphere), however, relatively little is known about how
distinct ecological processes structure their existence. Here, we used spatiotemporal data on soil bacterial communities along a
natural ecosystem gradient to model the relative influences of assembly processes structuring the rare and common biospheres.
We found a greater influence of homogeneous selection (i.e., imposed by spatiotemporally constant variables) mediating the
assembly of the rare biosphere, whereas the common biosphere was mostly governed by variable selection (i.e., imposed by spatial
and/or temporal fluctuating variables). By partitioning the different types of rarity, we found homogeneous selection to explain the
prevalence of permanently rare taxa, thus suggesting their persistence at low abundances to be restrained by physiological traits.
Conversely, the dynamics of conditionally rare taxa were mostly structured by variable selection, which aligns with the ability of
these taxa to switch between rarity and commonness as responses to environmental spatiotemporal variations. Taken together, our
study contributes to the establishment of a link between conceptual and empirical developments in the ecology of the soil
microbial rare biosphere. Besides, this study provides a framework to better understand, model, and predict the existence and
dynamics of microbial rare biospheres across divergent systems and scales.

ISME Communications; https://doi.org/10.1038/s43705-022-00177-6

INTRODUCTION
Ecological communities are generally composed of a few highly
abundant species and numerous low abundance ones, which
the latter is defined as the rare biosphere [1, 2]. In microbiomes,
rare microbial species potentially play crucial roles in ecosystem
functioning, for instance, by preventing pathogen spread,
controlling nutrient cycling, and contributing to pollutant
degradation [3–6]. However, it remains unclear how distinct
ecological processes interplay in determining the assembly
and successional dynamics of the different types of microbial
rarity.
In plant and animal communities, rarity can be caused by either

lower competitive ability combined with frequency-dependent
selection (e.g., predation), narrow niche requirement, or limited
dispersal ability [7–10]. These mechanisms are likely to apply to
microorganisms [11]. For example, protozoan predation and viral
lysis can both control population size and occasionally lead to
rarity [12]. Also, bacterial specialists can occupy niches that are not
explored by generalists, thus being able to persist at low
abundances [13]. And, limited dispersal potential was recently
used to explain rarity in bacterioplankton taxa [14]. Although
these mechanisms are diverse, they are not in conflict and can
operate simultaneously. In fact, it is likely that their relative
importance might vary in space and/or time and across systems,
thus contributing to different abundance patterns of rarity within
and across community types.

Distinct ecological processes (i.e., selection, dispersal, diversifi-
cation, and ecological drift) interplay in structuring ecological
communities [15–17]. We have recently argued that under-
standing the interplay of ecological processes structuring the
dynamics of the rare biosphere can better inform on the
mechanisms associated with the different abundance patterns of
rarity (see ref. [18]). For example, the relative influence of distinct
ecological processes can be quantified by comparing the
phylogenetic and taxonomic community structures with ecologi-
cal null model randomizations (see Stegen’s approach in ref.
[19, 20]). This approach assumes that phylogenetically related
species have more similar ecological niches than those drawn
randomly from the phylogenetic tree [21]. After differentiating
common from rare species, which can be done using distinct
methods and approaches, the first step consists of determining
whether the community structure of each one of these
components (rare or common) is predominantly driven by
selection (either variable or homogeneous) or not (i.e., stochastic
assembly) [18, 22]. This information can be obtained by comparing
the phylogenetic structure of observed communities with the
distribution of the phylogenetic community structures of null
models (Supplementary Fig. 1, Step 1). In brief, null models are
built based on randomization of phylogenetic community
structures. When the phylogenetic turnover is significantly higher
than that of the null expectation, community assembly is primarily
structured by variable selection, which indicates that community
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turnover is regulated by shifting environmental conditions over
space or time. However, if the phylogenetic turnover of the
community is significantly lower than that of the null expectation,
community assembly is mediated by homogeneous selection,
suggesting that community turnover is governed by environ-
mental filter(s) that are not undergoing spatiotemporal changes
[20, 23]. When the phylogenetic distance between a given pair of
communities is not significantly different from the null distribu-
tion, selection is weak, thus indicating that community turnover is
primarily governed by stochastic processes such as random
dispersal and/or ecological drift. These processes can be further
disentangled by calculating the dissimilarity of taxonomic
composition between two communities [Bray-Curtis (BC) distance]
relative to the null distribution, using a Raup-Crick matrix [19, 24]
(Supplementary Fig. 1, Step 2). Here the assumptions are the
following: (i) high dispersal rates lead to homogeneous species
distribution across communities (i.e., homogenizing dispersal;
observed BC is lower than null BC); (ii) low dispersal causes high
species turnover (i.e., dispersal limitation; observed BC is higher
than null BC); and (iii) when both phylogenetic and taxonomic
community structures do not differ from the null expectations,
neither selection nor dispersal contributes significantly to com-
munity assembly. In this scenario, ecological drift and the
negligible selection and dispersal effects drive community turn-
over and are collectively termed ‘undominated processes’ [20].
The approach described above can be used to better under-

