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In Brief
This graphic abstract illustrates the
research framework for understanding
the interactions between ancient
masonry and its epilithic flora. The
approach is based on systematic data
collection of architectural characteristics
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drivers and relationships shaping these
unique ecosystems.
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Highlights

•  Dominant epilithic plant families on Hainan’s ancient masonry include Moraceae, Urticaceae, and Polypodiaceae, with
key species such as Ficus pumila and Pilea microphylla showing widespread colonization and ecological adaptability.

•  No  significant  variation  in  epiphytic  species  richness  was  found  across  urban,  suburban,  and  rural  areas,  suggesting
ancient masonry functions as an independent ecological unit resilient to urbanization gradients.

•  Longitude  and  regional  economic  indicators  positively  influence  plant  richness  and  abundance,  while  anthropogenic
disturbance, especially annual passenger traffic, exhibits a significant negative correlation with biodiversity metrics.
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Abstract
Hainan Island, a tropical region in southern China, hosts significant biodiversity and a rich collection of ancient architecture. These structures serve as critical
habitats for epilithic plants, forming unique epilithic micro-ecosystems at the intersection of cultural and natural heritage. However, the spatial patterns and
environmental drivers of epiphytic diversity on these substrates remain poorly understood. This study integrates field surveys with statistical modeling to
assess  the  composition,  richness,  and  distribution  of  epilithic  plants  across  ancient  masonry  in  Hainan.  Twelve  structural  and  environmental
variables—including  building  dimensions,  surface  area,  and  indicators  of  anthropogenic  influence—were  measured  to  identify  key  factors  shaping
community  assembly.  The  results  show  that  epilithic  flora  is  predominantly  represented  by  families  such  as  Moraceae,  Urticaceae,  Polypodiaceae,
Nephrolepidaceae,  and  Adiantaceae,  with  key  species  including Ficus  pumila,  Pilea  microphylla,  Phymatosorus  scolopendria,  Nephrolepis  auriculata,  and
Adiantum  caudatum.  No  significant  differences  in  plant  diversity  were  detected  among  urban,  suburban,  and  rural  settings.  Functional  group  analysis
revealed  a  prevalence  of  herbaceous,  perennial,  wild,  native,  and  edible  species,  with  edible  plants  showing  broad  ecological  adaptability.  Longitude
exhibited  a  significant  positive  correlation  with  both  species  richness  and  abundance,  whereas  annual  passenger  traffic—a  proxy  for  anthropogenic
disturbance—showed  a  significant  negative  correlation.  These  findings  highlight  the  combined  roles  of  biogeographic  and  anthropogenic  factors  in
shaping epilithic plant communities on heritage structures. This study provides a framework for informing the ecological conservation and management of
culturally significant substrates in tropical regions.
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 Introduction

In  contemporary  China,  urbanization  constitutes  both  a  major
phenomenon  and  a  pervasive  developmental  trend.  The  rapid
expansion  of  urban  areas  has  been  extensively  documented,
marked by a substantial  increase in built-up environments,  particu-
larly  within  large  urban  agglomerations[1].  This  growth  frequently
occurs at the expense of historically and culturally significant archi-
tecture, exacerbating the disconnect between modern urban devel-
opment  and  local  heritage[2].  Ancient  structures  are  increasingly
vulnerable  to  the  pressures  of  urbanization,  further  intensified  by
climatic factors. In regions such as Hainan, hot and humid conditions
are  known  to  accelerate  the  deterioration  of  building  materials[3],
thereby heightening the risk to these architectural heritage sites.

Amidst  these  challenges,  the  preservation  of  such  architectural
heritage necessitates innovative strategies. Research has shown that
epiphytic  plant  communities,  thriving  on  these  ancient  structures,
can  play  a  beneficial  role.  These  plants  have  the  potential  to  regu-
late  the  micro-environment  through  their  physiological  and  bio-
chemical  processes,  thus  mitigating  material  degradation  induced
by  harsh  environmental  conditions[4].  Epiphytic  plants,  primarily
vascular  plants,  bryophytes,  and  lichens,  traditionally  defined  as
organisms spending most of their  life cycle attached to hosts with-
out parasitizing them, are reconsidered in this study. A refined defi-
nition  is  proposed  where  epiphytes  specifically  refer  to  vascular
plants  colonizing  the  three-dimensional  surfaces  of  ancient
masonry.

This  study  further  explores  the  dual  perspectives  on  the  factors
influencing  epiphytic  growth:  abiotic  and  biotic.  The  Schimper
hypothesis posits that epiphytes flourish in moist, shady forest envi-
ronments  and  adapt  their  habitats  in  response  to  light
availability[5,6].  In  contrast,  the Tietze-Pittendrigh hypothesis  argues
that  epiphytes  are  more  prevalent  in  dry,  nutrient-poor  settings,
which are more hospitable to these organisms[5,7]. The 'stress gradi-
ent  hypothesis'  (SGH)  introduces  a  biotic  perspective,  suggesting
that  positive  interactions  between  organisms  are  more  likely  in
environments with high external stress and limited resources[8−10].

Moreover,  while  epiphytes  can  enhance  urban  biodiversity  and
contribute  to  the  aesthetic  value  of  urban landscapes[11],  they  may
also  pose  risks  to  the  structural  integrity  of  heritage  sites.  Certain
species,  especially  larger  trees,  can  cause  biological  damage  to
buildings[12],  with  a  distinct  difference  observed  between  the
impacts  of  annuals  and  perennials[13].  The  discourse  on  native  vs
non-native species further enriches understanding, challenging the
conventional view of non-natives solely as threats[14].

In the preceding discussion, the diverse environmental and biotic
factors  influencing  the  colonization  of  plants  on  ancient  masonry
were  examined,  highlighting  their  dual  implications  for  heritage
conservation:  certain  species  contribute  positively  by  regulating
microenvironments  and  decelerating  material  degradation,  while
others  may  compromise  structural  integrity.  Nonetheless,  a  critical
knowledge  gap  persists  within  the  existing  literature.  Although
prior research has shed light on the distribution and ecological roles
of  building-associated  vegetation  at  local  or  individual-site  scales,
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comprehensive  insights  remain  scarce  at  broader  spatial  extents—
such  as  across  entire  islands  or  urban  agglomerations.  Specifically,
the  mechanisms  and  principal  drivers—both  environmental  and
biotic—that  shape  the  diversity,  abundance,  and  spatiotemporal
dynamics of these plant communities have yet to be systematically
investigated.  This  limitation  obstructs  a  holistic  understanding  of
the underlying ecological processes and hinders the formulation of
evidence-based  strategies  that  reconcile  ecological  management
with cultural heritage preservation.

To  address  this  gap,  this  study  poses  three  core  research  ques-
tions: (1) What is the species composition and community character-
istics  of  epilithic  plants  on  ancient  masonry  in  Hainan,  and  what
biodiversity  patterns  do they exhibit?  (2)  Which key  environmental
and  biotic  factors  drive  their  spatial  distribution  and  variation?  (3)
How  can  these  insights  inform  future  conservation  practice  and
ecological  management  of  vascular  plants  on  heritage  structures?
By addressing these questions, this work aims to advance the under-
standing  of  plant-building  interactions  and  provide  a  scientific
foundation  for  biologically  informed  conservation  strategies  for
architectural heritage.

 Materials and methods

 Overview of the study area
Hainan  Island,  China's  second-largest  island,  is  situated  at  the

southernmost part of the country. Its geography is distinctly shaped
like an elliptical pear, aligned along a northeast-southwest axis, and
spans  an  area  of  approximately  33,900  km2.  Geographically,  it  is
bounded by latitudes 18°10' N to 20°10' N and longitudes 108°37' E
to 111°03' E, positioning it directly south of the Tropic of Cancer. The
island's  climate  is  predominantly  tropical  monsoon  maritime,  char-
acterized by minimal seasonal variation, consistently high tempera-
tures,  and  copious  rainfall  throughout  the  year.  These  climatic
conditions are conducive to the proliferation of  tropical  vegetation
and  support  a  rich  biodiversity,  earning  Hainan  the  accolades  of  a
'genetic  resource  bank'  and a  'natural  museum'.  Such environmen-
tal richness forms an excellent basis for the study of epiphytic plant
biodiversity.

Culturally,  Hainan  Island  is  a  mosaic  of  diverse  heritages,  reflect-
ing influences from the indigenous Han, Li, and Miao ethnic groups,
as well as from overseas Chinese communities and Western cultures.
The  island's  cultural  landscapes  exhibit  a  complex,  altitude-relative
distribution,  enriching its  historical  and cultural  depth.  Noteworthy

cultural  and  historical  sites  include  the  Dongpo  Academy,  the
ancient  city  of  Yazhou,  and  modern  landmarks  such  as  Sanya
Phoenix  International  Airport,  Yangpu  Port,  numerous  recreational
resorts,  and Hainan University.  This diverse array of sites provides a
rich tapestry of resources for research into ancient architecture and
its interplay with local flora, particularly epiphytic plants.

