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ABSTRACT
●   Tourism  development  influenced  the  ecological  network  of  microbial
communities.

●   Regulating mechanism of intra- and inter-domain networks was clarified.

●   Macrophyte coverage reduces microbial network complexity and stability.

●   Landscaping  may  promote  nitrogen  and  phosphorus  cycle  in  wetland
watershed.

Numerous urban wetland parks have been established, yet the understanding
of microbial interactions in response to tourism development is still limited. This
study  aims to  elucidate  the  impact  of  tourism development  on  the  complexity
and stability of molecular ecological networks within the microbial communities
of  wetland  sediments.  Through  an  analysis  of  sediments  properties,  microor-
ganism intra-  and inter-domain co-occurrence characteristics in three different
wetland functional areas (conservation, landscaping, and recreation areas), we
found that  tourism development  influenced sediment  physicochemical  proper-
ties.  These  changes  regulated  the  diversity  and  ecological  networks  of
archaeal  and  bacterial  communities.  Specifically,  areas  with  landscaping  (LA)
exhibited reduced network connectivity and robustness, suggesting that macro-
phyte coverage diminishes the complexity and stability of microbial communities
in  wetland  parks.  Notably,  the  transition  from  conservation  areas  (CA)  to  LA
strengthened the correlations between microbial network modules and sediment
total nitrogen (TN) and total phosphorus (TP), potentially enhancing the nitrogen
and phosphorus cycles in wetlands. Structural equation modeling analysis
revealed that both abiotic factors (TC, TP, TN, K, Mg, pH) and biotic factors (archaeal and bacterial α-diversity) can influence interdomain
network  complexity,  accounting  for  42%  of  the  variation.  Among  these  factors,  sediment  TN  exerted  the  largest  positive  effect  on  network
complexity (37.9%), while Mg had the most negative impact (59.8%). This study provides valuable insights for ecological assessments of urban
wetlands and can inform strategies for effective wetland ecosystem management.
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 1 Introduction

Urban  wetlands  offer  substantial  ecosystem  services,

encompassing  support,  regulation,  and  cultural  benefits
(Costanza  et  al.,  1997; Russi,  2013; Yu  et  al.,  2018).  To
maximize  their  environmental  and  economic  advantages
(Sanna  and  Eja,  2017),  a  significant  number  of  urban
wetland parks have been established globally (Mitsch et al.,
2014; Chatterjee  et  al.,  2015; Wahlroos  et  al.,  2015; Arsić
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et  al.,  2018).  For  instance,  by  the  end  of  2022,  China  had
over 1 700 wetland  parks,  with  901  designated  as  national
wetland  parks  (see  the  website  of  National  Forestry  and
Grassland Administrtion, China). The primary goals of these
parks  are  to  safeguard  wetland  resources  and  to  harness
their  economic  potential  effectively.  Increased  tourism  in
these  areas  substantially  impacts  the  wetland  ecosystem
functions  mediated  by  microbes  (Wang  et  al.,  2020a; Li
et al., 2022; Piano et al., 2023). This is due to the changes
in microbial taxa and abundance resulting from the pressure
of human activities (Wang et al., 2020b).

In  addition  to  the  structure  and  diversity  of  microbial
communities,  there  is  growing  evidence  that  environmental
changes  induced by  human activities  significantly  influence
microbial co-occurrence networks (Mandakovic et al., 2018;
Xue  et  al.,  2022).  In  freshwater  ecosystems,  total  nitrogen
(TN)  and  total  phosphorus  (TP)  concentrations  are  key
determinants  of  connectivity  within  microbial  interdomain
networks  (Wang  et  al.,  2023a).  Additionally,  plants  have
been observed to alter  microbial  communities and their  co-
occurrence  network  patterns  (Wang  et  al.,  2021b; Zhan
et al., 2021). Consequently, both abiotic and biotic conditions
shape ecosystem functions by influencing microbial commu-
nities,  which  in  turn  affect  wetland  functions  (Nelson  et  al.,
2023). The stability of these microbial functional groups also
varies in response to environmental changes, impacting co-
occurrence patterns (Zhou et al., 2021b). Nevertheless, our
comprehension  of  how  microbial  ecological  networks  in
human-disturbed wetland parks react to tourism development
is still  limited (Delgado-Baquerizo et  al.,  2018; Wagg et  al.,
2019; Nelson et al., 2023).