stand the ecological processes associated with different types of
rarity based on the abundance of taxa across space and/or time. In
this sense, the types of rarity consist of ‘conditionally rare,’
‘permanently rare,’ and ‘transiently rare’ taxa [18, 22]. Conditionally
rare species are those that can periodically or occasionally
fluctuate from low to high abundance; permanently rare
taxa consistently persist at low abundance regardless of environ-
mental changes over space and time; and transiently rare taxa are
those that only occur in a community for a short period of time
and do not maintain detectable levels of population sizes. The
overarching hypothesis of our study is that these different types of
rarity are governed by a distinct interplay of ecological processes
[18]. Specifically, conditionally rare taxa can be found in the rare
biosphere under unfavorable physicochemical or biological
conditions but become occasionally or periodically abundant
once local conditions become favorable [25]. Therefore, we
hypothesize that conditionally rare taxa are driven by variable
selection, caused by their fitness changes along environmental
(spatial or temporal) gradients [18]. Conversely, permanently rare
taxa consistently remain at low abundance regardless of the
changing environmental factors [26]. As such, we hypothesize the
existence of these taxa to be structured by homogeneous
selection [18], as the low abundance and fitness of permanently
rare taxa might be associated with k-strategists. For example,
specialized oligotrophic bacteria displaying a narrow ecological
niche (and/or lower competitive ability) are expected to have
minimal response to seasonal fluctuations of the labile carbon
pool through the year, as their metabolisms are primarily
responding to recalcitrant carbon resources that are more
constantly available over time [27]. Permanently rare taxa that
show periodic fluctuations in abundance can be determined by
homogenizing dispersal process operating alongside ecological
drift [18]. This might occur because high dispersal rates replenish
the loss of individuals that can occasionally go extinct. For these
transiently rare taxa, we hypothesized that dispersal limitation and
local extinction through stochastic demographic processes might
result in their brief appearance in a community [18]. Finally, the
diversification process can also account for new species/geno-
types within the rare biosphere (either by mutation and/or
horizontal gene transfer) [18]. If this process results in a higher
fitness, organisms will persist over time (permanently or
conditionally rare); otherwise, they will be either eliminated by

natural selection or drift and then constrained as transiently rare
taxa [18]. It is important to note that our analysis cannot
quantitatively account for the diversification process due to
inherent methodological limitations associated with identifying
new species/genotypes in natural ecosystems.
In the present study, we empirically quantified the extent to

which these ecological processes govern the assembly and
successional dynamics of the distinct rarity types (see ref.
[18, 28]) and the abundant subcommunities in soil bacterial
communities. To test our hypotheses, we used a dataset from
an ecological gradient of primary soil succession spanning over
a century on the island Schiermonnikoog, the Netherlands,
which provides variation in biotic and abiotic conditions while
under the influence of the same species pool [28]. The
putatively ‘active’ bacterial rare and common biospheres were
characterized by sequencing the reverse transcribed bacterial
16S rRNA transcripts obtained from soil bacterial communities
[28]. The profiling of the rare biosphere along this gradient at
different points in time allowed us to cover great variation of
species turnover and identify the distinct types of rarity across
both spatial and temporal scales. Moreover, the characterization
of the common microbial biosphere allowed us to identify the
mechanisms driving the assembly of common species. In this
study, we first partitioned the common and rare biosphere
components using three rarity cutoff values (i.e., 0.2%, 0.1%,
and 0.05%) and applied the null model approach to quantify the
relative influence of ecological processes [19, 20]. We focused
on the results from the cutoff of 0.1% per sample as it can better
represent the rare biosphere by showing the tails of rank
abundance curves (Supplementary Fig. 2). As there is still a lack
of a golden standard to define the rare biosphere, additional
two cutoffs (0.2% and 0.05%) were used to check whether a
more relaxed or strict cutoff will influence the interpretation of
the results. Then, we categorized and quantified the distinct
types of rarity and commonness (Supplementary Fig. 3) [18, 22].
Last, we provide a conceptual overview of how community
assembly processes regulate different components of bacterial
communities, which will serve as the basis for further
hypotheses development in this emergent field of science.

MATERIALS AND METHODS
Soil sampling and sequencing
In this study, we used the 16S rRNA sequence dataset from [28], which has
been deposited at the Sequence Read Archive of the National Center for
Biotechnology Information and is accessible through the accession number
PRJNA546612. Details of soil sampling and sequencing are provided in SI
Methods and ref. [28]. In brief, soil samples were collected along a well-
characterized soil chronosequence located on the island of Schiermonni-
koog, the Netherlands (53°30’ N, 6°10’ E). This chronosequence covers over
100-years of primary succession in a developing salt marsh ecosystem since
the sedimentation of particles carried out by the tide/wind causes the
island to progressively extend eastwards [29]. Soil physicochemical
properties and community composition (both macro- and micro-organisms)
sequentially change over time along with the gradient [29–32]. For
example, this chronosequence presents a transition from sandy to clay soil.
In addition, the overall soil nutrient status (i.e., organic carbon content, total
nitrogen, ammonium, nitrate, and sulfate) increases over time, whereas soil
pH decreases from ca. 8.7 to 7.4, as the succession proceeds [30]. We
collected soil samples across five successional stages (i.e., 0, 10, 40, 70, and
110 years of development from 1809 to 2017) to capture the variation in
the rare biosphere across these sites (Fig. 1A). Three replicated plots were
sampled in each successional stage. In each plot, one composite soil sample
was obtained (details see ref. [28]). Sampling was performed in May, July,
September, and November 2017 to include the temporal dynamics within
each site. In total, we analyzed the assembly of the bacterial rare biosphere
from 60 soil samples. To capture the putatively ‘active’ bacteria from soil,
the V4 region of bacterial 16S rRNA was amplified based on reverse-
transcribed total soil RNA using the primer set 515 F and 806 R [33, 34].
Sequencing was performed on a 151 bp × 12 bp × 151 bp Illumina MiSeq
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run (Illumina, USA) at the Argonne National Laboratory using the Version 2
chemistry sequencing reagent kit [33].
We opted for an RNA-based approach to profile the bacterial rare