 Data sources and basis for epiphytic plant species
In  this  study,  the list  of  epiphytic  plants  on ancient  architectures

established  by  Hong  et  al.  was  adopted  as  an  essential  data
source[15],  which,  when  integrated  with  systematic  field  investiga-
tions  of  the  selected  architectural  sites,  enabled  a  quantitative
assessment  of  the  species  richness  and  abundance  of  epiphytic
plants colonizing ancient architectural relics on Hainan Island (Fig. 1).
The specific field sampling method was as follows: in each selected
study area, three 20 m × 20 m plots were established to record tree
layer  species  composition  and  individual  counts.  To  comprehen-
sively  capture  the  diversity  of  shrubs  and  herbs,  five  5  m  ×  5  m
subplots  were  placed  at  the  four  corners  and  the  center  of  each
main  plot  to  survey  shrub  species.  At  the  same  locations,  five  1  m
×  1  m  quadrats  were  also  established  to  record  herbaceous  layer
species  and  their  abundance[16].  Detailed  information  regarding
these plants,  encompassing various biological  and ecological  traits,
was  meticulously  gathered.  These  traits  included  life  forms  (herbs,
shrubs,  trees),  life  cycles  (annuals,  perennials),  native  status  (native
species,  introduced  species),  cultivation  methods  (cultivated
species,  wild  species),  and  utilitarian  attributes  (edible  and  orna-
mental  values).  This  comprehensive  data  was  primarily  extracted
from  authoritative  sources,  specifically  the  'Flora  of  China',  which
provides an extensive catalog of the region's botanical diversity. This
methodological approach not only facilitated a thorough analysis of
epiphytic  species  associated  with  historical  structures  but  also
enabled  an  exploration  of  their  ecological  roles  and  conservation
importance in the context of cultural heritage sites.

 Data sources and basis for ancient architecture
The selection of ancient architectures for this study encompassed

a diverse range of sites across Hainan Island, segmented geographi-
cally into Northern, Eastern, Western, and Southern regions (Fig. 2).
A  total  of  44  representative  ancient  masonry  sites  were  surveyed,
with  the  Northern  Hainan  Island  region  contributing  the  highest
number  of  sampling  points.  Key  parameters  recorded  included
building  area,  height,  construction  year,  geographic  coordinates
(longitude  and  latitude),  annual  maintenance  frequency,  and  aver-
age  daily  tourist  visitation.  Specifically,  building  area,  height,  and

 

Fig. 1    Flowchart illustrating the methodological framework of this study.
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construction year were obtained from historical records and related
documentation  of  the  ancient  architectures;  geographic  coordi-
nates  were acquired using mobile  positioning systems;  and annual
maintenance  frequency,  together  with  average  daily  tourist  visita-
tion,  were  gathered  through  consultations  with  relevant  manage-
ment departments and by reviewing related sources.

Utilizing  the  'National  Key  Cultural  Relics  Protection  Units'  list
issued by the National Cultural Heritage Administration of China, the
buildings  were  categorized  based  on  their  functional  roles,  includ-
ing  residential  structures,  defensive  buildings,  religious  edifices,
memorial sites, garden architectures, and other miscellaneous types.
A  comprehensive  summary  table  of  these  historical  architectures
was compiled (Supplementary Table S1), revealing detailed insights
into  the  epiphytic  flora  associated  with  these  structures  across  the
four geographic subdivisions: Qiongbai, Qiongnan, Qiongdong, and
Qiongxi.  The  Qiongbai  region,  in  particular,  was  noted  for  its
frequent  selection,  exhibiting  a  richer  diversity  and  a  greater
number of epiphytic specimens.

 Driving variables
Based on previous research on the driving mechanisms of plants

associated with ancient masonry, as well as studies on vegetation in
Hainan Island[17−20], 12 potential factors influencing the growth and
distribution of  these plants  were selected.  This  selection comprises
seven  architectural-related  variables  recorded  during  the  survey:
area,  height,  construction  year  (For  the  calculation,  the  data  were
computed  as  2024  minus  the  year  of  construction),  longitude,  lati-
tude,  annual  maintenance frequency,  and daily  tourist  numbers.  In
addition  to  these,  socio-economic  variables  were  also  considered.
These  include  surrounding  population  density,  growth  rate  of
government general public budget revenue, number of commercial
outlets  nearby,  regional  passenger  traffic,  and  extent  of  greening
coverage, all of which were assessed at the township level. The data
pertaining to these socio-economic factors were extracted from the
'General  Gazetteer  of  the  People's  Republic  of  China,  Hainan
Volume'. Notably, the revenue growth rate data was sourced directly
from  township  government  websites.  In  addition,  considering  that
areas  with  high  urbanization  experience  severe  anthropogenic
disturbances, a single disturbance variable may not fully capture the
influence of human activities on plants. Therefore, three variables—

daily tourist numbers, surrounding population density, and regional
passenger  traffic—were  selected  and  integrated  through  standar-
dization  to  obtain  a  composite  disturbance  index  (DI)  to  further
quantify  the  level  of  anthropogenic  disturbance.  The  calculation
procedure was as follows: each of the three variables was first standar-
dized  using  z-score  normalization.  Subsequently,  the  standardized
values  were  averaged  to  generate  the  DI  for  each  site,  providing
a  comprehensive  metric  of  human  impact  on  epiphytic  plant
communities.  This  robust  analytical  framework  integrates  both
architectural  characteristics  and  socio-economic  contexts,  provid-
ing a  holistic  approach to  understanding the factors  that  influence
the distribution  and  diversity  of  epiphytic  plants  on  ancient  archi-
tectures in Hainan.

 Data analysis of driving mechanisms
This  study  concentrates  on  the  epiphytic  vascular  plants  associ-

ated  with  ancient  architecture,  investigating  the  relationship
between  plant  richness,  abundance,  and  various  spatial  and  socio-
economic  driving  factors.  A  generalized  linear  model  (GLM)  was
employed  to  assess  the  correlations  between  epiphytic  plant
species  richness  and abundance and the associated environmental
and  socio-economic  variables[21,22].  Data  normalization  was
conducted using IBM SPSS Statistics  23.1,  applying z-score  normal-
ization to all response and predictor variables. Outlier values, identi-
fied  as  those  >  3  or  < −3,  were  excluded to  ensure  the  integrity  of
linear regression model predictions.

Two linear regression models were developed, utilizing epiphytic
plant  species  richness  and  abundance  as  predictor  variables  and
incorporating  the  twelve  driving  factors  as  response  variables.
Model  selection  was  guided  by  the  Akaike  information  criterion
(AIC),  favoring models with an AIC less than zero,  and the adjusted
R-squared  (R2)  values,  with  a  preference  for  models  exhibiting
adjusted  R-squared  values  >  0.3[23].  Significant  predictor  variables
were  identified  based  on  their β-coefficients  and p-values,  with
a  threshold  of  <  0.01  for  significance.  Spearman  and  Pearson
correlation  analyses  were  conducted  between  the  previously
calculated DI  and the species  richness  and abundance of  epiphytic
plants.  The  results  were  then cross-validated with  the  outcomes  of
the  linear  regression  models  to  investigate  the  actual  impact  of
anthropogenic  disturbance  on  the  plants  associated  with  ancient
masonry.
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Fig. 2    Ancient masonry of different functional types in Hainan. (a) Five ancestral hall (garden building). (b) Meilang twin pagodas (religious building). (c)
Fuxing building (defensive building). (d) Haikou old arcade street (house building). (e) Lin Hong Gao Wai Lou (monumental building). (f) Ding'an ancient
city wall (defensive building).
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Variables  were  further  categorized  into  distinct  groups—herbs,
shrubs,  trees,  annuals,  perennials,  native  species,  introduced
species,  cultivated  species,  wild  species,  ornamental  values,  and
edible  values.  Separate  linear  regression  models  were  then  con-
structed for  the richness  and abundance of  epiphytic  plant  species
on ancient architecture, using only predictor variables that demon-
strated  significant p-values  >  0.01.  This  rigorous  analytical  process
yielded robust  results,  adhering to  consistent  evaluative  standards.
All statistical analyses were conducted using R version 4.3.2 and IBM
SPSS Statistics 25.0.0, ensuring comprehensive and reliable findings.

 Results

 Characteristics of ancient masonry
The  sampled  buildings  predominantly  date  back  to  the  15th and

16th centuries,  with  an  average  footprint  of  8,072  m2.  The  break-
down  of  the  surveyed  sites  revealed  25  residential  buildings,  eight
defensive  structures,  five  religious  sites,  one  commemorative
edifice, and one each classified under garden architecture and other
categories.  This  distribution  reflects  Hainan's  historical  role  as  a
cultural  crossroads,  assimilating  influences  from  mainland  Chinese
settlers,  British  and  French  colonials,  and  overseas  Chinese  from
Southeast Asia, which is particularly evident in the predominance of
residential architectures.

Moreover, an analysis of the distribution patterns of these ancient
masonry indicated that a majority are located in suburban and rural
areas, with only ten situated in urban settings, representing 22.72%
of the total.  This distribution is indicative of the broader impacts of
urbanization and its influence on the preservation and utilization of
historical sites. The findings from this comprehensive survey provide
a  foundational  understanding  for  further  exploring  the  ecological
and  cultural  significance  of  epiphytic  plants  in  relation  to  ancient
architectural heritage on Hainan Island.

 Spatiotemporal distribution of epiphytic flora
To further examine the spatial distribution of epiphytic flora asso-

ciated  with  ancient  masonry,  the  correlation  between  species  rich-
ness  and the locations  of  these structures  was evaluated.  The find-
ings,  as  visualized  in  a  boxplot  of  species  richness  across  different
regional  ancient  architectures  (Fig.  3),  indicate  that  the  highest
levels  of  species  richness  are  observed  in  suburban  regions,
followed  by  urban  and  rural  areas.  However,  the  results  of  the
ANOVA test  (Table 1)  indicate no statistically  significant differences
in  species  richness  across  these  regions,  with p-values  exceeding
0.05. Consequently, it must be concluded that there is no significant
variation  in  the  species  richness  of  epiphytes  on  ancient  masonry
across  urban,  suburban,  and rural  areas.  This  finding highlights  the
relative independence of ancient masonry as functional units within
the  context  of  urbanization  and  urban–rural  gradients.  Typically,
urban–rural gradients are prevalent in urban landscapes and exert a
marked influence on biodiversity distribution[24]. However, epiphytic
flora  on  ancient  masonry  did  not  exhibit  such  a  gradient  pattern.
This suggests that ancient masonry maintains a degree of indepen-
dence  from  urban  development  processes  and  underscores  its
ecological and cultural significance as unique functional units.

