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ABSTRACT
●   Soil  abundant  taxa  diversity  positively
related  to  multifunctionality  under  Hg
stress.
●   Microbial  network  complexity  of  soil
abundant  taxa  supported  the  strength  of
SBF.
●   Stochastic  assembly  of  soil  abundant
subcommunity  supported  the  strength  of
SBF.
●   Stochastic  ratio  was  the  most  important
predictor for the strength of SBF.
It  is  known  that  soil  microbial  communities
are  intricately  linked  to  multiple  ecosystem
functions and can maintain  the relationship between soil  biodiversity  and multifunctionality  (SBF) under  environmental  stresses.  However,  the
relative contributions and driving forces of abundant and rare taxa within the communities in maintaining soil biodiversity-multifunctionality rela-
tionship under pollution stresses are still unclear. Here, we conducted microcosm experiments to estimate the importance of soil abundant and
rare taxa in predicting these relationships under heavy metal mercury (Hg) stress in paired paddy and upland fields. The results revealed that the
diversity of abundant taxa, rather than rare taxa, was positively related to multifunctionality, with the abundant subcommunity tending to maintain
a larger  proportion of  soil  functions including chitin  degradation,  protein degradation,  and phosphorus mineralization.  Soil  multitrophic  network
complexity  consisting  of  abundant  species  showed  positive  correlations  with  biodiversity  and  multifunctionality,  and  supported  the  strength  of
SBF  within  a  network  complexity  range.  Stochastic  assembly  processes  of  the  abundant  subcommunity  were  positively  correlated  with  the
strength of SBF, although stochastic processes decreased the biodiversity and the multifunctionality, respectively. After simultaneously accounting
for  multiple  factors  on the strength of  SBF,  we found that  the stochastic  community  assembly  ratio  of  abundant  taxa was the most  important
predictor for SBF strength under Hg stress. Our results highlight the importance of abundant taxa in supporting soil multifunctionality, and elucidate
the linkages between community assembly, network complexity and SBF relationship under environmental stresses.
Keywords  abundant taxa, biodiversity-multifunctionality relationship, community assembly, network complexity, environmental stresses

 
 1 Introduction

Soil  organisms  exhibit  a  high  degree  of  complexity  and
diversity (Bardgett and Van Der Putten, 2014). Soil biodiver-
sity is critical for fundamental ecosystem functions, such as

nutrient  cycling,  organic  carbon turnover,  plant  productivity,
and pathogen control  (Van Elsas  et  al.,  2012; Wagg et  al.,
2014; Delgado-Baquerizo  et  al.,  2020; Lu  et  al.,  2023).
Growing  evidence  from  large-scale  investigations  and
controlled  experiments  has  suggested  that  soil  biodiversity
plays a pivotal role in promoting ecosystem multifunctionality
(Kardol and Wardle, 2010; Cardinale, 2011). The relationship
between  soil  biodiversity  and  multifunctionality  (SBF)  is
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generally influenced by environmental disturbance, such as
climate changes, soil pollution and degradation (Rillig et al.,
2019, 2021). Heavy metal pollution is a severe problem and
has adverse effects on soil functions, particularly in agricul-
tural  ecosystems,  and  on  human  health  (Fajardo et  al.,
2019; Hao et al., 2021; Liu et al., 2023). Among these heavy
metals,  mercury (Hg) has raised global  concerns due to its
potent toxicity to soil biota and transport over long distances
(Mahbub  et  al.,  2017; Liu  et  al.,  2018).  The  ecological
consequences of Hg pollution on soil microbiome have been
increasingly evaluated (Liu et al., 2018; Du et al., 2022), but
the responses of SBF relationship to Hg pollution stress are
poorly understood.

Microorganisms  typically  present  a  highly  unbalanced
composition  in  a  community,  whereby  a  small  number  of
species  are  extremely  abundant,  while  a  large  number  of
other  species  have  a  low  abundance  (Lynch  and  Neufeld,
2015). The abundant species are referred to as the “abundant
biosphere”,  contributing most  of  the microbial  biomass (Wu
et  al.,  2017).  In  parallel,  the  low-abundance  taxa  are
referred to as the “rare biosphere”, acting as a “seed bank”,
with a potential to become abundant in a particular environ-
ment  (Lennon  and  Jones,  2011; Pedrós-Alió,  2012).  Abun-
dant  and  rare  taxa  have  been  reported  to  exhibit  different
distribution patterns and functional traits (Pedrós-Alió, 2012;
Wu  et  al.,  2017).  It  has  been  argued  that  a  subcommunity
consisting of specific species, rather than the whole commu-
nity,  drives  ecosystem  functioning  (Soliveres  et  al.,  2016;
Xun et al.,  2021). For example, abundant taxa have signifi-
cant  influences  on  ecosystem processes  such  as  producti-
vity, nutrient cycling, and stability (Delgado-Baquerizo et al.,
2020).  In  parallel,  rare  taxa  may  not  have  strong  direct
impacts on ecosystem processes, but they can play potential
roles in maintaining ecosystem resilience and contributing to
niche specialization (Jousset et al., 2017). In addition, abun-
dant and rare taxa have different responses to environmental
stresses.  Previous  studies  have  shown  that  abundant
species can effectively adapt to various environments (Jiao
et al.,  2017),  while rare species are more sensitive to envi-
ronmental disturbances (Jiao et al., 2019). However, we still
lack  the  comprehensive  knowledge  of  how  soil  abundant
and rare taxa respond to environmental stresses such as Hg
pollution,  and  whether  they  influence  the  relationship
between soil biodiversity and multifunctionality.