biosphere rather than the usual DNA-based method. The latter has the risk
of misestimating rare species due to the pervasive existence of relic DNA in
soil [35]. Although RNA-based approaches also have limitations, such as a
variable number of ribosomal transcripts at different activities, we argue
that this approach is relevant for rare biosphere studies, as it controls for
pseudo-rare species that can be potentially detected by DNA-based
methods. Even though the RNA approach might wrongly classify rare
species with high copy numbers of rRNA as abundant, it provides certainty
that all active rare species are real and from alive cells. Since the overall
assembly processes did not differ significantly between DNA- and RNA-
based approaches [28], we expected to draw similar conclusions for the
rare biosphere when using the DNA-based approach.

Sequence processing
Sequence data analysis was performed using the open-source QIIME2/
2018.2 pipeline [36]. Samples were demultiplexed, resulting in a total of
9 852 975 raw reads across the 60 samples. We applied the Divisive
Amplicon Denoising Algorithm (DADA2) to infer exact/amplicon
sequence variants (ASVs) [37]. The DADA2 method was applied to
denoise paired-end sequences trimmed at 150 bp, paired, and
subjected to chimera removal using the default settings. The obtained
feature table (site-to-species matrix) contained a total of 24 172 ASVs.
The total frequency of these ASVs across all samples was 7 958 654.
Taxonomic information for the representative sequence per ASV (ca.
253 bp in length) was obtained using the SILVA database (Silva 119
Naive Bayes 515 F/806 R taxonomy classifier) [38]. A phylogenetic tree
was constructed by aligning representative sequences per ASV using
the FastTree plugin in QIIME2 [39].

Fig. 1 Distribution of soil bacterial common and rare biospheres. A Sampling sites are shown on the map of the island of Schiermonnikoog,
the Netherlands. Distinct colors represent different successional stages along the soil chronosequence that gradually develops from the east
to the west. Dots represent the sampling sites at five successional stages, namely 0, 10, 40, 70, and 110 years of succession (from 1809 to 2017).
Modified version from Dini-Andreote et al. [79]. This image was originally generated using ArcGIS. B The number of rare and common ASVs
and the number of shared ASVs in the rare and common biospheres. C Principal Coordinate Analysis (PCoA) derived from Bray-Curtis distance
of bacterial composition for the rare and common biospheres represented by different shapes. Colors represent successional stages (0, 10, 40,
70, and 110 years in succession). Percentage in the axis labels shows the variation of species composition explained by each coordinate.
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Defining the rare and common biospheres
After compiling the feature and taxonomy tables, community analyses and
statistics were performed in the R environment (R version 3.5.0) [40, 41].
Figures were generated using the ggplot2 and venn.diagram packages
[42, 43]. The feature and taxonomy tables were combined, and all ASVs
affiliated with archaea, chloroplasts, and mitochondria were removed. The
feature table was rarefied to a depth of 31 500 sequences per sample using
the ‘rarefy’ function in the package vegan [44]. The rarefied feature table
was used for downstream analyses.
To depict sample-by-sample variation in rarity, we defined rarity on a per

sample basis rather than based on the entire dataset. In particular, the rare
biosphere was defined as a collection of low abundance taxa with relative
abundance no greater than the rarity cutoff values. In contrast, species with
relative abundance higher than the cutoffs were collectively defined as the
common biosphere. We first fitted the frequently used rarity cutoffs, i.e., 1.0%,
0.1%, and 0.01% [45–49], to the rank abundance curves in our dataset
(Supplementary Fig. 2B) to determine the most suitable cutoff value. These
plots show that using 1.0% or 0.01% would either overestimate or
underestimate the size of the rare biosphere in our samples (Supplementary
Fig. 2B). In addition, to complement this fixed threshold, we applied a
‘sample-specific rarity cutoff’ approach, in which rarity is defined using a
similar algorithm to calculate the h-index [50], where species are defined as
rare when their abundances are not higher than their individual ranks in the
rank abundance curve (Supplementary Figs. 4 and 5). We recalibrated the
cutoff by the sampling depth value, i.e., the ratio of the number of observed
species (Sobs) to the number of estimated species (Schao1), to balance the
difference in sampling effort between samples. Here we used the Chao1
index to indicate estimated richness. It is worth noticing that the estimated
species number (Chao1) can be higher than the true species richness, as it
can overestimate species numbers when the sample size is small [51].
However, since our rarefaction curves seem to have reached a plateau
steadily, and the observed number of species was close to the estimated
species by the Chao1 index in most samples (Supplementary Figs. 6 and 7),
we believe the Chao1 index did not overestimate richness substantially in our
dataset. However, the use of this index in future studies should be carefully
evaluated. Using the “sample-specific rarity cutoff” approach, we identified
the average of sample-specific rarity cutoffs at 0.2% (Supplementary Figs. 2A
and 5). Furthermore, to avoid the arbitrary definition of the rare biosphere,
we tested two additional rarity cutoffs, i.e., 0.2% and 0.05%, which aligned
with the tails of the relative abundance curves and represented interval
deviations from the usual fixed threshold of 0.1%.
We divided the dataset into two community components (the rare and

common biospheres) using the criteria described above, which entailed
the tails of rank abundance curves in our dataset (0.2%, 0.1%, and 0.05%;
Supplementary Fig. 2A). We mainly show the results based on the cutoff of
0.1% and briefly discuss whether a more relaxed (0.2%) or strict cutoff
(0.05%) provide similar results as the cutoff of 0.1%.