Nevertheless, this conclusion should be interpreted with caution,
as  it  may  be  influenced  by  the  sampling  design  employed  in  this
study.  The  possibility  of  sampling  bias  suggests  that  additional
research, ideally involving alternative sampling approaches or larger
sample  sizes,  is  needed  to  more  accurately  determine  the  spatial
distribution patterns of epiphytic species on ancient masonry.

In  addition,  species  richness  and  abundance  of  epiphytic  plants
were  compared  across  ancient  masonry  from  different  historical
periods. Based on the characteristics of the data, the study classified

these  periods  into  four  stages:  the  12th century  and  earlier,  the
13th–17th centuries, the 17th–18th centuries, and the 19th century and
later.  The  boxplot  (Fig.  4)  results  indicate  that  overall  species  rich-
ness and abundance remained relatively stable across these periods,
with  no  substantial  differences  observed.  Nevertheless,  a  gradual
increasing trend in both species richness and abundance is evident
toward  more  recent  periods,  which  is  consistent  with  the  results
presented in Table 2.

 Characteristics of epiphytes
The  comprehensive  survey  of  epiphytic  plants  associated  with

ancient  architecture  yielded  significant  findings  regarding  their
diversity  and  distribution.  A  total  of  25,614  epiphytic  plants  were
identified,  classified  into  80  families,  196  genera,  and  255  species.
This  diversity  underscores  the  rich  botanical  resources  present  on
ancient  structures  in  Hainan  Province.  Detailed  statistical  analysis
(Table 3) highlighted several dominant families, including Moraceae,
Urticaceae,  Polypodiaceae,  Nephrolepidaceae,  Adiantaceae,  and
Compositae,  which collectively  constitute the core of  the epiphytic
flora in the region.

Notably,  the  Moraceae  family  emerged  as  the  most  prevalent,
with  5,849  individuals  accounting  for  22.84%  of  the  entire  sample.
At the species level, Ficus pumila was the most abundant, with 4,879
individuals  representing  19.05%  of  the  total  epiphytic  population.
Other  significant  species  included Pilea  microphylla (14.82%),
Phymatosorus  scolopendria (8.79%), Nephrolepis  auriculata (7.44%),
and Adiantum  caudatum (5.68%).  These  species  are  predominantly
native  to  Hainan  and  are  primarily  found  in  their  natural  habitats,
exhibiting both edible and ornamental values.

The  epiphytic  flora  on  Hainan  Island's  ancient  structures  is  both
diverse  and  abundant,  demonstrating  a  wide  range  of  ecological
adaptations.  According  to  the  analysis  presented  in  the  bar  chart
(Supplementary  Fig.  S1a),  herbaceous  species  significantly
dominate  the  flora,  comprising  162  species  or  63.53%  of  the  total.
Prominent  among  these  are Pilea  microphylla, Phymatosorus

 

Fig.  3    Box  plots  of  species  richness  of  ancient  masonry  in  different
regions.

 

Table 1.    One-way ANOVA analysis of species richness of epiphytes in different
regions.

Region M SD F p-value

Countryside 22.280 16.157 0.126 0.882
Suburbia 23.060 13.901
Urban area 20.200 12.007

Plant diversity on Hainan ancient architectures
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scolopendria, Nephrolepis auriculata, and Adiantum caudatum, which
typically  inhabit  the  crevices  and  joints  of  the  epiphytic  foliage
found on these ancient masonry.

Further  analysis  of  life  cycles  shows  a  distinct  predominance  of
perennial over annual species. The perennial species, which include
Ficus  pumila, Phymatosorus  scolopendria, Nephrolepis  auriculata,
Adiantum  caudatum, Eupatorium  odoratum,  and Ficus  hispida,
account for 212 species or 83.14% of the epiphytic plants surveyed.
This  indicates  that  the  majority  of  epiphytic  species  thriving  on
ancient architecture are perennial  herbaceous varieties,  adapted to
the microhabitats offered by these historic structures.

The pie chart (Supplementary Fig. S1b) detailing the species rich-
ness  of  epiphytic  plants  categorizes  them  into  cultivated  and  wild
types, revealing that wild species dominate, constituting 80% of the
total  or  205  species.  In  contrast,  cultivated  species  comprise  20%,
totaling  50  species.  Prominent  wild  species  include Pilea  micro-
phylla, Adiantum caudatum, Eupatorium odoratum, and Ficus hispida,
while  cultivated  species  are  primarily  represented  by Nephrolepis
auriculata, Ficus pumila, Ficus concinna, and Alocasia macrorrhiza.

Further  categorization  by  origin  shows  that  native  species
account for 68% (173 species),  including Nephrolepis auriculata and
Adiantum  caudatum,  while  non-native  species  represent  32% or  82
species,  with notable examples such as Pilea microphylla and Eupa-
torium  odoratum.  This  highlights  a  significant  presence  of  native
flora within the epiphytic community on ancient structures.

The species are also differentiated by their ornamental and edible
values.  Ornamental  species,  which  include Nephrolepis  auriculata,
Cissus  repens,  and Pteris  ensiformis,  are  more  prevalent.  Conversely,
edible  species  like Cleome  rutidosperma, Acalypha  indica, Coccinia
grandis,  and Solanum  photeinocarpum are  less  common.  Some
species, such as Ficus pumila and Portulaca pilosa, offer dual benefits,
being both ornamental and edible (Supplementary Fig. S2) .

The  heat  map  (Fig.  5)  shows  that  wild  species  form  a  larger
proportion  of  the  herbs  category  (0.28),  while  native  species  are
more prevalent among trees (0.26). Additionally, the chord diagram
(Supplementary  Fig.  S3)  reveals  that  the  primary  utility  value  of
these  species  is  ornamental,  with  respective  counts  of  104,  43  and
41  species  making  up  67.10%,  76.79%  and  73.21%  of  each  plant
category.  Notably,  57  species  possess  both  ornamental  and  edible
values,  while  51  species  lack  both,  underscoring  the  diverse  func-
tional roles of these epiphytes.

 Drivers of epiphyte species richness and abundance
in ancient masonry

The  initial  linear  regression  model,  which  analyzed  the  species
richness  of  epiphytic  plants  associated  with  ancient  architecture
(Table 2), demonstrated a strong adherence to linearity, with highly
significant p-values  (p <  0.001).  The  model  exhibited  robust
goodness  of  fit,  evidenced by  an  Akaike  information criterion (AIC)
of –506.31 and an adjusted R-squared (R2) of 0.44, which aligns well

 

a

b

Fig. 4    Box plots of species richness of ancient masonry across different historical periods.
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with  the  predictive  requirements  of  this  study.  Among  the  twelve
response  variables  analyzed,  several  showed  highly  significant
correlations  with  species  richness.  Notably,  the  longitude  and  lati-
tude of the ancient structures were strongly associated with species
richness. Similarly, the land area occupied by the structure (β coeffi-
cient  ***)  and the building age (β coefficient  ***)  were significantly
linked  to  species  richness,  suggesting  that  larger  and  older  struc-
tures  tend  to  support  more  diverse  epiphytic  plant  communities.
Economic  factors  also  played  a  critical  role,  as  indicated  by  the
significant  correlations  with  the  growth  rate  of  general  public
budget  revenue  (β coefficient  ***)  and  the  number  of  commercial
outlets  in  proximity  (β coefficient  ***).  The  average  annual  passen-
ger traffic in the area showed a strong negative correlation (β coeffi-
cient  ***),  suggesting  that  higher  human  traffic  might  negatively
impact species richness.

Other architectural and environmental factors, such as the height
of  the  ancient  architecture  (β coefficient  **),  the  daily  average
passenger  count  (β coefficient  **),  and  green  coverage  in  the
surrounding  area  (β coefficient  **),  also  demonstrated  significant
correlations, albeit with smaller effect sizes. However, no significant
correlation  was  observed  with  the  surrounding  population  density
or the frequency of annual repairs to the structure. The linear regres-
sion model that employs plant abundance as the predictor variable
also  exhibits  a  good  fit  and  applicability,  outperforming  the  previ-
ous  model  focused  on  species  richness.  This  is  evidenced  by  an
Akaike  information  criterion  (AIC)  of –710.11  and  an  adjusted  R-
squared  (R2)  of  0.59,  with  highly  significant p-values  (p <  0.001),
indicating a  robust  model  performance.  Cross-referencing with  the
overall driving factors of epiphytic plants as listed in Table 2, several
variables show highly significant correlations with plant abundance.
Specifically,  the longitude of the ancient architecture demonstrates
a  strong  negative  correlation  (β coefficient  ***),  suggesting  that
geographical  positioning  significantly  influences  plant  abundance.
Similarly,  the  land  area  (β coefficient  ***)  and  the  building  age  (β
coefficient  ***)  are  significantly  associated  with  the  abundance  of
epiphytic plants,  indicating that larger and older structures tend to
support  a  greater  abundance  of  these  plants.  Socio-economic
factors  such  as  surrounding  population  density  (β coefficient  ***),
growth rate of general public budget revenue (β coefficient ***), and
the  number  of  commercial  outlets  (β coefficient  ***)  also  show
strong correlations.  These factors  may reflect  the impact  of  human
activity and economic development on the ecological environment
of epiphytic plants. Furthermore, the average daily passenger count
(β coefficient  ***)  and  the  annual  passenger  traffic  in  the  region  (β
coefficient ***) indicate that higher human traffic negatively affects
plant abundance.