The  relationship  between  biodiversity  and  functionality  in
soil  ecosystems  can  be  regulated  by  microbial  community
assembly  processes,  although  the  role  of  community
assembly  has  often  been  overlooked  in  previous  studies
(Knelman and Nemergut, 2014; Xun et al., 2019). Stochastic
assembly  processes  can  result  in  positive  species  covaria-
tions  that  increase  the  functional  performance  of  microbial
communities  (Li  et  al.,  2019a; Yu et  al.,  2019).  Meanwhile,
deterministic processes may reduce the effect of biodiversity

on  ecosystem  function  via  selecting  the  species  which  do
not affect the functioning (Knelman and Nemergut, 2014). It
has  been  reported  that  stochastic  community  assembly
processes of  rare  taxa could  promote the biodiversity-func-
tionality  relationship  (Zhang  et  al.,  2022).  Apart  from
community  assembly,  soil  multitrophic  interactions,  which
form  complex  ecological  networks,  are  also  pivotal  in
promoting  ecosystem  functions  (Bardgett  and  Van  Der
Putten,  2014).  Network  topological  features  including
connectedness and constructure have impacts on ecosystem
functioning  such  as  carbon  and  nitrogen  cycling  processes
and energy flux (De Vries et al., 2013; Wagg et al., 2019). A
recent study suggests that network complexity, a composite
indicator  of  multiple  topological  features,  shapes  the  biodi-
versity-multifunctionality  relationship  (Jiao  et  al.,  2021).
Nevertheless, it is still unclear whether community assembly
and network complexity of abundant and rare taxa influence
the  relationship  between  biodiversity  and  multifunctionality
under Hg pollution stress.

Here,  we  aimed  to  explore  the  relative  contributions  of
abundant  and  rare  taxa  in  maintaining  the  relationship
between  soil  biodiversity  and  multifunctionality  under  Hg
stress. We hypothesized that (i) the biodiversity of soil abun-
dant  taxa  instead  of  rare  taxa  supports  multifunctionality;
and (ii)  the relationship  between biodiversity  and multifunc-
tionality  is  maintained  by  stochastic  community  assembly
processes  of  abundant  taxa  under  Hg  stress.  To  test  our
hypotheses, we carried out microcosm experiments to eva-
luate  the  effects  of  Hg  pollution  stress  on  the  relationship
between  soil  biodiversity  of  abundant/rare  taxa  and  multi-
functionality, using soils collected from paddy fields and their
adjacent  upland fields.  Then we performed moving window
and  random  sampling  analyses  to  evaluate  the  effects  of
network  complexity  and  community  assembly  on  the
strength  of  SBF  relationship.  Our  results  provide  novel
insights  into  the  different  functional  roles  of  abundant  and
rare taxa diversities on multifunctionality under environmental
stresses, and highlight the importance of microbial  commu-
nity  assembly  processes  in  maintaining  the  relationship
between soil biodiversity and multifunctionality.

 2 Materials and methods

 2.1 Microcosm experiment and soil sampling

We  collected  paddy  and  upland  (maize  cultivation)  soil
samples with no documented heavy metal Hg pollution from
Wuchang  (127°07' E,  44°58' N),  Yueyang  (112°25' E,
29°32' N),  and Maoming (110°50' E,  21°34' N)  in  China on
May 2021, as previously described (Du et al., 2023). At each
field,  five  soil  cores  (0−15  cm)  were  homogenized  into  a
composite  sample,  sieved  through  a  2-mm  mesh,  and
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pre-incubated in darkness at 25°C with constant moisture for
one  week.  The  details  of  the  microcosm  experiment  were
described  in  our  previous  paper  (Du  et  al.,  2023).  Briefly,
25  g  soil  from  each  field  was  added  to  a  polyvinylchloride
container  (6  cm × 6  cm × 8  cm),  and four  replicates were
set  for  each of  the Hg addition treatment  (10 μg HgCl2 g−1

soil)  and  the  control  (equivalent  volume  of  sterile  distilled
water). We selected this Hg concentration as a stress based
on  information  regarding  the  Hg  content  range  in  normal
agricultural soils and its toxicity on soil organisms (Du et al.,
2022; Du  et  al.,  2023).  During  60  days  of  incubation,  we
supplemented  sterile  distilled  water  to  maintain  the  flooded
state for paddy soils or at 30% of water holding capacity for
upland  soils.  We  chose  this  sampling  time  based  on  the
response and adaptability of soil microbial community to Hg
stress (Zhou, et al., 2020). At the endpoint of incubation, we
obtained 48 soil samples (2 treatments × 3 sampling sites ×
2  land  uses × 4  replicates).  Each  soil  sample  was  divided
into two portions, one portion was stored at 4°C for function-
ing  measurements,  and  the  other  portion  was  stored  at
−20°C  for  molecular  analysis.  Soil  pH  was  measured  at  a
fresh soil-to-water ratio of 1:2.5 using a Delta pH meter, and
soil organic carbon (SOC) was measured using the K2CrO7
oxidation  titration  method  (Walkley  and  Black,  1934).
Detailed information of sampling sites, microcosm treatment,
and soil properties were listed in Table S1.

 2.2 Soil biodiversity analysis

Microbial DNA was extracted from 0.3 g soil using a DNeasy
PowerSoil  Kit  (QIAGEN  GmbH,  Germany)  based  on  the
manufacturer’s instructions. The purity and concentration of
DNA were determined using a NanoDrop Spectrophotometer
(NanoDrop Technologies Inc., Wilmington, DE, USA). High-
throughput  sequencing  targeted  the  V4  region  of  bacterial
16S  rRNA,  the  internal  transcribed  spacer  (ITS)  region  of
fungi, and the V4 region of protistan 18S rRNA, with corres-
ponding primer pairs: 338F/806R (Delgado-Baquerizo et al.,
2016),  ITS1F/2043R  (Gardes  and  Bruns,  1993),  and
TAReuk454FWD1/TAReukREV3 (Stoeck et al., 2010). Puri-
fied  amplicons  were  mixed  and  carried  out  for  paired-end
sequencing on an Illumina Miseq PE 250 sequencer (Illumina
Inc.,  San  Diego,  USA).  Raw  sequences  were  processed
using  the  Quantitative  Insights  into  Microbial  Ecology
(QIIME)  pipeline  (version  1.91)  (Caporaso  et  al.,  2010).
Briefly, raw reads of each sample were trimmed, merged to
paired-end  reads,  and  filtered  low  quality  sequences  (e.g.,
chimera)  using  the  UPARSE  pipeline  (version  7.1)  (Edgar,
2013).  Operational  taxonomic  units  (OTUs)  were  clustered
at  97% sequence  similarity  and  a  representative  sequence
of each OTU was selected and used for taxonomic assign-
ments. Bacterial, fungal, and protistan OTUs were taxonomi-
cally  assigned  by  blasting  against  the  SILVA  database