Defining the distinct types of rarity and commonness
After defining the rare and common biospheres, we further classified rare
and common ASVs into distinct types of rarity and commonness
(Supplementary Fig. 3), as follows: ‘conditionally rare/common’—rare ASVs
in one or few samples that are occasionally common in other samples;
‘transiently rare’—ASVs that appear only once in the rare biosphere across
all samples (stage of succession and sampling time); ‘permanently rare’—
ASVs that are only present in the rare biosphere and appear more than
once across all the samples; ‘permanently common’—ASVs consistently
present above the rare threshold across all samples. It should be
mentioned that properly defining permanently rare ASVs is challenging.
In this study, we sampled bacterial communities across a spatial
chronosequence (from early ‘sandy’ to mature ‘clay’ soils), considering
within-stage temporal variations (from May, July, September, and
November). Such efforts allowed a thorough depiction of soil bacterial
communities in this system, thus supporting a valid representation of the
distinct types of rarity, particularly with respect to permanently rare ASVs.

Community analysis
Principal coordinate analysis (PCoA, ‘pcoa’ function in the package ape) was
used to explore and visualize community dissimilarities using Bray-Curtis
distances (‘vegdist’ function in the vegan package) [44, 52]. To assess whether
biosphere component, stage of succession, and sampling time had significant
effects on the bacterial community structure, permutational multivariate
analysis of variance (PERMANOVA, ‘adonis’ function in the vegan package) was
performed based on Bray-Curtis distances using 9 999 random permutations.

Quantifying the relative influences of distinct community
assembly processes
To quantify community assembly processes structuring the common and
rare biosphere, we used a previously developed approach [19]. Namely,
phylogenetic community turnover was inferred based on the β-nearest
taxon index (βNTI) across all samples. We calculated βNTI using the
package ‘Picante’ and the script created by Stegen et al. [19, 53], which is
the standardization of between-community mean nearest taxon distance
(βMNTD), as follows:

βMNTD ¼ 0:5
Xnk

ik¼1
fik min Δik jmð Þ þ

Xnm

im¼1
fim min Δimjkð Þ

h i
;

βNTI ¼ βMNTDobs � βMNTDnull

sd βMNTDnullð Þ ;

where fik is the relative abundance of ASV i in community k, nk is the
number of ASVs in community k, fim is the relative abundance of ASV i in
community m, nm is the number of ASVs in community m, and min Δik jmð Þ
is the phylogenetic distance among closest ASVs occurring in community k
and community m. The distribution of βMNTD from null models was built
by shuffling ASVs among the tips of the phylogenetic tree with 999
permutations. βNTI is a standardized value of the βMNTD of the observed
sample (βMNTDobs) that was scaled by the βMNTD of null distribution
(βMNTDnull). βNTI values above +2 indicate a higher phylogenetic turnover
in observed communities than in the null model distribution. This indicates
a strong influence of variable selection on community turnover. βNTI
values below −2 indicate lower phylogenetic community turnover in
observed communities than in the null model distribution, which further
indicates the influence of homogeneous selection on community assembly
[19, 20, 23]. If −2 < βNTI <+2, community turnover does not significantly
deviate from null expectation, and is thus governed mostly by stochastic
processes, such as dispersal limitation, homogenizing dispersal, or
undominated processes. In a follow-up analytical step, the Raup-Crick
matrix based on the standardized Bray-Curtis matrix (referred to as RCbray)
was used to test whether the observed degree of turnover deviates from
the expectation [24]. We applied the script created by Stegen et al. to
compute the RCbray matrix for all communities [19]. A null distribution of
the Raup-Crick matrix was built by simulating 999 times for each pair of
communities. The RCbray was calculated by the deviation between
observed values and the null distribution and rescaled to a range from
−1 to +1. RCbray >+0.95 indicates dispersal limitation coupled with drift
that leads to community turnover greater than expected, whereas
RCbray <−0.95 indicates that community turnover is primarily governed
by homogenizing dispersal. Last, −0.95 < RCbray <+0.95 is interpreted as
indicating undominated processes. We quantified the relative influences of
each of these processes by calculating the percentage βNTI and RCbray
values that fulfill the above criteria across all the pairwise comparisons per
each community compartment (Supplementary Fig. 1, Step 3).

RESULTS
Community profiling
We obtained a rarefied feature table containing 31 500 cDNA
sequences per sample, encompassing a total of 22 490 potentially
active ASVs. Rarefaction curves of most of the samples reached a
steady plateau (Supplementary Fig. 6). As a consequence, the
estimated ASVs richness using the Chao1 index was mostly
equivalent to the observed richness, indicating a good represen-
tation of ASV richness in our dataset (Supplementary Fig. 7). In
accordance with previous observations [30], we showed that the
structure of bacterial communities significantly changed along the
successional chronosequence (PERMANOVA R2 = 0.45, P < 0.01 for
Jaccard distance and R2 = 0.61, P < 0.01 for Bray-Curtis distance;
Supplementary Fig. 8 and Table 1).