Microbial  communities  are  highly  complex,  characterized
by  a  plethora  of  biotic  interactions  (Sun  et  al.,  2022),  and
they  tend  to  exhibit  close  associations  across  domains,
rather  than  acting  independently  in  shaping  local  ecology
(Feng  et  al.,  2019).  Prior  research  has  demonstrated  that
intricate  interdomain  interactions  between  bacteria  and
archaea foster fitness, diversification, and niche adaptations,
as  each  species  evolves  to  thrive  within  their  respective
communities  (Faust  and  Raes,  2012).  For  instance,
enhanced  direct  interspecies  electron  transfer  in  bacterial
and  archaeal  consortia  has  been  linked  to  accelerated
methane production, illustrating a key aspect of interdomain
interactions (Li et al., 2015, 2021). Moreover, the complexity
of  the  bacteria-archaea  interdomain  network  may  mark  a
significant  threshold  in  the  shift  from  mesotrophic  to  lightly
eutrophic  conditions  in  water  bodies  (Wang  et  al.,  2023a).
Therefore,  the  response  of  network  complexity  to  environ-
mental changes can be an indicator of ecosystem health.

Wetland parks are significantly impacted by human activi-
ties,  such  as  ecological  sightseeing,  recreational  services,
and  artificial  landscaping,  including  the  planting  of  aquatic
species. These activities influence the composition (Kiersztyn

et  al.,  2019),  diversity  (Wan  et  al.,  2017),  interactions  (Li
et al., 2021; Zhou et al., 2021a), and functions (Louca et al.,
2018)  of  microbial  communities  within  these  environments.
Certain sensitive functional microorganisms, like Proteobac-
teria, Nitrospirae,  and Euryarchaeota,  respond  actively  to
environmental  changes,  leading to  shifts  in  biogeochemical
cycles  (Sagova-Mareckova  et  al.,  2021).  For  instance,  a
study  by Peter  and  Sommaruga  (2016) demonstrated  that
ecosystem  functions,  particularly  those  related  to  carbon,
nitrogen, and phosphorus cycling, may shift during transitions
from  turbid  to  clear  water  states.  Furthermore,  the  respon-
siveness  of  microorganisms  to  changes  in  environmental
factors,  including  pH,  concentrations  of  nitrogen,  phospho-
rus, and other nutrients or pollutants, has been proposed as
an effective tool for assessing ecosystem health (Wu et al.,
2015, 2016; Zhang et al.,  2016). Hence, gaining a compre-
hensive understanding of the responses of microbial ecolog-
ical networks and functions to serious anthropogenic distur-
bances in wetland parks is essential.

Molecular ecological network analysis presents a promising
approach  for  elucidating  the  interconnections  among
members  of  microbial  communities  (Coux  et  al.,  2016;
De Vries et al., 2018). Recently, a workflow utilizing Sparse
Correlations  for  Compositional  Data  (SparCC)  has  been
employed  to  construct  interdomain  bipartite  networks,
revealing co-occurrence patterns across different domains in
various  environments  (Feng  et  al.,  2019).  Employing  this
method, Yuan et al. (2021b) observed increasingly complex
co-occurrence  networks  between  non-mycorrhizal  and
mycorrhizal fungi-bacteria, corresponding with plant growth.
These  patterns  appear  to  be  influenced  by  the  availability
and  quality  of  carbon  substrates.  In  another  study, Wang
et al. (2023a) reported that mesotrophic wetlands bordering
on lightly eutrophic conditions harbored much more intricate
bacterial-archaeal  interdomain  networks.  These  networks
were regulated by factors  such as chlorophyll-a,  total  nitro-
gen, and total phosphorus. Light eutrophication was found to
intensify  the  network  modules'  negative  associations  with
organic carbon via certain network hubs, potentially leading
to carbon loss in wetlands. This analytical framework is thus
pivotal  in  revealing  how  microbial  interactions  respond  to
environmental pressures caused by tourism development.