(version  123)  (Quast  et  al.,  2013),  the  UNITE  database
(Nilsson et al.,  2019), and the Protist Ribosomal Reference
(PR2) database (version 4.10) (Guillou et al., 2013), respec-
tively.  To  obtain  protistan  OTU  table,  the  non-protists  taxa
including  Fungi,  Metazoa,  Rhodophyta,  Streptophyta,
Opisthokonta,  and  ambiguous  taxa  in  Eukaryotes  were
excluded according to a previous study (Zhao et al., 2019).

The  OTUs  that  contained  fewer  than  20  reads  were
discarded  to  avoid  random  effects  on  the  identification  of
rare  taxa  (Jiao  and  Lu,  2020).  Then  the  OTU  tables  were
resampled  to  a  minimum  number  of  sequences  from  each
sample  (i.e., 83 663 for  bacteria, 40 879 for  fungi,  and
12 587 for  protists).  Totally, 16 474 bacterial  OTUs,  2370
fungal OTUs, and 1978 protistan OTUs were observed in all
of  the  soil  samples.  Here,  OTUs  with  relative  abundances
above  0.1%  of  the  total  sequences  were  defined  as
“abundant” taxa, those with relative abundances below 0.01%
were  defined  as “rare” taxa,  and  those  with  relative  abun-
dances  between  0.01%  and  0.1%  were “moderate” OTUs
(Liu et al., 2015; Jiao and Lu, 2020). In this study, richness
(i.e.,  number  of  phylotypes)  was  used  as  a  metric  of  soil
biodiversity, which is the most extensively used and simplest
biodiversity  metric  (Delgado-Baquerizo  et  al.,  2020).  To
obtain  the  multidiversity  index  for  both  the  abundant  and
rare  taxa,  we  combined  soil  biodiversity  characteristics  by
averaging  the  standardized  scores  of  richness  of  bacteria,
fungi,  and  protists.  The  scores,  standardized  based  on  a
common scale ranging from 0 to 1, were calculated according
to  the  following  formula: STD =  (X − Xmin)  /  (Xmax − Xmin);
where STD is  the  standardized  variable  and X, Xmin,
and Xmax are  the  target  variable,  its  minimum  value,  and
its  maximum  value  across  all  samples,  respectively
(Delgado-Baquerizo et al., 2020). Detailed information of the
multidiversity index and individual groups of soil microorgan-
isms for abundant and rare taxa are listed in Table S2.

 2.3 Soil functioning measurements

In  this  study,  soil  functions  regulated  by  microorganisms,
including  extracellular  enzyme  activities  involved  in  carbon
cycling  (sugar  degradation  [β-glucosidase,  GLU;  β-xylosi-
dase, XYL; and β-cellobiohydrolase, CBH]), nitrogen cycling
(chitin  degradation  [N-acetylglucosaminidase,  NAG]  and
protein  degradation  [leucine  aminopeptidase,  LAP]),  and
phosphorus  cycling  (phosphorus  mineralization  [acid  phos-
phatase,  ACP]),  were  measured  using  fluorometry  as
described  previously  (Bell  et  al.,  2013).  All  individual  soil
functions  were  standardized  to  a  common  scale  ranging
from 0 to 1, as described above. To obtain the multifunction-
ality  index,  the  standardized  scores  of  all  functions  were
averaged. Detailed information of the multifunctionality index
and individual soil functions are listed in Table S3.
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 2.4 Linking soil biodiversity to multifunctionality

We  conducted  ordinary  least-squares  linear  regressions
between soil multidiversity and multifunctionality for abundant
and rare taxa in all, control, and Hg stress samples, respec-
tively. Functional effects of multidiversity on multifunctionality
were calculated using the standardized slopes i.e.,  mean ±
s.e.m.  from  linear  regressions  (Jiao  et  al.,  2021).  We
performed  Spearman  correlation  analyses  between  the
diversity of individual kingdoms and single soil functions. To
further explore the effects of abundant and rare taxa on soil
functions, we estimated the Spearman correlations between
individual  phylotypes  and  single  soil  functions.  The  phylo-
types  which  were  significantly  (p <  0.01)  and  positively
correlated  with  soil  functions  were  defined  as “supporting
phylotypes” (Zhang et al., 2022). The relationships between
the  proportion  of  supporting  phylotypes  and  the  number  of
functions  they  support  via  ordinary  least-squares  linear
regressions  were  also  calculated  as  previously  described
(Zhang et al., 2022).

 2.5 Structural equation model and random forest analyses

We conducted structural equation modeling (SEM) to evalu-
ate the direct  link between the biodiversity of  soil  abundant
and  rare  taxa  and  (averaging)  multifunctionality,  and
between  multitrophic  network  complexity,  community
assembly  processes,  and  the  strength  of  SBF  (explained
below),  after  accounting  for  multiple  drivers  such  as  Hg
stress  and  soil  properties  (SOC  and  pH)  simultaneously.
The SEM analyses were conducted in IBM SPSS Amos 22
(Chicago,  IL:  Amos  Development  Corporation).  To  ensure
adequate  fit  of  the  model,  the  parameters  including  root
mean  square  errors  of  approximation  (RMSEA  <  0.08), χ2

value  (p >  0.05),  and  goodness-of-fit  index  (GFI  >  0.90)
were  used  (Schermelleh-Engel  et  al.,  2003).  With  a  good
model  fit,  we  were  able  to  interpret  the  path  coefficients  of
the model  and their  associated p values.  A path coefficient
was  analogous  to  the  partial  correlation  coefficient,  and
described the strength and sign of the relationship between
two  variables.  The  standardized  total  effects  (STEs)  were
calculated  to  visualize  the  impact  of  each  factor  on  the
dependent variable (i.e., multifunctionality or the strength of
SBF).