Bacterial community composition of the rare and common
biospheres
Based on a rarity cutoff of ≤0.1% of total relative abundance per
community, the richness of the rare biosphere (encompassing 22
368 ASVs) was roughly 10-fold higher than that of the common
biosphere (total of 2319 ASVs, Fig. 1B and Supplementary Fig. 9).
Moreover, the rare and common biospheres differ in phylum
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composition: the rare biosphere encompassed a larger number of
bacterial phyla (total of 44) compared with the common biosphere
(total of 22, Supplementary Fig. 10). Also, 22 bacterial (candidate)
phyla were exclusively found within the rare biosphere. The
composition of ASVs was significantly different between the rare
and common biospheres (PERMANOVA R2 = 0.12, P < 0.01; Fig. 1C
and Supplementary Table 2), and there was even distinct
community composition across each successional stage (PERMA-
NOVA R2 = 0.27, P < 0.01). As succession proceeds, the level of
divergence between the rare and common biosphere increases
progressively (Fig. 1C). In line with this observation, PERMANOVA
analysis revealed a significant interaction between successional
stages and the community component (rare and common
biospheres; PERMANOVA R2 = 0.20, P < 0.01). It is worth
mentioning that similar patterns of β-diversity were obtained
using the rarity cutoff values of 0.2% and 0.05% (see Supplemen-
tary Fig. 11 and Table 2).

Types of rarity and commonness
By checking the abundance change across successional stages
and sampling time points, we identified a total of 11 838
permanently rare ASVs (encompassing 38 phyla), 8333 transiently
rare ASVs (42 phyla), 2197 conditionally rare/common ASVs (21
phyla), and 122 permanently common ASVs (11 phyla) using the
rarity cutoff of 0.1% (Supplementary Fig. 12). By quantifying the
abundance and richness of each type of rarity/commonness, we
found that permanently rare and conditionally rare ASVs are the
dominant types of rarity in the rare biosphere (Fig. 2A, B;
Supplementary Table 3). In terms of relative abundance, more
than half of the rare biosphere is represented by permanently rare
ASVs (54.73 ± 0.85%, average ± standard error), followed by
conditionally rare ASVs (41.13 ± 0.96%). This occurs even though
the number of conditionally rare ASVs (437 ± 15 ASVs) is far lower
than that of permanently rare ASVs (1 258 ± 53 ASVs). Last,
transiently rare ASVs (139 ± 13 ASVs) only constituted 4.14 ± 0.42%
of the total abundance of the rare biosphere. On the other hand,

for the common biosphere, conditionally common ASVs (185 ± 4
ASVs) formed the dominant type of commonness, which
encompassed 95.84 ± 0.41% of the total abundance of the
common biosphere, whereas permanently common ASVs (5 ± 1
ASVs) only encompassed 4.16 ± 0.41% of the total abundance
(Fig. 2A, B; Supplementary Table 3).
Notably, the composition of each type of rarity/commonness

also changed when increasing the stringency of the rarity cutoff
from 0.2% to 0.05%. Regarding the rare biosphere, the total
relative abundance decreased as the rarity cutoff became stricter,
i.e., 61.59%, 45.65%, and 28.36% at rarity cutoff values of 0.2%,
0.1%, and 0.05%, respectively. Moreover, as the rarity cutoff
became stricter, the proportion of permanently and transiently
rare ASVs decreased, while conditionally rare ASVs increased
(Supplementary Figs. 13, 14 and Table 3). Regarding the common
biosphere, the proportion of conditionally common ASVs
decreased, while permanently common increased as the rarity
cutoff became stricter (Supplementary Figs. 13, 14 and Table 3).

The influence of assembly processes structuring the rare and
common biospheres
By comparing the phylogenetic and taxonomic structure of sub-
communities with null expectations, we quantified the ecological
processes structuring the rare and common biospheres. Our
results revealed the assembly of the bacterial rare and common
biospheres to be mediated by distinct ecological processes.
Overall, selection influenced the assembly of the rare and
common biospheres, which accounted for 86.61% and 66.83%,
respectively. However, the taxa turnover of the rare biosphere was
governed mainly by homogeneous selection (66.67%, Fig. 3B).
Variable selection and dispersal limitation also had moderate
influences on the rare biosphere, i.e., 19.94% and 13.39%,
respectively. On the other hand, the taxa turnover of the common
biosphere was mostly governed by variable selection (47.06%). In
contrast, variable selection, dispersal limitation, undominated
processes, and homogenizing dispersal were found to exert less

Fig. 2 Variation in the types of rarity and commonness over space and time. The relative abundance (A) and number of ASVs (B) of each
type of rarity and commonness in the rare and common biospheres across four sampling times (M-May, J-July, S-September, N-November) and
five successional stages (0, 10, 40, 70 and 110 years in succession). Colors represent different types of rarity or commonness. The relative
abundances and number of ASVs correspond to the average values among three replicates.
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important roles (19.77%, 14.24, 13.67, and 5.25%, respectively;
Fig. 3A).
The data obtained from community assembly models were further

used to investigate patterns in both temporal (within each stage of
succession) and spatial (across stages of succession) variations of the
rare and common biospheres. Homogeneous selection dominated
the temporal assembly of the rare biosphere at all soil successional
stages (100%, Fig. 3B). The relative influences of homogeneous
selection were greater for the temporal rather than the spatial
turnover of both the rare and common biospheres (Fig. 3A, B). In
contrast, the relative influences of variable selection were greater for
the spatial rather than the temporal turnover of both the rare and
common biospheres (Fig. 3A, B). This result illustrates the selection
exerted by the different soil conditions across different successional
stages, in contrast to similar conditions within each stage. For the
common biosphere, homogenizing dispersal and undominated
processes had a greater influence on the temporal rather than the
spatial community turnover of the common biosphere (Fig. 3A).
Homogenizing dispersal was more pronounced at late successional
stages and displayed a progressive increase in importance as
succession proceeds, while undominated processes gradually
decreased in importance along the succession (Fig. 3A). Notably,
here, the ‘homogenizing dispersal’ contributing to the temporal
changes at the same stage should be interpreted as the species
composition was highly consistent at different months rather than
migration among locations.
Similar assembly processes were identified when we used the