In  this  research,  our  objectives  were  to:  (i)  examine  the
impact  of  tourism  development  on  microbial  composition
and ecological network attributes; (ii) identify the mechanisms
driving  the  complexity  and  stability  of  archaeal-bacterial
interdomain networks under varying disturbance conditions;
and (iii) uncover the main effects of interdomain interactions
on  ecosystem functions.  To  investigate  how tourism devel-
opment  affects  sediment  microbial  networks  and  their
ecological  functions,  we  employed  a  combination  of  high-
throughput sequencing and network analysis. This approach
was  applied  to  54  sediment  samples  collected  from  three

2 Tourism affecting microbial ecological network



functional regions within Xixi National Wetland Park, China.
The  study  offers  valuable  insights  into  the  dynamics  of
microbial ecological network under different levels of tourism
disturbances  and  contributes  to  enhancing  the  ecological
assessment and conservation of wetland parks.

 2 Materials and methods

 2.1 Sampling procedures and physicochemical
measurements

To  investigate  the  effects  of  tourism  development  on
microbial  interdomain  network  complexity  and  ecological
function,  we  focused  on  three  distinct  functional  regions
within Xixi National Wetland Park (30°15.39′ N–30°16.96′ N,
120°03.16 ′  E–120°04.94 ′  E),  Hangzhou,  China.  Spanning
11.5  km2,  more  than  half  of  its  area  is  water-covered.  The
park features a humid subtropical monsoon climate, charac-
terized by hot, wet summers and dry winters with low precip-
itation.  Our  study  consists  of  three  areas:  conservation
areas  (CA),  landscaping  areas  (LA),  and  recreation  areas
(RA),  each  subject  to  different  management  practices  and
possessing  different  physicochemical  characteristics,  as
detailed in our previous paper (Wang et al., 2020a). In May
2018,  a total  of  54 sediment  samples were collected.  Each
sample  was  divided  into  two  parts:  one  subsample  was
immediately  stored  at  −80°C  for  DNA  extraction,  while  the
other  was  kept  at  4°C  for  subsequent  chemical  analysis.
The  sediment  samples  were  dried  to  constant  weight  at
30°C,  and  their  physicochemical  characteristics,  including
total nitrogen (TN), total carbon (TC), total phosphorus (TP),
potassium  (K),  magnesium  (Mg),  and  pH,  were  measured
using standard methods previously  described (Wang et  al.,
2020a).  Our  physicochemical  analysis  (Fig.  S1)  revealed
that TP concentrations in the three functional regions ranged
from  0.18  to  2.32  g  kg−1,  while  TN  and  TC  varied  widely,
from 0.69 to 7.98 g kg−1 and 8.37 to 65.03 g kg−1,  respec-
tively.

 2.2 DNA extraction and 16S rRNA gene sequences analysis

The  process  of  DNA  extraction,  purification,  amplification
and sequencing refered to our previous paper (Wang et al.,
2020a). Raw FASTQ files were processed using the DADA2
pipeline  to  generate  amplicon  sequence  variants  (ASVs).
This  involved  denoising  the  16S  V3-V4  amplicon  data
(Callahan et al., 2016), with taxonomic assignment based on
the GreenGenes database (see the website  of  Greegenes)
(Tromas et al.,  2017), utilizing the RDP classifier algorithm.
During  our  analysis,  ASVs  mapping  to  mitochondria  and
chloroplasts  were  excluded  to  maintain  data  accuracy.  To
mitigate  the  impact  of  sequencing  depth  variability  on  the

assessment  of  treatment  effects,  we  normalized  the
sequence  depth  across  all  samples.  Following  this,  ASVs
with  a  total  abundance  below 0.000 1 across  all  samples
were  removed.  The  resulting  filtered  abundance  table  was
then used to calculate alpha diversity metrics.

 2.3 Network construction and analysis

(i)  To  investigate  potential  interactions  between  archaeal
and bacterial communities, we utilized Sparse Partial Corre-
lation  Coefficients  (SPRCC)  to  construct  a  coexistence
network. Our analysis was focused on ASVs present in over
80% of the samples. To evaluate the significance of sparse
correlations  between  genera  within  our  dataset,  we
computed pseudo-P-values through 100 bootstrap iterations.
Only correlations that met a specific threshold (r ≥ 0.6, P ≤
0.05) were considered for network construction.