In  addition,  random forest  (RF)  analyses  were  performed
to  identify  the  main  predictors  for  multifunctionality  or  the
strength  of  SBF,  via  the “rfPermute” package in  R (Archer,
2016; Trivedi  et  al.,  2016).  The  accuracy  importance
measure was computed for each tree and averaged over the
forest (1 000 trees). Percentage increases in the MSE (mean
squared error) of variables was used to estimate the impor-
tance of these predictors; higher MSE% values implied more
important  predictors  (Breiman,  2001).  Significance  of  the

models  and  cross  validated R2 values  were  assessed  with
1000 permutations  of  the  response variable,  using  the “A3”
package in R (Fortmann-Roe, 2015).

 2.6 Soil multitrophic co-occurrence network

Co-occurrence  network  consisting  of  phylotypes  from  soil
bacteria,  fungi,  and  protists  was  constructed  for  abundant
taxa.  Robust  correlations  with  Spearman  correlation  coeffi-
cients  (ρ)  >  0.8  or  <  −0.8  and  false  discovery  rate  (FDR)-
corrected p-values  <  0.01  were  used  to  construct  the
network  with  the  R  package “WGCNA” (Langfelder  and
Horvath, 2012). A soil multitrophic network was constructed
using the “igraph” package in R (Csardi and Nepusz, 2006),
and  imported  into  the  Gephi  platform  (version  0.9.2)  and
visualized  by  the  Frucherman-Reingold  algorithms (Bastian
et  al.,  2009).  Pearson  correlation  coefficients  (r)  were  also
calculated between each individual phylotype and multifunc-
tionality  to  estimate  the  contribution  of  each  phylotype  to
multifunctionality.  Only  nodes  with r >  0  were  displayed  in
the  network  to  highlight  their  support  of  multifunctionality
(Zhang et al., 2022).

In  addition,  we  extracted  subnetworks  by  preserving
the  phylotypes  of  individual  soil  samples  using  the
induced_subgraph  function  in “igraph” package.  The  topo-
logical  features  were  calculated  to  estimate  the  network
complexity  of  individual  soil  samples.  Higher  numbers  of
nodes  and  edges,  average  degree,  clustering  coefficient,
graph  density,  modularity,  and  lower  average  path  length
and diameter suggest a more connected network, reflecting
more potential  complexity  of  soil  networks (Barberán et  al.,
2012; Ma  et  al.,  2016).  We  then  calculated  one  index  to
reflect the complexity of soil  multitrophic networks via aver-
aging the standardized scores (ranging from 0 to 1) of each
topological feature (as explained above). Note that average
path length and diameter were calculated as the inverse of
the variables (×−1) before the calculation of  the index.  We
then  conducted  ordinary  least-squares  linear  regressions
between soil multitrophic network complexity and multidiver-
sity  as  well  as  multifunctionality  for  abundant  taxa  in  all,
control,  and  stress  samples.  Functional  effects  of  network
complexity  on  multidiversity  and  multifunctionality  were
calculated using the standardized slopes, i.e., mean ± s.e.m.,
from linear regressions. Detailed information of the network
complexity  index  and  individual  topological  features  are
listed in Table S4.

 2.7 Community assembly processes of soil organisms

Null  model  analysis  was carried out  to evaluate community
assembly processes for both abundant and rare taxa, using
the previously described framework (Ning et al., 2019). The
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relative  importance  of  stochastic  processes  was  assessed
using the normalized stochasticity  ratio  (NST),  which is  the
ratio of the mean expected similarity in the null model to the
observed  similarity.  The  null  communities  were  generated
by  randomizing  the  observed  community  structure 1 000
times based on a null model algorithm (Stegen et al., 2013).
We  revealed  the  NST  values  along  different  gradients  of
multidiversity  and  multifunctionality,  and  then  conducted
ordinary  least-squares  linear  regressions  between  commu-
nity  assembly  processes  (represented  as  NST values)  and
multidiversity as well as multifunctionality for both abundant
and rare taxa.

 2.8 Linking community assembly and network complexity to
strength of SBF

We performed the moving window approach to analyze the
effects  of  network  complexity  and  community  assembly  on
SBF  relationship.  The  technique  facilitates  the  analysis  of
multivariate data along an ecological gradient (Carlson et al.,
2010; Jassey  et  al.,  2014).  To  ensure  adequate  data
amounts,  we  selected  two  window  sizes  of  12  and  16
consecutive  samples,  accounting  for  1/4  and  1/3  of  total
samples,  respectively.  After  reordering  the  samples  along
the values of network complexity and stochasticity ratios, 37
(e.g., 1−12, 2−13, …, 37−48) and 33 (e.g., 1−16, 2−17, …,
33−48)  subsets  were  generated,  respectively.  Based  on
each subset,  we first  calculated the slopes of the effects of
multidiversity  on  multifunctionality  to  represent  the  strength
of  SBFs,  and  the  mean  values  of  network  complexity  (or
stochasticity  ratio).  Then  we  estimated  the  relationships  of
the  strength  of  SBFs  with  network  complexity  and  with
stochasticity  ratio  (Meyer  et  al.,  2018; Jiao  et  al.,  2021;
Zhang et al., 2022).

We  further  applied  the  random  sampling  approach  to
decipher the effects of multiple factors (e.g.,  Hg stress, soil
properties,  network  complexity,  and  community  assembly)
on SBF relationships. As in the case of the moving window
approach,  this  technique  can  also  disentangle  the  relation-
ships  of  multivariate  data  via  randomly  sampling  from  the
original  data  set.  To  ensure  adequate  data  amounts,  we
selected two numbers (i.e., 12 and 16) of random samples.
We  conducted  random  sampling  100  times  (50  times  for
the  control  samples  of  50  times  for  Hg-treated  samples)
and generated 100 subsets for both sampling sizes. Based
on  each  subset,  the  mean  values  of  multiple  factors  were
calculated,  respectively.  The  relationships  between
multiple  factors  and  the  strength  of  SBFs  were  estimated
as  described  above.  Subsequently,  SEM  and  RF  analyses
were  performed  to  evaluate  the  effects  of  network
complexity  and  stochastic  ratio  on  SBF  strength  (as
explained above).