Notably,  no significant correlations are observed with the height
of the ancient architecture, latitude, frequency of annual repairs,  or
the green coverage in the vicinity. This suggests that these variables
may  not  play  a  crucial  role  in  determining  the  abundance  of

 

Fig.  5    Heat  map  of  the  percentage  of  the  total  species  richness
(considering  only  the  mathematical  totals,  i.e.  the  sum  of  the  species
richness  of  each  type  on  the  y-axis)  of  the  different  species  type
established on the basis of herbs, shrubs, and trees.

 

Table 2.    Regression model results for epiphytes of ancient masonry.

Different factors Species richness Abundance

Intercept Negative*** Negative***
Height of ancient building Negative** NA
Longitude Positive*** Positive***
Latitude Positive*** Positive
Area of ancient building Negative*** Negative***
Building age Negative*** Negative***
Surrounding population density NA Positive***
Rate of increase in the general
public revenue budget of the government

Positive*** Positive***

Number of commercial outlets Positive*** Positive***
Number of tourists per day Positive** Negative***
Annual passenger traffic Negative*** Negative***
Number of repairs per year NA NA
Green coverage of surrounding areas Positive** NA

Adjusted R2 0.4429 0.5916
Akaike information criterion (AIC) −506.31 −710.11
p-value *** ***

Significance  codes:  0,  ***;  0.001,  **;  0.01,  *;  0.05,  .;  0.1,  1.  NA  represents  that  the
variable was not added to the model. Sample size N = 44. Values are standardized
coefficients (β) and their significance.

 

Table  3.    Statistics  of  dominant  families  and  species  of  epiphyte  in  Hainan
Province.

Family Percentage
(no. of plants) Species Percentage

(no. of plants)

Moraceae 22.84% (5,849) Ficus pumila 19.05% (4,879)
Urticaceae 15.44% (3,955) Pilea microphylla 14.82% (3,795)
Polypodiaceae 11.21% (2,872) Phymatosorus scolopendria 8.79% (2,252)
Nephrolepis 7.44% (1,905) Nephrolepis auriculata 7.44% (1,905)
Adiantaceae 5.68% (1,455) Adiantum caudatum 5.68% (1,455)
Compositae 5.62% (1,439) Eremochloa ciliaris 2.99% (767)
Pteridaceae 4.37% (1,120) Pyrrosia adnascens 2.39% (612)
Rubiaceae 3.76% (963) Paederia scandens 2.33% (597)
Vitaceae 2.97% (762) Eupatorium odoratum 1.81% (463)
Gramineae 2.83% (725) Ficus tinctoria 1.73% (444)
Euphorbiaceae 1.74% (446) Basella alba 1.53% (393)
Portulacaceae 1.63% (417) Boerhavia diffusa 1.37% (350)
Basellaceae 1.53% (393) Pteris ensiformis 1.36% (348)
Nyctaginaceae 1.38% (353) Digitaria ciliaris 1.13% (290)
Solanaceae 1.29% (330) Bidens pilosa 1.06% (272)
Crassulaceae 1.10% (281) Solanum procumbens 1.02% (262)
Thelypteridaceae 0.91% (232) Phyllanthus urinaria 0.94% (242)
Sinopteridaceae 0.88% (225) Cayratia japonica 0.91% (232)
Cyperaceae 0.56% (144) Cyclosorus parasiticus 0.89% (228)
Araceae 0.55% (140) Cissus repens 0.88% (225)
Oxalidaceae 0.55% (140)
Total 94.27% (24,146) 78.13% (20,011)

Plant diversity on Hainan ancient architectures
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epiphytic  plants  on  these  ancient  structures.  The  analysis  of  two
linear regression models has elucidated the significant factors influ-
encing both the species richness and plant abundance of epiphytic
flora  associated  with  ancient  architecture.  The  longitude  of  the
ancient  architecture  and  the  growth  rate  of  the  general  public
budget  revenue  are  identified  as  the  most  significant  positively
correlated  factors  affecting  both  dependent  variables.  These  find-
ings  suggest  that  geographic  location  and  local  economic  condi-
tions  play  crucial  roles  in  supporting  the  ecological  diversity  and
abundance  of  epiphytic  plants.  Conversely,  the  average  annual
passenger  traffic  in  the  area  exhibits  the  most  notable  negative
correlation  with  both  species  richness  and  plant  abundance.  This
negative  impact  highlights  the  potential  disturbances  caused  by
high human traffic, which may interfere with the ecological balance
necessary  for  the  growth  of  epiphytic  plants.  In  the  subsequent
analyses,  response  variables  that  exhibit  significant  influences  on
the  predictive  variables—specifically  those  with  significant  correla-
tions  (p-values  <  0.01)—will  be  selected,  while  driving  factors  that
lack  sufficient  associations  with  the  predictive  variables  will  be
discarded.

Based  on  the  results  illustrated  in Supplementary  Fig.  S4,  the
composite  DI  shows a  slight  positive  effect  on the species  richness
of epiphytic plants, while exhibiting a slight negative effect on plant
abundance.  This  suggests  that  anthropogenic  disturbance  may
generally  promote  species  richness  but  could  hinder  overall  plant
abundance.

 Analysis of species richness and plant population
drivers of ancient architectural epiphytes (taxonomic)

The analysis of driving factors for epiphytic plant richness (Table 4)
and abundance (Table 5) provides predictive models that meet the
expected  usage  criteria  (AIC  <  0,  Adjusted R2 >  0.3).  These  models
can be leveraged to investigate the variations in biological richness
and the mechanisms influencing plant abundance, offering broader
applications.  For  species  richness  (Table  4),  categorized  by  herba-
ceous plants, shrubs, and trees, the results indicate that the growth
rate  of  public  budget  revenue  and  the  number  of  surrounding
commercial  outlets  exhibit  a  highly  significant  positive  correlation
across all  plant categories.  However,  the annual average passenger
volume  in  the  region  shows  a  strong  positive  correlation  with
herbaceous plants, while it is significantly negatively correlated with
shrubs and trees. Notably, the area occupied by ancient masonry is
positively  correlated  with  herbaceous  plants  but  does  not  signifi-
cantly impact shrubs or trees. Building age shows a positive correla-
tion  with  herbaceous  plants  and  a  negative  correlation  with  trees,
with  no  significant  relationship  to  shrubs.  When  distinguishing
between  annual  and  perennial  plants,  the  longitude  of  ancient
masonry and the growth rate of public budget revenue are strongly
positively  correlated  with  the  richness  of  both  categories.  In
contrast, the annual average passenger volume is highly negatively
correlated with both. The area occupied by ancient masonry is nega-
tively  correlated  only  with  annual  plants,  while  perennial  plants
remain  unaffected.  Additionally,  the  number  of  surrounding
commercial  outlets  significantly  correlates  with  perennial  plants
alone.  For  native and non-native species,  the growth rate of  public
budget  revenue  maintains  a  strong  positive  correlation  for  both,
whereas  the annual  average passenger  volume is  negatively  corre-
lated. The height, area, and construction year of ancient masonry are
all  negatively  correlated  with  native  species.  In  the  case  of  culti-
vated  vs  wild  species,  the  latitude  of  ancient  masonry  and  the
growth rate of public budget revenue exhibit highly significant posi-
tive correlations, while the annual average passenger volume shows
a significant  negative  correlation for  both categories.  The area  and

construction year of ancient masonry are negatively correlated only
with wild species. Finally, in the analysis by value classification, there
are  no  significant  overall  differences  between  the  two  plant  cate-
gories.  Both  exhibit  positive  correlations  with  the  longitude  of
ancient masonry, the growth rate of public budget revenue, and the
number  of  surrounding  commercial  outlets,  while  showing  nega-
tive correlations with the annual average passenger volume.

The  analysis  of  epiphytic  plant  abundance  (Table  5)  reveals  the
following  key  findings:  For  herbaceous,  shrub,  and  tree  categories,
only the number of surrounding commercial outlets shows a highly
significant positive correlation with the abundance of all three plant
types. The longitude of ancient masonry is positively correlated with
herbaceous and tree species, while surrounding population density
and the growth rate of public budget revenue exhibit highly signifi-
cant positive correlations with herbaceous plants alone. Conversely,
significant negative correlations are observed between herbaceous
plant  abundance  and  both  the  area  occupied  by  ancient  masonry
and  the  annual  average  passenger  volume.  When  considering
annual  and  perennial  plants,  the  longitude  of  ancient  masonry,
surrounding  population  density,  and  the  growth  rate  of  public
budget revenue all show highly significant positive correlations with
both categories.  However, the annual average passenger volume is
negatively  correlated  with  both  categories.  Notably,  the  daily
passenger  quantity  of  ancient  masonry  shows  a  highly  significant
negative  correlation  with  perennial  plants  but  no  evident  correla-
tion with annual plants.

For  native  and  non-native  species,  the  correlations  with  driving
factors  are  consistent  across  both  categories.  Both  exhibit  highly
significant  positive  correlations  with  the  longitude  of  ancient
masonry,  the  growth  rate  of  public  budget  revenue,  and  the
number  of  surrounding  commercial  outlets.  Meanwhile,  significant
negative  correlations  are  found  with  the  area  occupied  by  ancient
masonry  and the annual  average passenger  volume.  In  the classifi-
cation  of  cultivated  vs  wild  species,  the  longitude  of  ancient
masonry,  the  growth  rate  of  public  budget  revenue,  and  the
number  of  surrounding  commercial  outlets  exhibit  highly  signifi-
cant positive correlations for both plant types.  Both categories also
show  significant  negative  correlations  with  the  annual  average
passenger volume. However, the area occupied by ancient masonry
and the daily  average passenger quantity are negatively correlated
only with wild species,  while the surrounding population density is
positively correlated solely with wild species. For value-based classi-
fication,  the longitude of  ancient masonry,  surrounding population
density, the growth rate of public budget revenue, and the number
of  surrounding commercial  outlets  all  show highly  significant  posi-
tive  correlations.  The  annual  average  passenger  volume,  however,
exhibits  a  highly  significant  negative  correlation.  Throughout  all
analyses, only factors with p-values < 0.001, indicating highly signifi-
cant  differences,  were  considered.  Marginally  significant  factors
were  intentionally  excluded  to  minimize  errors  and  increase  the
accuracy  of  the  findings,  ensuring  that  the  results  are  more  repre-
sentative.