(ii)  To  further  explore  interactions  between  bacterial  and
archaeal  communities,  we constructed interdomain ecologi-
cal networks (IDENs) following the methodology outlined by
Feng et al. (2019). Here, only ASVs found in more than 80%
of all samples were included. For these IDENs, 100 rewired
networks were generated to evaluate the topological proper-
ties  of  each  index  (Deng  et  al.,  2012).  The  differences
between  the  observed  IDENs  and  their  corresponding
random  networks  were  assessed  using  one-sample
Student's t-tests.

Network  topological  properties,  such  as  complexity  and
modularity, have proven effective in predicting the stability of
microbial networks (Coux et al., 2016; De Vries et al., 2018).
To  determine  whether  and  how  tourism  development
impacts  the  stability  of  these  ecological  networks,  network
robustness  was  used  as  a  measure  of  stability  and  the
resilience  of  its  constituent  members  (Yuan  et  al.,  2021a).
Network robustness is defined as the proportion of remaining
species  in  the  network  after  random  or  targeted  node
removal (Montesinos-Navarro et al., 2017). The final visual-
izations of these networks were created using Cytoscape.

 2.4 Statistical analysis

Data analyses were mainly performed using R version 4.0.2
with software packages. Non-metric multidimensional scaling
(NMDS) was performed based on the Bray−Curtis distances
of microbial communities with a vegan package (R Develop-
ment  Core  Team,  2014).  We incorporated  a  second matrix
of  the sediment  physicochemical  variables  (TN,  TC,  TP,  K,
Mg, and pH) into the NMDS using the envfit function.

To  further  explain  linkages  among  the  physicochemical
parameter,  microbial  community  composition,  and  interdo-
main  network  stability,  a  structural  equation  modelling
approach  (SEM)  was  employed  with  improved  model  fit
assessed based on reduced χ2 and Akaike information crite-
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ria  (sem function; lavaan package)  (Mamet  et  al.,  2017,
2019).

 3 Results

 3.1 Variations in microbial diversity and community
composition

The  high-quality  sequences  from  all  the  54  sediment  sam-
ples  were  assigned  to  774  and 1 752 amplicon  sequence
variants  (ASVs)  from  archaea  and  bacteria,  respectively.
The  α-diversity  indices  (richness)  varied  widely,  ranging
from 176 to 442 for archaea and from 211 to 938 for bacte-
ria,  as  illustrated  in  Figure  S2.  Notably,  the  richness  of
archaea  was  relatively  higher  in  conservation  areas  (CA)
compared  to  landscaping  areas  (LA)  and  recreation  areas
(RA), with a significant difference (P < 0.05) (Fig. S2). Simi-
larly,  both  richness  and  shannon  indices  for  bacteria  were
higher in CA than in RA (P < 0.05) (Fig. S2). The predominant
archaeal  phyla  were Euryarchaeota and Crenarchaeota,
while Proteobacteria and Chloroflexi were  the  dominant
bacterial  phyla  (Fig.  S3).  Although  the  dominant  phyla  of
microbial  communities  were  similar  across  the  three  func-
tional regions (Fig. S4), significant differences (P < 0.05) in
the  relative  abundances  of  some  dominant  archaeal  and
bacterial  phyla  were  observed  among  them  (Fig.  S4).  The
relative  abundance  of Proteobacteria and Actinobacteria
was  higher  in  recreational  areas  compared  to  other  areas.
β-diversity  also  demonstrated  clustering  by  site  (Fig.  S5).
Using  NMDS,  shifts  in  microbial  community  composition
among the three functional regions were detected, indicating
that  archaeal  and  bacterial  communities  formed  distinct
clusters  influenced  by  tourism  development,  as  shown  by
stress values of 0.143 2 and 0.142 4, respectively (Fig. S5).
Total  nitrogen  (TN)  was  significantly  (P <  0.05)  correlated
with  the  NMDS  axis,  highlighting  its  substantial  impact  on
the  structure  of  archaeal  and  bacterial  communities
(Table S1).