rarity cutoff values of 0.2% and 0.05% to define the rare biosphere
(Supplementary Fig. 15). Specifically, the dominant roles of
homogeneous selection in structuring the rare biosphere and
variable selection in structuring the common biosphere were

observed at all the tested rarity cutoffs, i.e., from 0.2 to 0.05%
(Supplementary Fig. 15). For both the rare and common
biospheres, the relative importance of homogeneous selection
gradually decreased as rarity cutoff value was reduced from 0.2 to
0.05%, whereas the extent of variable selection and dispersal
limitation slightly increased (the relative influence of variable
selection changed from 19.04 to 25.03%; the relative influence of
dispersal changed from 11.53% to 16.05%).

DISCUSSION
The microbial rare biosphere is crucial for maintaining ecosystem
diversity and functioning. However, it remains unknown how this
significant component of microbial communities is structured and
which ecological processes such as selection, dispersal, drift, and
diversification contribute to the dynamics of this large proportion
of low abundant microbes. Using a primary succession system,
where variation in soil physicochemical characteristics coexists
with similar source communities, we showed that selection was
the main driver of both rare and common biospheres (86.61% and
66.83%, respectively). In our model analysis, selection is inferred
when variation in the phylogenetic structure of communities
significantly differs from the null expectation. Most importantly,
the use of phylogenetic analysis holds the assumption of
phylogenetic niche conservatism, that is, phylogenetically related
species have similar ecological traits. Such an assumption can be
further tested using phylogenetic signal analysis [28, 54]. This
overall dominance of selection corroborates previous findings that
both the rare and common biospheres are sensitive to environ-
mental conditions as they display consistent biogeographic
patterns [55, 56].

Fig. 3 Relative influence of assembly processes structuring the soil bacterial communities. (A) the common biosphere and (B) the
rare biosphere. Pie plots show the relative influence of each assembly process shapes the species turnover of the rare and common
biospheres across all samples. Bar plots in the middle and right show the interplay of assembly processes governing the temporal variation of
communities within each successional stage (i.e., 0, 10, 40, 70, and 110 years in succession), and the assembly processes driving the spatial
variation of communities across successional stages at four sampling times (i.e., May, July, September, and November). The βNTI and RCbray
values were used to quantify the relative importance of each assembly process. Colors represent different assembly processes, i.e., variable
selection, homogeneous selection, dispersal limitation, homogenizing dispersal, and undominated processes. The asterisk denotes the impact
of homogenizing dispersal and undominated processes for the turnover of the whole community, which are 0.56% and 0.06%, respectively.
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The rare biosphere turnover is mainly governed by
homogeneous selection
Our results reveal that an interplay of homogeneous selection,
variable selection, and dispersal limitation led to higher ASV
richness in the rare biosphere. Among these processes, homo-
geneous selection was the primary driver influencing the
assembly of the rare biosphere. According to our hypothesis that
homogeneous selection is related to the existence of permanently
rare species, we observed this type of rarity to represent the most
abundant one in the rare biosphere. This suggests that a
significant fraction of the rare biosphere consisting of perma-
nently rare taxa is not driven by biotic and abiotic variation.
Instead, the environmental conditions that primarily impose
selection on the rare biosphere turnover can also be constant.
Similarly, a study that targeted culturable low abundant bacteria
found that the relative abundance of slow-growing rare taxa was
not affected by changes in nutrient concentration [57]. Together,
these results suggest that permanently rare ASVs with particular
sets of ecological traits (e.g., low growth rate and competitive
ability) can withstand environmental fluctuation (Fig. 4, red arrow).
Therefore, permanently rare taxa in our system have potential
selective advantages at low abundances ensuring their long-term
persistence.
Variable selection was a secondary but essential process

structuring the turnover of the rare biosphere. Some soil
physicochemical properties substantially changed throughout
succession in this ecosystem or across sampling times, thus
imposing variable selection [30]. For example, a significant change
in the quality and quantity of soil organic matter has shown to be
consistent with variable selection across successional stages [23].
By making the rarity cutoff stricter, we found the relative
importance of variable selection increased as the relative
abundance of conditionally rare ASVs increased. In line with our
hypothesis, variable selection operating through changes in
environmental conditions was responsible for the dynamics of

conditionally rare species, which were also a dominant type of
rarity in the system. This idea is supported by Kurm et al., who
found that rare taxa with the ability to grow fast are affected by
variation in nutrient concentration [57]. In another case, con-
ditionally rare taxa relying on labile nitrogen increased in
abundance as nitrogen limitation was alleviated [58]. These
examples collectively confirm that species shifting between rare
and common biospheres is related to environmental fluctuations,
i.e., variable selection can be responsible for the presence of
conditionally rare species (see discussion on balancing rarity and
commonness and Fig. 4, green arrows).
To verify the results obtained based on Stegen’s approach, we