 Discussion

 Species composition of epiphytes of ancient masonry
on Hainan Island

The  preservation  of  a  diverse  and  abundant  assemblage  of
epiphytic plants in ancient architecture can be attributed to several
factors.  First,  over  centuries  of  plant  cultivation,  humans  have
imbued various plants with cultural and spiritual significance based
on  their  growth  habits  and  aesthetic  preferences.  This  historical
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tradition  led  ancient  peoples  to  cultivate  a  variety  of  plants  within
residences and gardens, enhancing aesthetic appeal and contribut-
ing to the presence of epiphytic plants in ancient masonry[25].

Second,  the  proliferation  of  epiphytic  plants  has  paralleled  the
development  of  human  civilization,  particularly  through  cultural
exchanges  and  economic  globalization.  For  example,  the  ancient
Romans adopted plant cultivation techniques involving tree minia-
turization, likely introduced through trade with China, which signifi-
cantly contributed to the diversity of epiphytic plants[26].

Third, a significant portion of the epiphytic flora found on ancient
architecture  consists  of  naturally  occurring  wild  species  from
surrounding  areas.  These  species  often  possess  adaptations  that
enable  them  to  survive  in  harsh  environments,  such  as  cracks  and
crevices,  further  contributing  to  the  richness  of  epiphytes  in  these
historical structures[27].

The  results  of  the  current  study  reveal  that  the  dominant
epiphytic  plants  in  ancient  architecture  predominantly  belong  to
the  families  Polypodiaceae,  Aspleniaceae,  and  Pteridaceae,  which
comprise 6,232 specimens or 24.33% of the total  plant community.
This finding contrasts with the epiphytic plant diversity in the tropi-
cal  coniferous  forests  of  Hainan  Island,  where  the  Orchidaceae
family dominates[28].  Similarly, the epiphytic species composition in
subtropical  and  temperate  forests  is  dominated  by  ferns[29].  These
disparities  underscore  the  distinct  assemblages  between  epiphytic
species  in  ancient  architecture  and  those  in  natural  environments,
which may be related to the predominance of rock-dwelling ferns in
urban  habitats.  These  ferns,  better  suited  to  the  ecological  niches
provided  by  ancient  architectural  surfaces,  align  more  closely  with
urban environments[30].

This  phenomenon  can  be  further  explained  by  the  urban  cliff
hypothesis[31−33],  which  posits  that  the  vertical  surfaces  of  man-
made  structures  create  new  ecological  niches  for  lithophytic  ferns.
These  ferns,  compared  to  other  epiphytic  plants,  derive  greater
benefits from such niches, establishing them as dominant species in
these environments.

A  point  of  interest  is  the  prevalence  of Ficus  pumila as  the  most
dominant  species  within  this  epiphytic  community.  According  to
the  literature, Ficus  pumila is  widely  distributed  in  southeastern
China, particularly in Guangdong and Hainan, thriving at elevations
between 50 and 800 m. Its climbing nature allows it to spread across
village structures and trees, providing extensive living space[34]. As a
drought-tolerant and sun-adapted species, Ficus pumila can endure
higher  light  levels  and  drier  environments,  giving  it  a  competitive
advantage over other climbing plants. This adaptability allows Ficus
pumila to thrive on ancient architecture exposed to direct sunlight,
making  it  a  dominant  species  among  the  vascular  plants  in  these
epiphytic communities on Hainan Island.

 Functional and origin-based groups of epiphytic
plants on ancient masonry

Herbaceous and perennial species demonstrate significant advan-
tages as plant types,  while wild and native species possess notable
benefits  over  cultivated  and  introduced  species.  This  pattern  is
consistent  with  findings  regarding  wall  plants  in  Chongqing[35],
which may suggest a broader geographic consistency in the compo-
sition  of  architectural  epiphytes.  The  dominance  of  native  species
over introduced ones within epiphytic plant communities in ancient
architecture  has  been  explored  in  several  studies.  One  primary
explanation  is  that  ancient  structures  often  integrate  horticultural
design, with gardens acting as important conduits for the introduc-
tion of non-native species[36]. Simultaneously, these gardens provide
refuges for native and endangered species[37],  thereby contributing
to  the  conservation  of  native  flora.  This  aligns  with  the  findings  in

this paper, which suggest that ancient architecture plays a key role in
preserving native species, thus reducing their risk of endangerment.

Further  research  indicates  that  in  urban  floras,  the  species-area
relationship  for  introduced  species  is  significantly  higher  than  that
for  native  species.  This  suggests  that  as  urban  areas  expand,  the
proportion of introduced species in the flora increases[38]. The diver-
sity  of  introduced  species  is  closely  tied  to  human  activities,  with
species  richness  often  increasing  in  correlation  with  human
influence[39,40]. In the context of this study, the average land area of
ancient  structures  is  relatively  small  (8,072.14  m2),  and  most  are
located in suburban or rural areas with limited human activity. As a
result, introduced species are relatively rare, allowing native species
to dominate.

Regarding the distinction between cultivated and wild species,  a
study conducted in Zhanjiang—a tropical city with a climate similar
to  that  of  Hainan  Island—revealed  that  both  the  number  of  culti-
vated  species  and  their  phylogenetic  diversity  are  significantly
correlated  with  urban  population  density[41].  Given that  the popula-
tion  density  around  ancient  structures  is  much  lower  compared  to
urban  centers,  the  abundance  and  richness  of  cultivated  species  are
substantially  lower,  allowing  wild  species  to  dominate.  Additionally,
wild  species  often  exhibit  greater  adaptability  than  native  species  in
urban floras[42,43], further reinforcing their prevalence in these settings.

 Drivers of epilithic flora diversity on ancient masonry
in tropical China

Longitude  serves  as  a  crucial  indicator  of  climate  on  Hainan
Island, and the analysis reveals a clear trend: as longitude increases,
species  richness  and  the  abundance  of  epiphytic  plants  associated
with  ancient  architecture  also  rise.  This  trend  can  be  linked  to  the
longitudinal  zonality  of  Hainan  Island,  which  drives  variations  in
precipitation  from  east  to  west.  Higher  longitudes  correlate  with
increased  precipitation[44].  Additionally,  the  richness  and  abun-
dance  of  epiphytic  plants  around  ancient  structures  show  a  strong
positive  correlation  with  indicators  of  regional  economic  develop-
ment, such as the growth rate of general public budget income and
the number of surrounding commercial outlets. Thus, a clear conclu-
sion  emerges:  the  higher  the  level  of  economic  development
around  ancient  architecture,  the  greater  the  species  richness  and
abundance of epiphytic plants[45].

However,  it  is  worth  noting that  the  findings  did  not  distinguish
the differential impacts of economic development on specific plant
categories,  such  as  herbs,  arbors,  and  shrubs.  Another  noteworthy
finding  is  the  highly  significant  negative  correlation  between  the
annual  average  passenger  volume  in  the  region  and  both  the
species richness and abundance of epiphytic plants associated with
ancient architecture. Upon closer examination, only the species rich-
ness  of  herbaceous  plants  showed  a  positive  relationship  with  this
variable, while other categories exhibited negative correlations. This
finding  contrasts  sharply  with  previous  research,  which  suggested
that  transportation  infrastructure,  such  as  road  and  rail  networks,
enhances  species  richness,  particularly  for  non-native  species  in
adjacent  areas[46−48].  These  studies  support  the  city-to-city  transfer
hypothesis[49],  which  posits  that  certain  species  disperse  through
intercity transportation corridors.

This  discrepancy  is  attributed  to  the  fact  that  earlier  studies
primarily  surveyed  areas  adjacent  to  major  transportation  routes,
whereas ancient structures may not be located near such corridors.
Instead,  the  overall  transport  connectivity  in  the  region  could
contribute  to  habitat  fragmentation,  leading  to  reduced  species
richness  and  abundance  of  epiphytic  plants  around  ancient  archi-
tecture. This fragmentation may disrupt plant communities, explain-
ing the negative correlation observed in the findings.
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Additionally,  a  highly  significant  negative  correlation  was
observed between the land area occupied by ancient masonry and
the richness of epiphytic plants. This contrasts sharply with findings
from urban green spaces, where increased green space area is typi-
cally  associated  with  higher  species  richness[50,51].  This  discrepancy
is proposed to arise from the unique characteristics of ancient archi-
tecture compared to other urban green spaces like parks,  cemeter-
ies,  or  forests.  Ancient  structures  are  often  dominated  by  large
edifices;  as the green space area increases,  so does the footprint of
the buildings, while the space available for epiphytic plants remains
relatively  limited.  This  dynamic  likely  explains  the  observed  nega-
tive correlation.

Regarding population density, a strong positive correlation specif-
ically  with  herbaceous  plants,  but  no  significant  correlation  with
arbors and shrubs. Studies have shown that population density can
directly contribute to local plant species extinction, primarily due to
the  degradation  of  community  structure[52] and  reduced  green
spaces[53].  However,  ancient  structures  often  act  as  'sanctuaries',
protected  and  maintained  by  relevant  authorities,  insulating  the
epiphytic  plant  communities  from  the  typical  impacts  of  urban
density. This protective effect likely explains why population density
does  not  appear  to  degrade  the  epiphytic  plant  communities  on
ancient  masonry,  suggesting  that  these  structures  may  serve  as
refuges for diverse plant species.