 3.2 Archaeal and bacterial network characteristics

We  examined  the  co-occurrence  patterns  of  archaeal  and
bacterial  communities  using  network  analysis,  which
revealed  significant  clustering  within  the  networks  (Fig.  1).
For the archaeal ecological network (Fig. 1A−C), frequent co-
occurrences  of  genera  such  as Methanosaeta were  identi-
fied.  In  the  LA,  the  network  comprised 112 nodes and 276
edges,  exhibiting  the  lowest  average  degree  (avgK,  4.93),
geodesic  efficiency  (GE,  0.32),  and  the  highest  average
path  distance  (GD,  3.88)  compared  to  other  areas.  In
contrast,  CA  had  128  nodes  and  567  edges,  with avgK at
8.86, GE at  0.39,  and GD at  3.05,  whereas  RA  had  the

fewest nodes (106), with avgK at 10.36, GE at 0.44, and GD
at  2.62 (Fig.1).  The average betweenness centrality  values
showed that CA (0.06) was higher than RA (0.04), but lower
than LA (0.18).  To understand the topological  roles  of  taxa
within these networks, we categorized nodes into four types
based  on  their  within-module  (Zi)  and  among-module  (Pi)
connectivity  values.  ASVs  serving  as  network  hubs  were
designated  as  keystone  taxa,  with  threshold  values  for  Zi
and Pi set at 2.50 and 0.62, respectively. According to the Zi-
Pi  plots,  two  keystone  taxa  were  detected  in  both  CA  and
RA (Fig. 2A−C): ASV1221 (belonging to Methanosaeta) with
a  relative  abundance  of  1.1%,  and  ASV215  (belonging  to
Thermoplasmata)  with  a  relative  abundance  of  1.0%.  To
further  explore  network  topology  characteristics  across
different sediment samples, network connectivity was calcu-
lated,  representing  network  stability  (Fig.  2D).  The  network
connectivity varied from 4.6 to 10.5, with an average of 7.44.
Notably,  the  network  complexity  in  RA  was  higher  than  in
other areas, suggesting a more complex archaeal network in
RA compared to CA or LA (Fig. 2D).

For  bacterial  communities  from  LA,  the  network  had  285
nodes  and 1 123 edges  with  the  lowest  average  degree
(avgK,  7.88),  betweenness  centrality  (CB, 0.05)  and
geodesic  efficiency  (GE,  0.31),  and  highest  average  path
distance  (GD,  3.74)  than  other  araes,  where  CA  had  166
nodes and 749 edges with avgK at 9.57, CB at 0.07, GE at
0.36  and GD at  3.26,  and  RA  with  the  lowest  number  of
nodes (87), avgK at 10.46, CB at 0.14, GE at 0.42 and GD
at3.02  (Fig.  1D−F).  As  for  topological  roles  of  taxa  (Fig.
2E−H),  our results  showed that  LA had a higher proportion
of module hubs than other areas, which meant more interac-
tions within modules but less outside modules among bacte-
rial  communities  in  LA.  These  keystones  are  ASV14278,
ASV2748 and ASV21796 in CA, and ASV11883, ASV18076,
ASV9373, ASV5228, ASV3278, ASV2275 in LA. Comparing
sequences of keystone ASVs at GreenGenes database indi-
cates  that  these  keystones  were  mostly  belonged  to
Proteobacteria,  Firmicutes,  Bacteroidetes,  Acidobacteria
and Nitrospirae.  Meanwhile,  we  observed  the  bacterial
network  connectivity  varied between 5.7  and 10.8,  with  the
highest mean value of 8.70 in RA (Fig. 2H).

 3.3 Microbial interdomain ecological network characteristics

To investigate potential microbial interactions, archaeal and
bacterial  Interdomain  ecological  networks  (IDENs)  were
constructed  based  on  SparCC  correlations  among  ASVs.
The three networks we developed exhibited distinct structural
and  topological  characteristics,  as  depicted  in Fig.  3A−C
and detailed in Table S2. Our analysis revealed that the link-
age  density  and  nestedness  of  bacterial-archaeal  IDENs
were highest in the RA. When compared to randomly gener-
ated  bipartite  networks,  the  rewired  network  checkerboard
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scores for archaea and bacteria were significantly lower (P <
0.05)  than  those  of  the  observed  networks.  This  indicates
nonrandom  patterns  in  the  observed  bacterial-archaeal
networks (Table S3). Based on the Zi-Pi plots, two archaeal
and  seven  bacterial  taxa  were  identified  as  keystone  taxa
across the three functional regions. Network connectivity, as
represented  by  node  degree,  and  network  robustness  was
notably  lower  in  the  LA  (3.67  and  0.22,  respectively)
compared  to  CA  and  RA  (8.57  and  8.58,  0.25  and  0.25,
respectively) (Fig. 4D−E).