further tested the dataset using Sloan’s neutral model [59].
However, since this model relies on species distributions, it does
not work well for modeling subsets of communities [18, 60].
Thereby, we only apply this model to the whole dataset rather
than using it to model the assembly of the rare biosphere. The
model for the entire dataset explained 44% of the spatiotemporal
variation in the metacommunity, which is higher than that
inferred from the phylogenetic-based null model (<20%). By
mapping rarity types on the species distribution plot, we found
that distinct types of rarity and commonness show different
deviations from the neutral prediction (Supplementary Fig. 16). In
brief, permanently rare taxa were found more frequently than
predicted by the neutral model (Supplementary Fig. 16), indicating
the wide distribution of these taxa to not be restricted by
dispersal. Conditionally rare taxa were often found less frequently
than expected by chance (Supplementary Fig. 16), suggesting
they were selected by environmental conditions and only present
at conditions that meet their fitness. As such, results from the
Sloan’s model based on the entire dataset supported the results
from the Stegen’s model, albeit the Sloan’s neutral model cannot
be directly applied to partition the rare biosphere.
Last, dispersal limitation also contributed to the turnover of the

rare biosphere, albeit to a lower extent than selection. This is
consistent with results from a previous study that reported that
rare taxa are geographically restricted [46]. Despite the differences
found, the rare biosphere was governed mostly by dispersal
limitation [61]. As the increase of the proportion of transiently rare
taxa was correlated with the rise of dispersal limitation in the
assembly of the rare biosphere when the rarity cutoff became
stricter, we suggest that dispersal limitation might be necessary
for the persistence of a small fraction of the transiently rare
species. These transiently rare species are introduced via limited
dispersal processes but cannot adapt to the new abiotic or biotic
conditions (Fig. 4, brown dashed arrow). For instance, immigrant
bacteria are known to face colonization resistance by the resident
microbiome. In one study, transient food-borne bacteria were
found to coexist with the resident gut microbiome temporarily,
but biotic competition hindered its long-term persistence within
the community [62]. In the studied salt marsh ecosystem,
transiently rare bacteria likely resulted from restricted dispersal
processes, such as marine microbes carried by the tide, terrestrial
microbes dispersed by the wind, or microbes hitchhiking on
eukaryotic organisms [63, 64]. These transiently rare species have
often been described in communities of macro-organisms [65];
however, the dynamics and ecological roles of this type of rare
species in microbial communities remain mostly elusive. Under-
standing the ecological basis of their assembly and dynamics will
provide the initial step toward this endeavor.
By partitioning the rare and common biospheres at three cutoff

values (i.e., 0.05%, 0.1%, and 0.2%), we found that the results of
community assembly are highly consistent. Notably, the relative
influences of distinct ecological processes and the rarity types
changed in a coordinated manner when increasing the stringency
of the rarity cutoff. Specifically, the influence of homogeneous
selection decreased congruously with the proportion of perma-
nently rare ASVs in the rare biosphere, and the impact of variable

Fig. 4 Conceptual figure displaying the relative influences of
distinct ecological processes structuring the common and rare
microbial biospheres. This figure depicts a rank-abundance curve in
which species abundance (purple line) is ordered from high
(common biosphere) to low (rare biosphere). In this study, we
demonstrated that the majority of the rare species constantly
remain at low abundances and are structured by homogeneous
selection (red arrow). In contrast, dispersal limitation (brown arrow)
plays a reduced role. Due to variable selection, a substantial fraction
of the common species and the rare species shift between them
across space and time (green arrows). In contrast with the rare
biosphere, the abundance of common species is also driven by
homogenizing dispersal (brown arrow) and drift (blue arrow), and to
a lesser extent, by homogeneous selection (red arrow).
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selection and the proportion of conditionally rare ASVs in the rare
biosphere increased in a similar fashion. The increased relative
influence of dispersal limitation also aligned with the increased
number of transiently rare ASVs. Taken together, these results
further strengthen our hypothesis that a distinct interplay of
ecological processes influences each type of rarity in a likely
predictable manner.

The common biosphere turnover is mainly governed by
variable selection
To contrast the processes structuring the rare biosphere, we also
investigated the assembly of its counterpart, the common biosphere.
Overall, the relative influences of community assembly processes
changed in structuring the common biosphere as succession
proceeded—an opposing pattern to that observed for the rare
biosphere. Variable selection was the most dominant process across
different successional stages, and sampling time, namely selection
operates through environmental heterogeneity and/or biotic inter-
actions [23]. We found the common biosphere mainly consisted of
conditionally common species. These findings indicate that species
in the common biosphere are likely more sensitive to biotic and
abiotic fluctuations and can retract into the rare biosphere under
harsh environmental conditions. For example, members of the
phylum Cyanobacteria showed higher abundance in the common
biosphere at early successional stages, i.e., 0 and 10 years of
succession (Supplementary Fig. 10). At these sites, the vegetation
coverage is patchy, which provides appropriate conditions for
oxygenic photosynthetic organisms [30]. While members of phylum
Cyanobacteria mostly stay in low abundance at late successional
stages as the environments do not favor them anymore (Supple-
mentary Fig. 10). This agrees with the finding that the abundance of
dominant bacterial taxa fluctuates in response to disturbance
treatments [66]. Similar results were also found in other ecosystems.
For instance, depending on the bioavailability of organic pollutants,
members of the conditionally rare taxa can become abundant and
are responsible for degrading these compounds in the freshwater
ecosystem [67]. In our study system, a dominant role of variable
selection in structuring the common biosphere was observed at all
the tested rarity cutoffs, i.e., from 0.2% to 0.05%, with the relative
importance of selection increasing as rarity cutoff value was
decreased. Specifically, the increased variable and homogeneous
selection align with the increased number of conditionally and
permanently common ASVs, respectively (Supplementary Fig. 14).
This further proved that different types of commonness are
influenced by different ecological processes.
Undominated processes and homogenizing dispersal also