A  highly  significant  negative  correlation  was  also  discovered
between  the  construction  age  of  ancient  masonry  and  the  abun-
dance of edible plant species, while the correlation with ornamental
plants  was less  pronounced.  This  finding suggests  that  older  struc-
tures  tend  to  host  a  greater  presence  of  edible  epiphytes.  It  is
hypothesized  that  this  may  be  related  to  the  traditional  consump-
tion of such plants by indigenous groups, like the Li ethnic group on
Hainan Island[54].  Over  time,  as  Hainan Island developed,  the range
of  activities  associated  with  these  minority  groups  and,  conse-
quently,  the  epiphytic  plants  they  utilized diminished.  This  may be
one  factor  among  many  that  influences  this  phenomenon,  hinting
at a complex interplay between cultural practices and plant ecology.

Importantly,  the  epiphytic  plants  on  ancient  architecture  may
serve  as  reflections  of  historical  shifts,  almost  like  living  fossils  of
their  time.  This opens up an intriguing avenue for further research,
exploring how these plants serve as biological markers of past eras.
Ancient structures function as distinct urban green spaces, differing
from  other  environments  in  terms  of  species  composition  and  the
factors  influencing  their  communities.  This  study  highlights  the
need for further exploration into the unique biological communities
associated with ancient architecture, shedding light on their ecolog-
ical and historical significance.

 Suggestions for conservation of ancient masonry on
Hainan Island

The  conservation  of  ancient  architecture  is  deeply  intertwined
with  the  understanding  and  management  of  epiphytic  plants  that
grow on these structures. Species like Ficus pumila play a significant
role  in  enhancing  urban  microclimates  by  increasing  humidity,
releasing  oxygen[55],  and  adsorbing  atmospheric  particulates[56].
They  also  contribute  to  the  aesthetic  value  of  landscapes,  greatly
enhancing their visual appeal[57]. However, epiphytic plants can also
have  negative  impacts  on  the  materials  of  ancient  masonry.  They
may  cause  biological  degradation  through  physical  damage  from
root growth or chemical damage from secreted substances[58].

This  analysis  suggests  that  while  it  is  important  to  enhance  the
species diversity of epiphytic plants on ancient masonry, controlling
their  numbers  is  equally  critical  to  maintaining  ecological  balance
and  ensuring  the  structural  integrity  of  these  buildings.  Increasing

greenery  around  ancient  sites  can  promote  the  diversity  of
epiphytic  plant  communities  and  integrate  them  with  surrounding
biological  ecosystems,  such  as  bird  populations,  thereby  fostering
ecological  stability.  Regular  assessments  of  epiphytic  plant  growth
by  relevant  authorities  are  essential.  If  certain  plants  pose  risks  to
the structural integrity of ancient masonry, they should be promptly
removed  and  followed  by  appropriate  repair  to  prevent  further
damage.  Such risks  primarily  arise  from the physical,  chemical,  and
environmental  impacts  that  epiphytic  and  associated  plants  may
exert  on heritage structures.  Physically,  plant  roots  often penetrate
cracks  and  joints  in  walls,  leading  to  loosening  of  materials  and
structural  fissures  as  they  expand;  large  tree  species  may  add
substantial  weight  and  exert  wind-induced  stress,  thereby  increas-
ing  the  likelihood  of  partial  collapse.  Chemically,  some  plants
secrete  organic  acids  and  other  metabolites  during  their  growth,
which can react with building materials and accelerate the weather-
ing and deterioration of stone, bricks, and mortar. Environmentally,
the  cover  formed  by  roots,  stems,  and  leaves  can  prolong  surface
moisture retention, creating favorable conditions for fungi,  mosses,
and algae to flourish, which further exacerbates material decay and
biological  corrosion.  In  addition,  certain  invasive  or  fast-spreading
species may obscure or even damage the historical appearance and
artistic features of ancient masonry,  undermining their cultural  and
aesthetic  value.  Therefore,  the  scientific  identification  and  timely
management of risky plant species are essential not only to prevent
physical degradation but also to ensure the long-term preservation
of cultural heritage (Supplementary Table S2).

Different  categories  of  plants  exhibit  unique  attributes.  Native
species,  for  instance,  help  counteract  the  homogenization  caused
by exotic cultivated species in urban landscaping, potentially reduc-
ing  maintenance  costs[59].  Large,  historic  trees  often  serve  as  living
witnesses  to  the  past,  preserving  the  cultural  heritage  associated
with  ancient  masonry.  Therefore,  it  is  recommended  that  for  older
structures, a catalog of native epiphytic plants should be created to
guide  conservation  efforts.  For  newer  structures,  assessments
should  be  conducted  to  introduce  appropriate  native  species  that
align with local environmental conditions. The analysis also reveals a
strong  positive  correlation  between  tree  abundance  near  ancient
structures  and  geographical  longitude,  suggesting  that  the  grow-
ing  conditions  and  climates  suitable  for  trees  near  historic  sites
should be carefully studied to ensure proper preservation.

In  addition,  different  building  materials  may  exert  differential
effects  on  the  growth  and  distribution  of  epiphytic  plants.  Stone
surfaces  are  generally  harder  and  less  porous,  which  can  limit  the
establishment  and  growth  of  certain  epiphytes,  particularly  small
mosses  and  lichens.  In  contrast,  wooden  structures  often  provide
more  microhabitats  and  moisture-retaining  crevices,  facilitating
colonization  by  a  more  diverse  array  of  epiphytic  species.  Factors
such as  water  retention,  surface  pH,  and material  durability  further
influence  growth  rates  and  population  stability.  Considering  these
material-specific effects is essential for developing practical conser-
vation  strategies.  For  instance,  management  practices  can  be
tailored  to  the  building  material:  wooden  structures  may  require
periodic  cleaning  and  humidity  control,  while  stone  buildings  may
benefit  from  surface  stabilization  treatments,  thereby  balancing
ecological value with structural integrity.

Moreover, contemporary technologies such as big data and cloud
computing can significantly contribute to the protection of ancient
architecture.  These  tools  allow  for  the  collection  of  comprehensive
information from a  macro perspective,  enabling preemptive  action
against  potential  threats  and  the  development  of  targeted  conser-
vation  strategies.  Public  awareness  should  also  be  raised  through
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promotional  campaigns  to  enhance  tourists'  commitment  to  the
preservation of these structures. The protection of ancient architec-
ture is a multifaceted challenge that requires the collective efforts of
scientists, conservationists, and the public. By integrating ecological
management with technological advancements and public engage-
ment,  these  historical  edifices  can  continue  to  endure.  Despite  the
insights  provided,  this  study  has  limitations  that  should  be  consid-
ered.  A  key  limitation  stems  from  a  scale  mismatch:  plant  diversity
was recorded at the individual plant level, while driving factors were
measured  per  building.  This  resolution  discrepancy  may  introduce
ecological  fallacies  and  is  an  important  consideration  for  future
research to improve upon.

 Conclusions

Findings indicate that the predominant families of epilithic plants
colonizing  ancient  architectures  are,  in  descending  order  of  domi-
nance: Moraceae, Urticaceae, Polypodiaceae, Dennstaedtiaceae, and
Aspleniaceae.  Key representative species include Ficus  pumila,  Pilea
microphylla,  Phymatosorus  scolopendria,  Nephrolepis  auriculata, and
Adiantum  caudatum. The  vascular  flora  on  Hainan  Island's  ancient
structures exhibits considerable diversity, dominated functionally by
herbaceous  perennials,  wild  populations,  native  species,  and  taxa
with  edible  uses.  Notably,  edible  species  are  widespread  across
multiple growth forms—herbs, shrubs, and trees. Analysis across 44
ancient structures further reveals  significantly  higher epilithic  plant
species  richness in suburban and rural  settings compared to urban
locations.  In  terms  of  abiotic  and  anthropogenic  drivers,  both  the
longitude of sites and the growth rate of general government public
budget  revenue  show  significant  positive  correlations  with  species
richness  and  plant  abundance.  In  contrast,  annual  average  passen-
ger  volume  correlates  negatively  with  these  biodiversity  metrics.
Categorical  analysis  highlights that  distinct  plant functional  groups
respond  to  different  suites  of  environmental  variables,  underscor-
ing  the  necessity  of  group-specific  mechanistic  interpretation.  This
study  leverages  original  field  surveys  coupled  with  computational
statistics  to  systematically  evaluate  the  composition,  diversity,  and
distribution drivers of epilithic plant communities on heritage struc-
tures.  The  mechanisms  shaping  plant  richness  and  abundance  are
elucidated from both integrated and category-specific perspectives.
Based  on  these  insights,  tailored  management  strategies—such  as
strategic  green  space  expansion  and  targeted  maintenance  inter-
ventions—are  proposed  to  enhance  functional  biodiversity  while
preventing  structural  damage  from  overgrowth.  A  holistic,  coordi-
nated  conservation  approach  is  recommended  to  harmonize
ecological  integrity  with  the  preservation  of  ancient  architectural
heritage.

 Author contributions

The  authors  confirm  contribution  to  the  paper  as  follows:  study
conception  and  design:  Wang  HF;  data  collection:  Su  L,  Le  M,  Zhu
MH,  Li  Q,  Fu  G;  data  visualization:  Su  L,  Wang  L;  draft  manuscript
preparation:  Su  L,  Nizamani  MM,  Cubino  JP;  writing − review  and
editing: Su L, Wang HF, Cao Q, Du H. All authors reviewed the results
and approved the final version of the manuscript.

 Data availability

The  datasets  generated  during  and/or  analyzed  during  the
current  study  are  available  from  the  corresponding  author  upon
reasonable request.

Acknowledgments

This  research  was  supported  by  the  National  Natural  Science
Foundation of China (Grant Nos 32560290 and 32160273).