 3.4 Linking environmental factors, microbial community, and
network complexity

Spearman correlation analysis was conducted to explore the
relationships  between  environmental  parameters  and  the
complexity  of  microbial  communities,  as  depicted  in  Figure
S6.  We  found  that  the  complexity  of  both  archaeal  and
bacterial communities was significantly negatively correlated
with pH (r = −0.33 and −0.34, respectively) and magnesium
(Mg)  (r =  −0.30  and  −0.27,  respectively)  (P <  0.05).  To

further examine the association between these environmental
factors and the complexity of bacterial-archaeal interdomain
networks, linear regression analysis was performed (Fig. 5).
The complexity of  the interdomain ecological  networks also
exhibited  significant  negative  correlations  with  pH  and  Mg
(P < 0.05).

To  further  reveal  the  relationships  between  bacterial-
archaeal  interactions and phosphorus,  nitrogen and carbon
cycling,  we  used  a  module-eigenvalue  analysis  to  link  the
network modules to the TP, TN and TC (Fig. 6).  Within the
bacterial-archaeal network, one module in CA, five modules
in  LA,  and  one  module  in  RA  were  significantly  correlated
with  TP  (P <  0.05).  One  module  in  CA  and  three  in  LA
showed significant correlations with TN (P < 0.05), while no
modules in RA were associated with TN. Three modules in
each  region  were  also  linked  to  TC,  with  specific  modules
(#CA3 with  73 nodes,  #LA2 with  10 nodes,  and #RA2 with
18  nodes)  demonstrating  significant  negative  associations
with water TC (P < 0.05).

Finally,  we employed structural  equation modeling (SEM)
to  identify  both  direct  and  indirect  associations  between

 

 
Fig. 1    Ecological network of archaeal and bacterial ASVs detected in conservation areas (A and D), landscaping areas (B and
E) and recreation area (C and F). Each node corresponds to an ASV, and different colors represent different modules, where
large modules with ≥5 nodes are shown.
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physicochemical  parameters  and  the  stability  of  bacterial-
archaeal  interdomain  networks  (Fig.  7).  The  SEM  analysis
revealed that 42% of the variance in network complexity was
directly explained by abiotic factors (TC, TP, TN, K, Mg, pH)
and  biotic  factors  (represented  by  bacterial  and  archaeal
α-diversity,  as  measured  by  their  shannon  index  values).
Among  these,  sediment  TN  exerted  the  largest  positive
effect  on  network  complexity  (37.9%),  while  Mg  had  the
most substantial negative impact (59.8%).

 4 Discussion

Understanding the impacts of wetland tourism development
on  microbial  ecological  network  and  ecosystem functioning
is an important topic in ecology and environmental manage-
ment  (Arif  et  al.,  2022).  Here  we  show  that  wetland  parks
under different tourism development harbor distinct microbial
communities  with  varying  network  complexity  and  stability.
Regardless  of  whether  it  is  an  intra-domain  or  an  inter-
domain  network,  sediments  in  LA  displayed  lower  network
complexity  and  stability  compared  to  those  in  CA.  Notably,
the interdomain network complexity in CA and RA was twice
as  high  as  that  in  LA  sediments.  These  variations  are
primarily  influenced  by  physicochemical  properties  and
microbial diversity, which are associated with tourism devel-
opment.  Importantly,  plants  cultivation  strengthened  the
network  modules’ associations  with  TN  and  TP  through

methanogenic archaea hub taxa, which might promote nitro-
gen and phosphorus cycles in wetlands (Zeng et al., 2021).
These  findings  not  only  provide  new insights  into  microbial
interactions  in  response  to  tourism  development,  but  also
provide  guidance  for  monitoring  the  wetland  ecosystem
stability.