influenced the assembly of the common but not the rare
biosphere. Previous data in communities of macro-organisms
suggest that rare species are more subject to ecological drift than
abundant species. But in our dataset, rare taxa with a relative
abundance of 0.01% or one read per community could reflect as
approximately 105–106 individuals in 2 grams of soil. With this
considerable abundance, we would say that the theories applied
to macro-organisms might not apply to microorganisms. The
stronger influence of undominated processes in the common
biosphere at the early successional stages was supported by the
previous finding in the same system, which mostly focused on the
members of the common biosphere due to less sequencing depth
by pyrosequencing [23]. These results suggest microbial commu-
nity composition at early successional stages is more prone to be
influenced by ecological drift than in late successional stages.
Notice that since there are fewer species in the common
biosphere, the null model results in Stegen’s approach are more
biased [68]. On the other hand, we found that although
homogenizing process plays a minor role, it responded to the
variation of community across successional stages. By analyzing
microbial biogeographical patterns, Meyer et al. showed that
abundant taxa are less restricted in distribution than low

abundant ones [69]. A study of rare and dominant prokaryotic
lineages in hydrothermal vent systems also reported that
abundant lineages of archaea displayed a more cosmopolitan
distribution, while rare lineages of archaea and almost all bacterial
lineages are not widely dispersed [70]. For the temporal variation
of communities, homogenizing dispersal found within each stage
should be interpreted as species kept alive from previous times
during temporal turnover. A stronger signal of homogenizing
dispersal at late successional stages is actually community
compositions in different sampling time points are more similar
than random processes driven by ecological drift. This is in turn
supported by the finding that undominated processes were less
important at late successional stages. Together, these findings
support the inference that abundant taxa tend to be influenced by
homogenizing dispersal and display widespread distributional
patterns.

Balancing rarity and commonness
We show that the rare biosphere corresponds to about 90% of the
total bacterial diversity in these soils. Given that higher diversity
helps to stabilize ecosystem processes in response to perturba-
tion, decreases community susceptibility to invasion by non-native
taxa, and increases nutrient cycling by resource partitioning
[71–75], it is likely that the rare biosphere accounts for a
fundamental but underestimated role in the functioning and
stability of soil ecosystems. We demonstrate in this study that the
ecological processes structuring the rare biosphere differ from
that of the common biosphere, leading to distinct species
distribution and composition. Moreover, the relative importance
of different ecological processes reveals the dynamics between
these components of the soil bacterial communities, as exempli-
fied in Fig. 4. Specifically, the common biosphere consists
primarily of conditionally common species, which might retract
into the rare biosphere under harsh environmental conditions.
Part of the rare biosphere can serve as a reservoir for these
conditionally common species. Thus, they can stay at low
abundances to avoid extreme conditions and respond once
favorable environmental factors emerge, thus building up their
population sizes (Fig. 4). When they become abundant, these
conditionally rare taxa are expected to be related to the changes
in the ecosystem functioning. They can also replace the previous
abundant species, perform their corresponding functions and
keep the resilience of ecosystems. However, the remaining part
(about 2/3 of the rare biosphere) is driven mainly by homo-
geneous selection, restraining these species to constant lower
abundances. As such, these permanently rare species are more
prone to perish in response to environmental disturbances,
leading to important effects on the resistance of ecosystems.

Potential caveats and limitations
Here, we applied a quantitative approach to investigate how these
processes govern the spatiotemporal turnover of the actively rare
and common biospheres of bacterial communities across a natural
soil chronosequence. However, this approach has intrinsic
limitations for quantifying the influence of each assembly process
[76–78]. First, it represents the overall influence of ecological
processes at the meta-community level rather than the relative
influence of these processes on microbial groups within each
community [78]. Therefore, we can only quantify the relative
importance of dominant processes among communities rather
than within a community or a taxonomic group. Second,
sequencing cluster methods also influence the inference of
community assembly. For example, it is expected that ASVs will
result in a greater number of sequence clusters (ASVs) and rare
ASVs compared to Operational taxonomic units (OTUs). In
addition, the use of ASVs can lead to lower phylogenetic and
taxonomic turnover signals with higher stochastic signals when
compared to OTUs [78]. We delineated ASVs from raw sequences
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based on the DADA2 approach rather than sequencing clustering
based on 97% similarity. By controlling errors, ASVs are more
sensitive to single-nucleotide variations than OTUs [37]. Therefore,
we stick to the results from ASVs, which reflect actual microbes
better than OTUs. Third, dispersal processes might also be
overestimated when the phylogenetic turnover cannot reflect
the selection. Hence, dispersal limitation can play a less critical role
in the successional chronosequence (<10 km) than on large spatial
scales. In addition, dispersal limitation or homogenizing dispersal
cannot be the process responsible for the temporal turnover of
communities at the same location when the model shows
taxonomic differences. Last, ecological drift can also be inflated
when the number of species is small in a community or sub-
community [68]. Despite these limitations, our approach provides
the first attempt to distinguish the different ecological processes
structuring various types of rarity. Further experiments and data
are needed to verify the findings from this study.
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