Conflict of interest

The authors declare that they have no conflict of interest.

Supplementary  information accompanies  this  paper  at
(https://www.maxapress.com/article/doi/10.48130/tp-0025-0033)

Dates

Received  1  April  2025; Revised  28  August  2025; Accepted  13
October 2025; Published online 26 December 2025

References 

 Hu Y, Connor DS, Stuhlmacher M, Peng J, Turner II BL. 2024. More urban-
ization, more polarization: evidence from two decades of urban expan-
sion in China. npj Urban Sustainability 4:33

1.

 Jafari  Sharami  H,  Hosseini  SJ. 2024. Theoretical  framework  of  the  Isfa-
hani style: inspiring sustainable aspects of a vernacular urban develop-
ment. Frontiers of Architectural Research 13:349−69

2.

 Ma Y, Xie H, Li Y, Hokoi S, Zhang X, et al. 2024. Water-related deteriora-
tion  risk  assessment  for  sustainable  conservation of  heritage buildings
in  the  Forbidden  City,  China. Developments  in  the  Built  Environment
17:100293

3.

 Li Y, Xia C, Wu R, Ma Y, Mu B, et al. 2021. Role of the urban plant environ-
ment in the sustainable protection of an ancient city wall. Building and
Environment 187:107405

4.

 Hoeber  V,  Zotz  G. 2022. Accidental  epiphytes:  ecological  insights  and
evolutionary implications. Ecological Monographs 92:e1527

5.

 Cockayne  L.  2011. The  Vegetation  of  New  Zealand.  Cambridge:
Cambridge University Press. doi: 10.1017/CBO9781139058605

6.

 Pittendrigh  CS. 1948. The  bromeliad-anopheles-malaria  complex  in
Trinidad. I-the bromeliad flora. Evolution 2:58−89

7.

 Hamati  S,  Medeiros  JS,  Ward  D. 2024. Effects  of  competition  and  site
conditions on Juniperus virginiana performance and physiology along a
stress gradient. Research Square 4445403/v1

8.

 Spicer  ME,  Woods  CL. 2022. A  case  for  studying  biotic  interactions  in
epiphyte ecology and evolution. Perspectives in Plant Ecology,  Evolution
and Systematics 54:125658

9.

 Bertness  MD,  Callaway  R. 1994. Positive  interactions  in  communities.
Trends in Ecology & Evolution 9:191−93

10.

 Hu X, Lima MF. 2024. The association between maintenance and biodi-
versity  in  urban green spaces:  a  review. Landscape  and  Urban  Planning
251:105153

11.

 Mishra AK, Jain KK, Garg KL. 1995. Role of higher plants in the deteriora-
tion of historic buildings. Science of The Total Environment 167:375−92

12.

 Caneva G, Pacini A, Celesti Grapow L, Ceschin S. 2003. The Colosseum's
use  and  state  of  abandonment  as  analysed  through  its  flora. Interna-
tional Biodeterioration & Biodegradation 51:211−19

13.

 Sax  DF,  Schlaepfer  MA,  Olden  JD. 2022. Valuing  the  contributions  of
non-native  species  to  people  and nature. Trends  in  Ecology  &  Evolution
37:1058−66

14.

 Hong  F.  2019. Diversity  of  epiphytic  plants  on  ancient  architectures  in
Hainan  and  their  evaluation  for  landscape  application.  Thesis.  Hainan
University, China. doi: 10.27073/d.cnki.ghadu.2019.000902

15.

 Zhang HL, Muhammad Nizamani M, Padullés Cubino J, Harris A, Guo LY,
et al. 2023. Habitat heterogeneity explains cultivated and spontaneous
plant richness in Haikou City, China. Ecological Indicators 154:110713

16.

 Su  L,  Tang  H,  He  G,  Nizamani  MM,  Wang  H. 2025. Wealth  and  altitude
explain urban plant diversity in residential areas of Hainan, China. Land
14:328

17.

 
Plant diversity on Hainan ancient architectures

Page 12 of 13   Su et al. Tropical Plants 2025, 4: e040

https://www.maxapress.com/article/doi/10.48130/tp-0025-0033
https://www.maxapress.com/article/doi/10.48130/tp-0025-0033
https://www.maxapress.com/article/doi/10.48130/tp-0025-0033
https://www.maxapress.com/article/doi/10.48130/tp-0025-0033
https://www.maxapress.com/article/doi/10.48130/tp-0025-0033
https://doi.org/10.1038/s42949-024-00170-z
https://doi.org/10.1016/j.foar.2023.12.008
https://doi.org/10.1016/j.dibe.2023.100293
https://doi.org/10.1016/j.buildenv.2020.107405
https://doi.org/10.1016/j.buildenv.2020.107405
https://doi.org/10.1002/ecm.1527
https://doi.org/10.1017/CBO9781139058605
https://doi.org/10.1111/j.1558-5646.1948.tb02732.x
https://doi.org/10.21203/rs.3.rs-4445403/v1
https://doi.org/10.1016/j.ppees.2021.125658
https://doi.org/10.1016/j.ppees.2021.125658
https://doi.org/10.1016/0169-5347(94)90088-4
https://doi.org/10.1016/j.landurbplan.2024.105153
https://doi.org/10.1016/0048-9697(95)04597-T
https://doi.org/10.1016/S0964-8305(02)00173-7
https://doi.org/10.1016/S0964-8305(02)00173-7
https://doi.org/10.1016/j.tree.2022.08.005
http://doi.org/10.27073/d.cnki.ghadu.2019.000902
https://doi.org/10.1016/j.ecolind.2023.110713
https://doi.org/10.3390/land14020328


 Apostolova  I,  Sopotlieva  D,  Valcheva  M,  Ganeva  A,  Shivarov  V,  et  al.
2022. First  survey  of  the  vascular  and  cryptogam  flora  on  Bulgaria's
ancient mounds. Plants 11:705

18.

 Hou S, Tian C, Meng J, Liu C, Yao Z. 2023. The impact of urbanization on
the distribution of spontaneous herbaceous plants in an ancient city: a
pilot case study in Jingzhou, China. In Plants 12:3353

19.

 Qiu Y,  Chen BJW, Song Y,  Huang ZYX, Wan L,  et al. 2016. Composition,
distribution  and  habitat  effects  of  vascular  plants  on  the  vertical
surfaces of an ancient city wall. Urban Ecosystems 19:939−48

20.

 Zhang HL, Guo LY, Nizamani MM, Wang HF. 2023. Distribution patterns
and  drivers  of  urban  green  space  and  plant  diversity  in  Haikou,  China.
Frontiers in Plant Science 14:1202115

21.

 Wang  H-F,  Harris  AJ,  Qureshi  S,  Zhou  J-J. 2023. Editorial:  distribution
patterns, driving mechanisms and ecological service functions of urban
plant biodiversity. Frontiers in Ecology and Evolution 11:1114845

22.

 Wohlgemuth T, Nobis MP, Kienast F, Plattner M. 2008. Modelling vascu-
lar plant diversity at the landscape scale using systematic samples. Jour-
nal of Biogeography 35:1226−40

23.

 Malkinson D, Kopel D, Wittenberg L. 2018. From rural-urban gradients to
patch – matrix frameworks: plant diversity patterns in urban landscapes.
Landscape and Urban Planning 169:260−68

24.

 Li L, Qian Z, Ju P, Du Q. 2018. The application of plant culture in architec-
tural  decorations  of  classical  gardens  of  Yangzhou. Journal  of  Fujian
Forestry Science and Technology 2018:120-23 (in Chinese)

25.

 Masi A, Vignola C, Lazzara A, Moricca C, Serlorenzi M, et al. 2024. The first
extensive  study  of  an  Imperial  Roman  Garden  in  the  city  of  Rome:  the
Horti Lamiani. Vegetation History and Archaeobotany 33:111−20

26.

 Kanellou E, Papafotiou M, Saitanis C, Economou G. 2024. Ecological anal-
ysis  and  opportunities  for  enhancement  of  the  archaeological  land-
scape: the vascular flora of seven archaeological sites in Greece. Environ-
ments 11:16

27.

 Zhang  L,  Gao  XF,  Zhang  LB. 2013. Polystichum  hainanicola (Dryopteri-
daceae),  a  new  fern  species  from  Hainan  Island,  China. Phytotaxa
85:9−14

28.

 Xu H, Liu W. 2005. Species diversity and distribution of epiphytes in the
montane  moist  evergreen  broad-leaved  forest  in  Ailao  Mountain,
Yunnan. Biodiversity Science 13:137−47 (in Chinese)

29.

 Reichgelt T. 2024. Linking the macroclimatic niche of native lithophytic
ferns  and their  prevalence in  urban environments. American  Journal  of
Botany 111:e16364

30.

 Lundholm  JT,  Marlin  A. 2006. Habitat  origins  and  microhabitat  prefer-
ences of urban plant species. Urban Ecosystems 9:139−59

31.

 Lundholm J. 2004. Ecology in the natural city: testing and applying the
urban cliff hypothesis. Ekistics and the New Habitat 71:84−89

32.

 Larson DW, Matthes U, Kelly PE. 2000. Cliff Ecology: Pattern and Process in
Cliff  Ecosystems.  Cambridge,  UK:  University  Press  Cambridge.  doi:
10.1017/CBO9780511525582

33.

 Cai YL, Song YC. 2001. Adaptive ecology of lianas in Tiantong evergreen
broad-leaved  forest,  Zhejiang,  China  I.  Leaf  anatomical  characters.
Chinese Journal of Plant Ecology 25:90−98 (in Chinese)

34.

 Chen  C,  Mao  L,  Qiu  Y,  Cui  J,  Wang  Y. 2020. Walls  offer  potential  to
improve urban biodiversity. Scientific Reports 10:9905

35.