 3 Results

 3.1 Relationships between biodiversity of soil abundant/rare
taxa and multifunctionality under Hg stress

Abundant  taxa  accounted  for  only  4.8%  of  total  OTUs  but
45.7%  of  total  reads,  while  rare  taxa  comprised  74.7%  of
total  OTUs  but  only  21.0%  of  total  reads  (Fig.  S1).  In
comparison with bacterial abundant taxa, fungal and protistan
abundant taxa accounted for higher proportions of both total
OTUs and reads (Fig. S1). We first estimated the effects of
soil abundant and rare taxa biodiversity on multifunctionality
under  Hg  stress.  A  strongly  positive  relationship  between
multidiversity  and multifunctionality  was observed for  abun-
dant  taxa  (p <  0.001),  but  not  for  rare  taxa  (Fig.  1A).  The
biodiversity of soil abundant taxa exhibited higher functional
effects  (i.e.,  steeper  slopes  of  the  relationships  between
multifunctionality and multidiversity) than in the case of rare
taxa (Fig.  1B).  Hg stress decreased the functional  effect  of
abundant  taxa  compared  to  the  control,  but  slightly
increased that of rare taxa (Figs. 1B and S2).

We then  constructed  a  SEM to  quantify  the  contributions
of soil abundant and rare taxa multidiversity to multifunction-
ality,  accounting  for  multiple  factors  simultaneously.  Our
SEM indicated that a positive and direct effect of soil abun-
dant  taxa  diversity  on  multifunctionality  was  maintained
under  Hg  stress,  while  the  diversity  of  rare  taxa  had  no
significant  effect  on multifunctionality  (Fig.  1C).  After  simul-
taneously judging from the standard total  effects calculated
by SEM and the importance of multiple factors on multifunc-
tionality predicted by the random forest model, we found that
biodiversity of soil abundant taxa, followed by biodiversity of
soil  rare  taxa  and  chemical  properties  (i.e.,  SOC  and  pH),
had  the  most  important  contribution  to  multifunctionality
when Hg stress existed (Fig. 1D and E).

 3.2 Supporting effects of soil abundant and rare taxa on
functions

The diversity of multitrophic and most single groups of abun-
dant  taxa  had  significantly  positive  relationships  with  most
single  soil  functions,  which  was  not  the  case  for  the  rare
taxa  (Fig.  2A).  We  further  estimated  the  positive  effects  of
individual  phylotypes  (i.e.,  supporting  phylotypes)  of  abun-
dant and rare taxa on single soil functions. Results showed
that most of the supporting phylotypes for the single functions
belonged  to  abundant  taxa  rather  than  rare  taxa  (Fig.  2B),
with  a  higher  average  proportion  of  supporting  phylotypes
for abundant taxa than rare taxa (Fig. 2C). Both the propor-
tions  of  supporting  phylotypes  of  abundant  and  rare  taxa
showed decreasing trends with the increasing number of soil
functions  (Fig.  2D),  with  a  higher  average  number  of
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supporting  functions  observed  for  abundant  taxa  than  rare
taxa (Fig. 2E).

 3.3 Relationships between soil multitrophic network,
multidiversity, and multifunctionality

Soil  multitrophic  co-occurrence  network  was  constructed
for  abundant  taxa  to  explore  the  associations  among
multiple  phylotypes  (i.e.,  bacteria,  fungi,  and  protists)  and
their  contributions  to  multifunctionality  (Fig.  3A).  A  strongly
positive  linear  regression  relationship  was  observed
between the supporting multifunctionality and the degree of
network  for  abundant  taxa  (p <  0.001,  Fig.  S3).  Subse-
quently, we calculated network complexity index by averaging
eight  topological  features  extracted  from  subnetworks  of
individual  samples.  Soil  network  complexity  was  positively
correlated  with  both  multidiversity  of  abundant  taxa  and

multifunctionality  (p <  0.001, Fig.  3B).  Particularly,  network
complexity  showed  greater  effects  on  multidiversity  than
multifunctionality (Fig. 3C). Hg stress decreased the network
effects  on  both  multidiversity  and  multifunctionality
compared to the control (Figs. 3C and S4). The strength of
SBF was determined by the explained variation of soil biodi-
versity  on  multifunctionality.  Moreover,  significant  relation-
ships  were  found  between  the  strength  of  SBF  and  soil
network  complexity  of  abundant  taxa  (p <  0.001),  with  first
an increasing and then a decreasing trend of  SBF strength
along  network  complexity,  using  both  12  and  16  sample
window sizes (Fig. 3D).

 3.4 Relationships between community assembly processes,
multidiversity, and multifunctionality

Normalized stochasticity ratio (NST) analyses revealed that

 