Our findings reveal  that  tourism development significantly
influences  the  overall  structure  and  network  topological
properties  of  microbial  communities  in  wetland  sediments.
This observation aligns with previous ecosystem studies (Li
et al., 2022; Piano et al., 2023). Notably, both archaeal and
bacterial ecological networks in LA exhibit  lower complexity
and  stability.  The  same  phenomenon  was  shown  for  the
interdomain  network  complexity  in  LA  compared  to  the
results  observed  in  the  three  functional  areas.  These
changes  in  microbial  community  structure  and  interaction
patterns partly explain this phenomenon (Deng et al., 2012).
In  LA,  the  growth  and  decay  of  macrophytes  modify  the
surrounding  environment,  acting  as  a  nutrient  source  for
microbes (Mentes et al., 2018), and facilitating the coloniza-
tion  of  functional  bacteria.  We  observed  a  decrease  in  the
relative  abundance  of Actinobacteria,  whereas Acidobacte-
ria,  known  for  their  adaptability  to  harsh  environments  (Ji
et  al.,  2021),  showed  increased  abundance  under  macro-
phyte  coverage.  If  macrophytes  are  not  timely  harvested
and  managed,  they  contribute  to  nutrient  enrichment
through  the  decomposition  of  plant  litter  (Heilmayr,  2014;
Wang et al., 2018). Nitrospirae, a phylum involved in nitrogen

 

 
Fig. 2    Network topological properties of archaeal and bacterial communities. Zi-Pi plots (A−C for archaea and E−G for bacteria)
showed the distribution of ASVs based on their topological roles in six networks. Threshold values of Zi and Pi for categorizing
OTUs were 2.5 and 0.62, respectively. Network connectivity in sediments is represented by node degree for individual pond and
was calculated by subsetting the networks of two pond groups (D and H). Different letters above the error bar indicate statistical
difference among the three functional area. Groups are as follows: conservation areas (CA), landscaping areas (LA) and recreation
area (RA).
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cycling, was prevalent in areas with plant coverage, aligning
with previous studies (Pang et al., 2016; Wang et al., 2017;
Yun  et  al.,  2017).  Furthermore,  enhanced  synergistic
resource utilization among archaeal and bacterial taxa could
result  in  altered ecological  network characteristics (Spribille
et al., 2016).

The keystone taxa of module hubs and network hubs are
highly connected groups that considerably influence microbial
community  structure  and  interactions  regardless  of  their
abundance (Banerjee et al., 2018). In landscaping areas, we
identified  a  notable  presence  of  such  hub  taxa,  including
Methanolinea,  Methanosaeta  and  Methanobacterium at  the
genus  level.  This  prominence  may  be  attributed  to  the
anaerobic  conditions  created  by  plant  litter,  where  these
archaea  thrive  (Wang  et  al.,  2023b; Zhu  et  al.,  2023).
However, this environment also leads to a reduction in non-

anaerobic bacteria that coexist with them, resulting in lower
network  complexity  compared  to  other  areas  (Wang  et  al.,
2021a).  Environmental  filtering  serves  as  another  pivotal
mechanism shaping microbial  interdomain interactions.  Our
study indicates that pH and TN are key drivers of microbial
community  dynamics,  significantly  impacting  microbial
ecological  networks.  An optimal  level  of  pH and nitrogen is
beneficial for microbial growth and metabolism (Sims et al.,
2013; Kuypers et al., 2018). Our findings reveal that network
connectivity is significantly influenced by pH levels. Low pH
often  leads  to  changes  in  selective  pressure  and  niche
adaptation,  typically  diminishing  microbial  diversity  and,
consequently,  reducing  network  connectivity  (Guo  et  al.,
2022).  Decreased node connectivity  can  lead to  weakened
network stability (Banerjee et al., 2019; Yuan et al., 2021a).
Therefore, the observed decrease in the stability of microbial

 

 
Fig. 3    The  observed  interdomain  (archaea-bacteria)  ecological  networks  for  conservation  areas  (A),  landscaping  areas  (B),
and recreation area (C). Only large modules with ≥5 nodes are shown in different colors. Relative abundances of bacterial and
archaeal  phyla within the corresponding networks were showed in each panel  (right).  Details  of  network topological  attributes
are listed in Supplementary Tables 2 and 3.
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communities in LA might be an adaptive response to macro-
phyte coverage.