 Zolfagharzadeh H, Kiani K. 2023. Analyzing the structural and semantic
dimensions  of  traditional  Chinese  architecture  and  gardening  (Case
example  of  imperial  buildings  in  Beijing). Journal  of  Environmental
Science Studies 8:6987−7003

36.

 Staude IR. 2024. Gardens as drivers of native plant species dispersal and
conservation. People and Nature 6:1220−28

37.

 Pyšek P. 1998. Alien and native species in Central European urban floras:
a quantitative comparison. Journal of Biogeography 25:155−63

38.

 Marini  L,  Battisti  A,  Bona  E,  Federici  G,  Martini  F,  et  al. 2012. Alien  and
native  plant  life-forms respond differently  to  human and climate  pres-
sures. Global Ecology and Biogeography 21:534−44

39.

 La  Sorte  FA,  McKinney  ML,  Pyšek  P,  Klotz  S,  Rapson  GL,  et  al. 2008.
Distance decay of similarity among European urban floras: the impact of

40.

anthropogenic  activities  on β diversity. Global  Ecology  and  Biogeogra-
phy 17:363−71
 Cheng XL, Padullés Cubino J, Balfour K, Zhu ZX, Wang HF. 2022. Drivers
of  spontaneous  and  cultivated  species  diversity  in  the  tropical  city  of
Zhanjiang, China. Urban Forestry & Urban Greening 67:127428

41.

 Li XP, Fan SX, Guan JH, Zhao F, Dong L. 2019. Diversity and influencing
factors  on  spontaneous  plant  distribution  in  Beijing  Olympic  Forest
Park. Landscape and Urban Planning 181:157−68

42.

 Ilie  D,  Cosmulescu  S. 2023. Spontaneous  plant  diversity  in  urban
contexts: a review of its impact and importance. Diversity 15:277

43.

 Lin M, Song Y, Lu D, Qiu Z. 2022. Geospatial environmental influence on
forest  carbon  sequestration  potential  of  tropical  forest  growth  in
Hainan Island, China. Frontiers in Environmental Science 10:807105

44.

 Muvengwi  J,  Ndagurwa  HGT,  Witkowski  ETF,  Mbiba  M. 2024. Woody
species  composition,  diversity,  and  ecosystem  services  of  yards  along
an  urban  socioeconomic  gradient. Science  of  The  Total  Environment
912:168976

45.

 von der Lippe M, Kowarik I. 2008. Do cities export biodiversity? Traffic as
dispersal vector across urban–rural gradients. Diversity and Distributions
14:18−25

46.

 von der  Lippe M,  Kowarik  I. 2007. Long-distance  dispersal  of  plants  by
vehicles as a driver of plant invasions. Conservation Biology 21:986−96

47.

 Hansen MJ, Clevenger AP. 2005. The influence of disturbance and habi-
tat  on  the  presence  of  non-native  plant  species  along  transport  corri-
dors. Biological Conservation 125:249−59

48.

 Urban MC, Alberti M, De Meester L, Zhou Y, Verrelli BC, et al. 2024. Inter-
actions between climate change and urbanization will shape the future
of biodiversity. Nature Climate Change 14:436−47

49.

 Sukopp H. 2004. Human-caused impact on preserved vegetation. Land-
scape and Urban Planning 68:347−55

50.

 Sher AA, Molles MC. 2021. Ecology: concepts and applications. 9th Edition.
London: McGraw-Hill Education

51.

 Aguilar  R,  Ashworth  L,  Galetto  L,  Aizen  MA. 2006. Plant  reproductive
susceptibility to habitat fragmentation: review and synthesis through a
meta-analysis. Ecology Letters 9:968−80

52.

 Cheng  XL,  Nizamani  MM,  Jim  CY,  Balfour  K,  Da  LJ,  et  al. 2020. Using
SPOT  data  and  FRAGSTAS  to  analyze  the  relationship  between  plant
diversity and green space landscape patterns in the tropical coastal city
of Zhanjiang, China. Remote Sensing 12:3477

53.

 Yang D, Liu X, Fan P, Wu Y. 2019. Traditional usage of wild edible plants
reflecting  the  dietary  habits  and  the  awareness  of  health  care  of  LI
minority in Baoting and Lingshui, Hainan Island, China: an ethnobotani-
cal approach. Bangladesh Journal of Botany 48:279−87

54.

 Li GJ, Ding SJ, Zhou XP. 2008. Ecological effects of the twelve species for
vertical  greening  in  South  China. Journal  of  South  China  Agricultural
University 29:11−15 (in Chinese)

55.

 James A, Rene ER, Bilyaminu AM, Chellam PV. 2024. Advances in amelio-
ration of air pollution using plants and associated microbes: an outlook
on  phytoremediation  and  other  plant-based  technologies. Chemo-
sphere 358:142182

56.

 Adamovich  I,  Sivakov  V,  Voinash  S,  Sokolova  V,  Orekhovskaya  A,  et  al.
2024. Epigeic bryophytes of Bryansk parks and prospects for their use in
landscape architecture. E3S Web of Conferences 510:03013

57.

 Elgohary  YM,  Mansour  MMA,  Salem  MZM. 2024. Assessment  of  the
potential  effects  of  plants  with  their  secreted  biochemicals  on  the
biodeterioration of archaeological stones. Biomass Conversion and Biore-
finery 14:12069−83

58.

 Liu  X,  Li  C,  Zhao  X,  Zhu  T. 2024. Arid  urban  green  areas  reimagined:
transforming  landscapes  with  native  plants  for  a  sustainable  future  in
Aksu, northwest China. Sustainability 16:1546

59.

Copyright:  ©  2025  by  the  author(s).  Published  by
Maximum  Academic  Press  on  behalf  of  Hainan

University.  This  article  is  an  open  access  article  distributed  under
Creative  Commons  Attribution  License  (CC  BY  4.0),  visit https://crea-
tivecommons.org/licenses/by/4.0/.

Plant diversity on Hainan ancient architectures
 

Su et al. Tropical Plants 2025, 4: e040   Page 13 of 13

https://doi.org/10.3390/plants11050705
https://doi.org/10.3390/plants12193353
https://doi.org/10.1007/s11252-016-0528-2
https://doi.org/10.3389/fpls.2023.1202115
https://doi.org/10.3389/fevo.2023.1114845
https://doi.org/10.1111/j.1365-2699.2008.01884.x
https://doi.org/10.1111/j.1365-2699.2008.01884.x
https://doi.org/10.1016/j.landurbplan.2017.09.021
https://doi.org/10.13428/j.cnki.fjlk.2018.02.023
https://doi.org/10.13428/j.cnki.fjlk.2018.02.023
https://doi.org/10.1007/s00334-023-00960-y
https://doi.org/10.3390/environments11010016
https://doi.org/10.3390/environments11010016
https://doi.org/10.11646/phytotaxa.85.1.2
https://doi.org/10.3321/j.issn:1005-0094.2005.02.007
https://doi.org/10.1002/ajb2.16364
https://doi.org/10.1002/ajb2.16364
https://doi.org/10.1007/s11252-006-8587-4
https://doi.org/10.53910/26531313-E200471424-426230
https://doi.org/10.1017/CBO9780511525582
https://doi.org/10.1038/s41598-020-66527-3
https://doi.org/10.1002/pan3.10627
https://doi.org/10.1046/j.1365-2699.1998.251177.x
https://doi.org/10.1111/j.1466-8238.2011.00702.x
https://doi.org/10.1111/j.1466-8238.2007.00369.x
https://doi.org/10.1111/j.1466-8238.2007.00369.x
https://doi.org/10.1111/j.1466-8238.2007.00369.x
https://doi.org/10.1016/j.ufug.2021.127428
https://doi.org/10.1016/j.landurbplan.2018.09.018
https://doi.org/10.3390/d15020277
https://doi.org/10.3389/fenvs.2022.807105
https://doi.org/10.1016/j.scitotenv.2023.168976
https://doi.org/10.1111/j.1472-4642.2007.00401.x
https://doi.org/10.1111/j.1523-1739.2007.00722.x
https://doi.org/10.1016/j.biocon.2005.03.024
https://doi.org/10.1038/s41558-024-01996-2
https://doi.org/10.1016/S0169-2046(03)00152-X
https://doi.org/10.1016/S0169-2046(03)00152-X
https://doi.org/10.1111/j.1461-0248.2006.00927.x
https://doi.org/10.3390/rs12213477
https://doi.org/10.3329/bjb.v48i2.47550
https://doi.org/10.7671/j.issn.1001-411X.2008.02.003
https://doi.org/10.7671/j.issn.1001-411X.2008.02.003
https://doi.org/10.1016/j.chemosphere.2024.142182
https://doi.org/10.1016/j.chemosphere.2024.142182
https://doi.org/10.1051/e3sconf/202451003013
https://doi.org/10.1007/s13399-022-03300-8
https://doi.org/10.1007/s13399-022-03300-8
https://doi.org/10.1007/s13399-022-03300-8
https://doi.org/10.3390/su16041546
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Overview of the study area
	Data sources and basis for epiphytic plant species
	Data sources and basis for ancient architecture
	Driving variables
	Data analysis of driving mechanisms

	Results
	Characteristics of ancient masonry
	Spatiotemporal distribution of epiphytic flora
	Characteristics of epiphytes
	Drivers of epiphyte species richness and abundance in ancient masonry
	Analysis of species richness and plant population drivers of ancient architectural epiphytes (taxonomic)

	Discussion
	Species composition of epiphytes of ancient masonry on Hainan Island
	Functional and origin-based groups of epiphytic plants on ancient masonry
	Drivers of epilithic flora diversity on ancient masonry in tropical China
	Suggestions for conservation of ancient masonry on Hainan Island

	Conclusions
	Author contributions
	Data availability
	References