 
Fig. 1    Effects of soil abundant and rare taxa biodiversity on multifunctionality. (A) Linear relationships between multifunctionality
and soil abundant taxa and rare taxa biodiversity. Statistical analysis was performed using ordinary least-squares linear regres-
sions; p values are indicated by asterisks: ***p < 0.001. (B) Functional effects (standardized slopes, i.e., mean ± s.e.m.) of soil
abundant taxa and rare taxa biodiversity on multifunctionality in all, control, and Hg stress samples, respectively. (C) Structural
equation model showing the relationship between soil abundant/rare taxa biodiversity and multifunctionality. Red arrows represent
significantly positive paths, and blue arrows represent significantly negative paths. Numbers adjacent to arrows are indicative of
effect size of the relationship. R2 denotes the proportion of variance explained. Significance levels are shown as follows: *p <
0.05, **p < 0.01, and ***p < 0.001; RMSEA = 0; GFI = 0.996; AIC = 34.584. Abbreviation: SOC, soil organic carbon. (D) Stan-
dardized total effects of soil abundant and rare taxa biodiversity, soil chemical properties (SOC and pH), and stress (control and
Hg treatment) on multifunctionality. (E) Random forest predicting relative importance of soil abundant and rare taxa biodiversity,
soil chemical properties, and stress for multifunctionality. Significance levels are shown as follows: **p < 0.01, and ***p < 0.001.
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the  stochastic  community  assembly  ratio  of  the  abundant
subcommunity  was decreased along the gradients of  multi-
diversity  and  multifunctionality  (Fig.  4A and  B),  but  the
normalized  stochastic  ratio  of  the  rare  subcommunity
showed contrasting trends (Fig. S5A and B). Linear regres-
sion  analyses  then  confirmed  that  multidiversity  and  multi-
functionality were significantly and negatively correlated with
the normalized stochastic ratio of the abundant subcommu-
nity (p < 0.05, Fig. 4C), but these relationships were opposite
for the rare subcommunity (Fig. S5C). The effect of commu-
nity assembly on the relationship between multidiversity and
multifunctionality  was  further  quantified  via  the  moving
window  approach.  Significant  and  positive  relationships
were found between the strength of SBF and the normalized
stochastic  ratio  of  abundant  subcommunity  (p <  0.001,
Fig.  4D),  but  these relationships  were  not  observed for  the
rare subcommunity (Fig. S5D).

 3.5 Effects of multiple factors on the relationships between
soil biodiversity and multifunctionality under Hg stress

Comprehensively,  we  constructed  SEMs  to  quantify  the
contributions  of  multiple  factors  including  Hg  stress,  soil
properties, network complexity, and community assembly on
the strength of SBF for abundant taxa based on two random
sampling  sizes.  Our  SEMs  suggested  that  positive  and
direct  effects  of  stochastic  ratio  and network  complexity  on

the  SBF  strength  were  consistently  maintained  when
accounting  for  the  strongly  negative  effects  of  Hg  stress
simultaneously,  using  both  12  and  16  sampling  sizes
(Fig. 5A and B). After judging from the standard total effects
calculated  by  SEMs  and  the  importance  of  multiple  factors
on  the  strength  of  SBF  predicted  by  the  random  forest
model,  the  results  indicated  that  stochastic  community
assembly process of abundant taxa was the most important
predictor for the SBF strength when Hg stress existed, vali-
dated  by  the  similar  trends  of  both  12  and  16  random
sampling sizes (Fig. 5C and D).

 4 Discussion

Previous studies have advanced our knowledge on the rela-
tionship between biodiversity and multifunctionality based on
whole  communities  (Delgado-Baquerizo  et  al.,  2020; Jiao
et al., 2021), but less attention has been paid to the relative
contributions of abundant and rare taxa to soil functions, let
alone  under  an  environmental  stress.  Here,  we  provide
experimental  evidence  that  the  diversity  of  abundant  taxa
rather  than  rare  taxa  is  necessary  to  maintain  multiple  soil
functions  under  Hg  pollution  stress.  Importantly,  we  found
that  soil  multitrophic  network  complexity  and  stochastic
assembly processes of the abundant subcommunity, but not
of  the  rare  subcommunity,  can  maintain  the  relationship

 

 
Fig. 2    Functional roles of soil abundant and rare taxa biodiversity on multifunctionality. (A) Significant correlations (Spearman:
p < 0.05) between multidiversity as well as the diversity of single microorganism group and individual soil function. (B) Proportions
of phylotypes supporting the individual soil  function. Phylotypes which significantly and positively correlated with soil  functions
were defined as “supporting phylotypes”. (C) The average proportion of abundant and rare phylotypes supporting soil functions.
(D) Proportions of phylotypes supporting the different numbers of soil functions. (E) The average number of supporting functions
of abundant and rare phylotypes.
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between  soil  biodiversity  and  multifunctionality.  Our  study
highlights the significance of abundant taxa in sustaining soil
multifunctionality  and  the  relationship  between  community
assembly, network complexity and SBF strength under envi-
ronmental stresses.

 4.1 Effects of abundant/rare taxa diversity on
multifunctionality

In the present study, we observed that Hg stress decreased
the effect of abundant taxa biodiversity on soil multifunction-
ality.  Heavy  metal  Hg  is  toxic  and  has  adverse  effect  on
most  soil  microorganisms,  reducing  biodiversity  and  soil
functioning.  Our  previous  study  also  indicated  that  legacy
Hg  pollution  decreased  the  diversity  of  soil  organisms
including  bacteria,  fungi,  and  protists  (Du  et  al.,  2022).
Importantly,  our  results  revealed  that  the  multidiversity  of
abundant  taxa,  rather  than that  of  rare  taxa,  was positively

related to multifunctionality under Hg stress, suggesting that
abundant taxa had a larger effect  on multifunctionality.  The
abundant  subcommunity  was  more  stable  than  rare
subcommunity in response to soil Hg pollution stress, which
could  be  explained  by  the  abundant  community’s  wider
breadth  to  environmental  changes (Li  et  al.,  2019b).  Abun-
dant taxa diversity can buffer the impacts of stress by main-
taining functional redundancy and compensating for the loss
of sensitive species (Balvanera et al., 2006; Gamfeldt et al.,
2008).  On  the  contrary,  rare  taxa  diversity  may  be  more
susceptible  to  environmental  stress  due  to  their  low  abun-
dance, making them more prone to extinction (Hughes et al.,
1997; Gaston  and  Fuller,  2007).  It  has  been  reported  that
abundant species had broader environmental adaptation for
ecological preferred traits compared to rare species in agri-
cultural  ecosystems  (Jiao  and  Lu,  2020).  Soil  Hg  stress
filtered  a  larger  number  of  rare  species  than  abundant
species, leading to a loss of biodiversity of rare species and

