
Chen et al. Heritage Science           (2024) 12:23  
https://doi.org/10.1186/s40494-024-01142-3

RESEARCH

Effects of simulated atmospheric nitrogen 
deposition on the bacterial community 
structure and diversity of four distinct 
biocolonization types on stone monuments: 
a case study of the Leshan Giant Buddha, 
a world heritage site
Xuli Chen1, Huixing Song2*, Bo Sun3 and Tianyu Yang4 

Abstract 

Atmospheric nitrogen deposition may affect the biodeterioration process of stone monuments through direct 
and indirect pathways, but relevant studies are lacking. Therefore, taking the biologically colonized rocks 
around the Leshan Giant Buddha (World Heritage - Mixed Property) as the research objects, we studied the effects 
of multiple nitrogen addition levels (0, 9, 18, 36, 72 kg N  hm-2  a-1; N0, N1; N2 ; N3; N4) on the bacterial community 
structure and soil nutrients on the surfaces of stones with four biocolonization types, including naked rock (NR), 
and lichen (LR), bryophyte (BS) and vascular plant (VS) colonization, to investigate the potential effect of atmospheric 
nitrogen deposition on the rock weathering of the Leshan Giant Buddha. The results demonstrated that nitrogen 
addition impacted soil carbon, nitrogen and phosphorus nutrients, as well as bacterial community structure and com-
position, but the responses to nitrogen input varied among different colonization types. Nitrogen fertilization pro-
moted the accumulation of total organic carbon and total nitrogen in NR and LR, and increased the content of total 
phosphorus in VS. Bacterial α-diversity decreased with nitrogen addition in NR but increased with nitrogen addition 
in VS. Nitrogen addition significantly (R > 0.9, p < 0.01) changed the bacterial community composition in the four 
biocolonization types, and the changes were dominated by species replacement (contributed to 60.98%, 76.32%, 
67.27% and 72.14% for bacterial diversity in NR, LR, BS and VS, respectively). Total nitrogen, dissolved organic nitro-
gen, dissolved organic nitrogen and total phosphorus were the most important ecological factors affecting bacterial 
community structure in NR, LR, BS and VS, respectively. Nitrogen addition enriched different bacterial taxa in the four 
biocolonization types. The results of this study provide basic data for the protection of stone monuments and the for-
mulation of sustainable development strategies under a changing climate.
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Introduction
 Stone monuments are nonrenewable relics with histori-
cal, artistic, cultural, scientific and technological value 
produced by human historical activities that are made of 
stone and are vectors of historical information and wit-
nesses of human civilization [1]. Stone can provide living 
organisms with abundant mineral elements such as cal-
cium, iron, magnesium, aluminium, and sodium. There-
fore, immovable stone artefacts that are directly exposed 
to the atmosphere (in natural and artificial environments) 
often serve as substrates for colonization by various 
organisms [1]. To survive and reproduce, these organisms 
carry out a series of life activities (including biophysical 
and biochemical processes) on the stone substrate that 
can cause irreversible damage to the cultural relic, which 
is called biodeterioration. The biogeochemical cycle, 
a natural cyclic process that converts stones into sand 
and soil, is believed to be the fundamental mechanism 
underlying biodegradation, which plays a crucial role in 
sustaining life on Earth [2]. However, biodeterioration 
occurring on stone artefacts will lead to a permanent loss 
of cultural heritage.

Microorganisms play an important role in biodete-
rioration in any natural rocky ecosystem, as they are the 
organisms responsible for the transformation, recycling 
and degradation of various nutrient substances [3]. In the 
initial stage of biodegradation, a diverse array of microor-
ganisms forms a biofilm matrix on the surface of exposed 
rock, thereby initiating the degradation process through 
vital activities such as cellular proliferation, secretion of 
corrosive acids, and REDOX reactions [4]. Lithophytic 
lichens employ a cooperative strategy to facilitate the 
erosion of rock substrates, whereby photosynthetic com-
mensal microorganisms generate energy through pho-
tosynthesis, followed by chemical erosion facilitated 
by the secretion of lichenic acid and polyphenols from 
mycobionts [5]. In addition, it has been reported that 
root exudates of higher plants, such as carbohydrates, 
amino acids and proteins, as well as plant residues and 
litter, which increase moisture and organic matter con-
tent on stone surfaces, are beneficial to the microorgan-
ism growth of the local rhizosphere and promote the 
biodeterioration efficiency of stone [6]. Thus, microor-
ganisms in stone habitats not only directly promote the 
biophysical and biochemical degradation processes of 
stone matrix, but also interact with other organisms to 
promote mineral decomposition, indirectly [2, 7]. Direct 
evidence has shown that photosynthetic bacteria use 
light energy to assimilate inorganic carbon  (CO2) into 
organic carbon, which is deposited and enriched on the 
stone surface, creating nutrient conditions for the for-
mation of microbial communities, including aerobic 
and anaerobic microorganisms [8]. Bacteria can also 

take pyrite, biotite and amphibole rich in reduced iron 
as food, obtain energy through the oxidation‒reduction 
process of ferrous ions, and accelerate the weathering 
and decomposition of stone [9]. Stone biodegradation 
is rarely associated with one or a few microbial spe-
cies. Microbial communities usually establish complex 
interspecific interactions in barren stone substrates to 
enhance biodegradation efficiency by synergistic interac-
tions [10, 11]. In view of this, it is vital to understand the 
structure and diversity of bacterial communities in vari-
ous habitats on stone to understand the potential risks of 
biodeterioration on stone monuments.