Changes  in  interdomain  interactions  could  further  affect
ecological  nitrogen  and  phosphorus  cycles.  We  found  that
the  modules  showed  strong  correlations  with  TN  and  TP
under landscaping, suggesting that these taxa consume an
amount  of  nutrient  elements  derived  from  decomposition
products of plant litter. Specifically, aquatic plants contribute

organic  matter  and  oxygen  (through  root  exudates  and
photosynthesis),  which  enhances  microbial  activity.  This
heightened activity accelerates the decomposition of organic
matter,  thus  expediting  the  nitrogen  cycling  process  (Raza
et al., 2023). Furthermore, aquatic plants increase the avail-
ability  of  substrates  for  nitrification  and  denitrification
processes  undertaken  by  microbial  communities  (Fu  et  al.,
2020).  Macrophyte  debris  and  root  exudates  can  serve  as
sources  of  organic  nitrogen,  fostering  these  microbial
processes. The root zone of aquatic plants creates microen-
vironments  with  varying  oxygen  levels,  influencing  both
aerobic (nitrification) and anaerobic (denitrification) nitrogen-
transforming processes (Wu et al.,  2021).  As with nitrogen,
aquatic  plants  affect  microbial  processes  involved  in  phos-
phorus  cycling,  such  as  mineralization  and  immobilization
(Zhang et al., 2023; Zhao et al., 2023).

Human  activities,  such  as  tourism  development,  signifi-
cantly  alter  the  construction  and  functionality  of  microbial
communities  (Boetius,  2019; Thackeray  and  Hampton,
2020).  To  our  knowledge,  research  on  the  impacts  of
tourism  development  on  microorganisms  has  primarily

 

 
Fig. 4    Topological  properties  of  interdomain  ecological  network.  Node  topologies  (A−C),  network  connectivity  (D).  Network
robustness as measured by the proportion of  taxa that  remain after  50% of  the network nodes were randomly removed from
each of the empirical molecular ecological networks (E). Different letters above the error bar indicate statistical difference among
the three functional area (P < 0.05). Conservation areas, CA; Landscaping areas, LA; Recreation areas, RA.

 

 

 
Fig. 5    Relationships between sediment  physicochemical  parame-
ters and network connectivity. The correlation coefficient (r) is deter-
mined by Spearman. Significance: *, < 0.05, **, < 0.01.
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focused  on  species  abundance  and  diversity.  However,
there is a notable gap in research concerning the character-
istics  of  microbial  ecological  networks,  particularly  interdo-
main  networks.  While  many  studies  concentrate  on  single
domain such as archaea, bacteria, or fungi (Li et al., 2021),

our study extends this scope by considering the influence of
tourism  development  from  an  interdomain  perspective.  We
discovered that the archaea-bacteria network characteristics
respond  significantly  to  tourism  development,  with  marked
changes  observed  from  conservation  areas  to  landscaping

 

 
Fig. 6    Correlations between network module eigenvalues (excluding modules with < 5 nodes) and TP, TN and TC for conser-
vation areas (A), landscaping areas (B), and recreation areas (C). The number in parentheses indicates the number of nodes in
each module. Significance: *, < 0.05; **, < 0.01.

 

 

 
Fig. 7    Structural  equation modelling  showing significant  relationships  (P <  0.01)  between sediment  abiotic/biotic  factors  and
microbial network complexity. R2 values denote the amount of variance explained by the model for the response variables. The
overall SEM model fit was satisfactory (χ2 = 2.07, P = 0.15; SRMR = 0.042)
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areas to recreation areas. These changes can serve as indi-
cators  of  broader  ecosystem  shifts  to  some  extent.  This
insight is vital for effective wetland management, particularly
in  the  context  of  long-term  ecological  monitoring  (Haase
et al., 2018; Sagova-Mareckova et al., 2021).

 5 Conclusions

In summary, our research established that tourism develop-
ment in urban wetlands impacts the structure and ecological
functions of archaeal and bacterial communities. This impact
leads to alterations in the topological properties of both intra-
domain and inter-domain networks. We determined that 42%
of  the  variance  in  the  complexity  of  interdomain  networks
can be directly  attributed  to  abiotic  factors  (TC,  TP,  TN,  K,
Mg, and pH) as well as biotic factors (bacterial and archaeal
α-diversity).  Changes  of  water  environment  caused  by
tourism  development  also  influence  microbial  functions,
particularly evident in the transition from conservation areas
to  landscaping  areas.  This  transition  amplifies  the  correla-
tions  between  microbial  network  modules  and  sedimentary
TN and TP, potentially enhancing the cycling of elements in
wetlands.  Our  findings  suggest  that  the  construction  and
functional stability of  microbial  communities may be jeopar-
dized by the tourism development.
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