 

 
Fig. 3    Effects of soil multitrophic network complexity on multidiversity of abundant taxa and multifunctionality. (A) Correlation
networks  for  abundant  taxa.  Networks  are  colored  based  on  the  Pearson’s  correlation  coefficients  between  each  individual
phylotype  and  multifunctionality;  the  coefficients  were  used  to  reflect  their  support  for  multifunctionality.  (B)  Relationships
between soil  multitrophic  network  complexity  versus  multidiversity  and  multifunctionality.  The  relationships  were  estimated  by
ordinary least-squares linear regressions. (C) Effects (standardized slopes, i.e., mean ± s.e.m.) of multitrophic network complexity
on  multidiversity  of  soil  abundant  taxa  and  multifunctionality  in  all,  control,  and  Hg  stress  samples.  (D)  Effects  of  network
complexity on the relationships between soil abundant taxa biodiversity and multifunctionality. The variances of SBF strengths
across network complexity gradients were based on moving window sizes of 12 and 16 samples. The relationships were estimated
by ordinary least-squares linear regressions with second-order polynomial fits.  Significance levels are shown as follows: **p <
0.01, and ***p < 0.001.
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a weak SBF relationship. Therefore, environmental stresses
like  soil  pollution  have  the  potential  to  affect  the  relative
contributions of abundant and rare taxa to soil functions, as
observed in our study.

Moreover,  we  found  that  abundant  subcommunity  contri-
buted more supporting phylotypes with respect to soil  func-
tions than was the case for the rare subcommunity, and this
could  explain  the  stronger  positive  effect  of  abundant  taxa
diversity on multifunctionality.  In particular,  abundant phylo-
types  exhibited  higher  supporting  effects  of  individual  soil
enzyme activities related to the degradation of sugar, chitin,
and  protein.  One  possible  reason  could  be  that  abundant
taxa occupy diverse niches, utilize wide resources, and drive
broad functions such as nutrient cycling, primary production,
and decomposition (Jiao et al., 2017; Rivett and Bell, 2018).
Abundant  taxa  are  also  more  likely  to  possess  redundant
functional  traits,  meaning  that  if  one  species  is  negatively
affected by environmental stress, others can compensate for
their  functions,  thus  maintaining  ecosystem  processes
(Maestre  et  al.,  2012; Balvanera  et  al.,  2014).  Conversely,
rare  taxa  generally  have  narrow  functional  roles,  because
they  are  restricted  by  habitat  specificity  (Barberán  et  al.,
2014; Jousset et al., 2017). The above findings highlight the
importance  of  abundant  species  for  maintaining  soil  multi-
functionality  under  environmental  stress,  and  will  be

beneficial in guiding future sustainable management in agri-
cultural ecosystems.

 4.2 Linking multitrophic network complexity to SBF
relationship

Microbial  interactions  play  critical  roles  in  supporting
community  functional  performance  (Bardgett  and  Van  Der
Putten,  2014).  For  example,  species  coexisting  could
promote positive interactions via niche partitioning based on
distinct  resources  (Li  et  al.,  2019a; Yu et  al.,  2019).  In  this
study, we observed that abundant taxa were strongly corre-
lated  with  multifunctionality  in  the  correlation  network,
suggesting that abundant taxa could support multifunctiona-
lity  at  a  relatively  high  network  connectivity.  We  further
revealed that  network  complexity  of  soil  abundant  subcom-
munity  could  support  multidiversity  and  multifunctionality.
This  can  be  partly  attributed  to  the  strong  connections
among abundant taxa, sharing similar habitats and environ-
mental preferences for executing high functional performance
(Newman, 2003, 2006). A previous study also demonstrated
that  microbial  interkingdom  interactions  could  support
ecosystem functioning related to nutrient cycling in grassland
soils (Wagg et al., 2019).

Multitrophic network complexity, including the presence of

 

 
Fig. 4    Effects of community assembly processes on multidiversity of abundant taxa and multifunctionality. (A and B) Patterns
of normalized stochasticity ratio, estimated via null models, across different categories of multidiversity and multifunctionality. (C)
Relationships between normalized stochasticity ratio versus multidiversity and multifunctionality. The relationships were estimated
by ordinary  least-squares  linear  regressions.  (D)  Effects  of  community  assembly  processes  on  the  relationships  between soil
abundant taxa biodiversity and multifunctionality. The variances of SBF strengths across normalized stochasticity ratio gradients
were based on moving window sizes of 12 and 16 samples. The relationships were estimated by ordinary least-squares linear
regressions. Significance levels are shown as follows: *p < 0.05, **p < 0.01, and ***p < 0.001.
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abundant and rare taxa, can contribute to the resistance of
ecosystems  in  face  of  environmental  stress  (Pocock  et  al.,
2012; Zhao  et  al.,  2023).  In  this  study,  Hg  pollution  stress
decreased the effects of network complexity on multidiversity
and multifunctionality,  and these effects  could  be attributed
to the adverse effects of Hg on biological interactions. Inten-
sive  environmental  disturbances  are  considered  to  lead  to
the simplification of soil multitrophic networks (Tsiafouli et al.,
2015; Bender et al.,  2016). The reduction of the complexity
of microbial interactions can damage the biodiversity-driven
ecosystem  functioning  (Jiao  et  al.,  2021; Wang  et  al.,
2022b). Abundant taxa may show higher resistance to envi-
ronmental stress due to their broad ecological tolerances or
adaptability in comparison with rare taxa (Isbell et al., 2015),
therefore  they  may  play  an  important  role  in  stabilizing
ecosystem  functioning  (Balvanera  et  al.,  2006; Li  et  al.,
2021). Moreover, our results suggest that moderate biological
interactions  have  the  greatest  supporting  effects  on  the
strength of SBF under Hg stress. Microbial cooperation and
competition could support the SBF relationship at a range of

network  complexity.  Relative  high  network  complexity
provides more alternative pathways and interactions,  which
can buffer the impacts of environmental stress on soil func-
tioning  (Bardgett  and  Van  Der  Putten,  2014; Wagg  et  al.,
2014). For example, soil multitrophic network complexity has
been  shown  to  enhance  the  link  between  biodiversity  and
multifunctionality  in  agricultural  systems  (Jiao  et  al.,  2021).
Overall,  our  findings  suggest  that  soil  multitrophic  network
complexity is a key factor in maintaining the diversity-multi-
function relationship.

 4.3 Linking community assembly processes to SBF
relationship

Community  assembly  processes  refer  to  the  mechanisms
that  shape  the  composition  and  structure  of  ecological
communities, including the factors that determine the abun-
dance  and  distribution  of  abundant  and  rare  taxa  (Leibold
et al., 2004; Chase and Myers, 2011). Therefore, it is critical
to  differentiate  the  stochastic  or  deterministic  assembly

 

 
Fig. 5    Effects of multiple factors on the relationships between biodiversity of  abundant taxa and multifunctionality.  (A and B)
Structural equation models showing the effects of stochastic community assembly, multitrophic network complexity, soil proper-
ties,  and  Hg stress  on  the  relationships  between soil  abundant  taxa  biodiversity  and  multifunctionality.  The  variances  of  SBF
strengths were based on random sampling method with sizes of 12 and 16 samples. Red arrows represent significantly positive
paths,  and blue arrows represent  significantly  negative  paths.  Numbers  adjacent  to  arrows are  indicative  of  effect  size  of  the
relationship. R2 denotes the proportion of variance explained. Significance levels are shown as follows: *p < 0.05, **p < 0.01,
and ***p < 0.001; RMSEA = 0; GFI = 0.997; AIC = 36.795 for sampling size = 12, and RMSEA = 0; GFI = 0.998; AIC = 36.580
for sampling size = 16, respectively. (C) Standardized total effects of stochastic ratio, network complexity, soil chemical properties
(SOC and pH), and stress (control and Hg treatment) on the strength of SBF with sampling size of 12 and 16. (D) Random forest
predicting relative importance of stochastic ratio, network complexity, soil chemical properties, and stress for the strength of SBF
with  sampling  size  of  12  and  16.  Significance  levels  are  shown  as  follows:  **p <  0.01,  and  ***p <  0.001.  Abbreviations:
Stoch.ratio, stochastic ratio; Net.compl., network complexity.
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processes  of  soil  abundant  and  rare  subcommunities  and
their  consequences  for  ecosystem  functioning  (Mokany
et  al.,  2013; Mori  et  al.,  2018).  In  this  study,  we  unraveled
that  stochastic  assembly  processes  promoted  the  positive
effect  of  the  biodiversity  of  abundant  taxa,  rather  than  rare
taxa,  on  multifunctionality  under  Hg  stress.  Abundant  taxa
are well-adapted to environmental disturbances due to their
broader  niches  and  competitive  advantage;  thus,  they
potentially influence SBF relationship (Mouillot et al., 2013).
In  contrast,  rare  taxa  with  unique  or  specialized  traits  may
be  filtered  out  if  their  adaptations  are  not  advantageous
under the stress (Kraft et al., 2015). We have demonstrated
that the dominant taxa drove the resistance of soil microbial
community to Hg stress and maintained the functional stability
in our previous study (Du et al.,  2023).  A recent study also
claimed  that  there  were  more  co-occurrence  associations
within  the  soil  microbiome  when  stochastic  processes
predominantly  drove  community  assembly  (Jiao  et  al.,
2020).

In  addition,  stochastic  processes-driven  community
assembly could increase the effect of biodiversity on functions
via random sampling effect (Knelman and Nemergut, 2014).
This  effect  means  that  some  communities  may  contain  a
higher  number  or  different  combinations  of  species
compared to others by chance, and can enhance ecosystem
functioning by promoting a greater variety of functional traits,
resource utilization, and ecological interactions (Adler et al.,
2007; Vellend, 2010). On the contrary, a larger contribution
of deterministic assembly processes can decrease the biodi-
versity  effect  on  ecosystem  functions  via  dilution  effect
(Zhang et al., 2022). These processes can limit the diversity
of species within a community, potentially diluting the positive
effects  of  biodiversity  on  ecosystem functions  (Duffy  et  al.,
2007; Byrnes  et  al.,  2014).  We  also  observed  that  the
stochastic  assembly  ratio  of  abundant  subcommunity  was
negatively correlated with biodiversity and multifunctionality.
A  possible  reason  could  be  that  stochastic  assembly
processes  lead  to  more  species  competition,  thus  reduce
microbial  diversity and functional redundancy (Zhang et al.,
2022).  Collectively,  our  results  suggest  that  stochastic
assembly ratio of abundant taxa is the most important factor
for  maintaining  biodiversity-multifunctionality  relationship
under Hg stress.

 5 Conclusions

To  the  best  of  our  knowledge,  this  is  the  first  study  to  link
soil network complexity and community assembly processes
of  abundant  and  rare  species  to  the  strength  of  SBF  rela-
tionship under soil  Hg pollution stress. Our findings provide
empirical  evidence  that  the  diversity  of  abundant  taxa  is
more  critical  than  that  of  rare  taxa  for  supporting  soil

multifunctionality  under  pollution  stress.  Moreover,  our
results indicate that soil multitrophic network complexity and
stochastic assembly processes of the abundant subcommu-
nity can maintain the relationships between soil  biodiversity
and  multifunctionality,  but  this  is  not  the  case  for  the  rare
subcommunity. Overall, we highlight that stochastic assembly
ratio  of  abundant  taxa  is  the  most  important  factor  in
sustaining  the  effects  of  biodiversity  on  multiple  functions
under  soil  pollution  stress  after  accounting  for  multiple
factors.  These  results  can  help  in  forecasting  functional
roles  and  consequences  of  compositional  changes  within
soil  microbial  communities,  across  multitrophic  groups,
those  are  affected  by  environmental  disturbances  including
pollution stress in an ecosystem.
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