Over the past century, reactive nitrogen (Nr) content 
produced by human activities such as agricultural pro-
duction, fossil fuel combustion and industrial emissions 
has increased approximately 10-fold [12], exceeding nat-
ural N fixation [13], directly expanding the atmospheric 
Nr content and increasing the atmospheric Nr deposition 
rate [14]. Based on the current anthropogenic atmos-
pheric Nr emissions, global atmospheric N deposition 
is expected to double by 2050 compared to 1995 [15]. 
With rapid economic development, China has become 
the third major N deposition region after Europe and the 
United States [16–18]. From 1980 to 2020, atmospheric 
N deposition in China showed an upwards trend [18]. 
Many studies have found that increased atmospheric N 
deposition significantly affects soil microbial community 
composition, diversity and activity [19–21]. Addition-
ally, the deposition of pollutants from the atmosphere on 
the stone surface can affect microbial colonization and 
degradation and may accelerate biodeterioration [2]. At 
present, we found no studies with atmospheric Nr dep-
osition on microorganisms in stone monuments with 
different biodeterioration. Analysing the responses of 
microbial communities of different biocolonization types 
on stone monuments to Nr deposition is essential to pre-
dict the biodeterioration of stone monuments under sce-
narios of increased anthropogenic Nr deposition.

The Leshan Giant Buddha is the largest ancient stone 
statue of the Maitreya Buddha in the world [22]. It was 
initially undertaken during the early Kaiyuan period 
of the Tang Dynasty (AD 713) and required a span of 
90 years for its completion. It epitomizes the pinnacle 
of stone carving art during the Tang Dynasty, boasting 
immense historical, artistic, and scientific significance. In 
December 1996, it was designated as a “World Cultural 
and Natural Heritage” site by UNESCO in conjunction 
with the Mount Emei Nature Reserve. After more than a 
thousand years of sun and rain, combined with the influ-
ence of tourists and modern environmental pollution, the 
Leshan Giant Buddha body and its surrounding sand-
stone mountains not only have attached algae-bacterial 
symbionts but are also colonized by various organisms, 
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including lichens, bryophytes and vascular plants. Previ-
ous studies have shown that the bacterial communities 
in different biocolonization areas of the Leshan Giant 
Buddha body are significantly different [23]. Nitrogen-
containing compounds released by human activities 
interact with water vapour in the atmosphere and deposit 
on the surface of outdoor stone artefacts [24], becoming 
a source of nutrients for epilithic microbes, thereby indi-
rectly affecting the biodeterioration process of cultural 
relics. Although many existing studies have reported 
the community composition of epilithic microorgan-
isms on stone monuments, we lack a predictive under-
standing of how microbial communities respond to 
nutrient inputs from different environmental gradients. 
Therefore, a mountain around the Leshan Giant Buddha 
body with the same lithology as the giant Buddha was 
selected as the sample site, and a N deposition simula-
tion experiment was conducted to study the responses 
of bacterial communities and soil physical and chemical 
properties to N addition under different biocoloniza-
tion types to assess the effects of atmospheric N deposi-
tion on the biodeterioration of the Leshan Giant Buddha. 
Our results contribute to understanding the ecologi-
cal mechanism of biodeterioration of stone monuments 
under changing environments and provide basic data for 

sustainable conservation strategies of outdoor immov-
able stone artefacts.

Materials and methods
Experimental site and sample collection
The Leshan Giant Buddha scenic area is located in Leshan 
City, Sichuan Province, China (latitude 29°32 ‘47 “N, lon-
gitude 103°45’ 48” E) (Fig. 1). The Leshan Giant Buddha 
body is chiselled on the red sandstone of Qiluan Peak 
on Lingyun Mountain at the junction of the Dadu River 
and Min River. The study area has a typical subtropical 
humid monsoon climate, with abundant precipitation, 
of which the average annual precipitation is approxi-
mately 1291.6  mm and is mainly concentrated in sum-
mer, accounting for 58% of the annual precipitation. The 
average annual evaporation is 1057 mm, and the relative 
humidity is as high as 81%. The vegetation type around 
the giant Buddha is subtropical evergreen broadleaved 
forest, dominated by Castanopsis spp., Cyclobalanopsis 
spp., and Schima superba.

The experiment was conducted in a red sandstone hill 
around the Leshan Giant Buddha, which is colonized by 
the same organism types (such as lichens, bryophytes 
and vascular plants) as the Buddha’s body. Four stone 
biocolonization, including naked rock (NR), lichen (LR), 

Fig. 1 Location of the Leshan Giant Buddha and test site. A Location of the Leshan Giant Buddha; B position of the giant Buddha body 
and experimental test plot; C naked rock (NR) sample site; D lichen-colonized (LR) sample site; E bryophyte-colonized (BS) sample site; 
F vascular-colonized (VS) sample site. G, schematic diagram of plot layout
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bryophyte (BS) and vascular plant (VS) cover, which had 
the same weathering status as the giant Buddha body, 
were selected as the treatment objects for the N depo-
sition simulation experiment. According to the local 
N deposition situation of the Sichuan Basin, which was 
36  kg N  ha-1  yr-1 and dominated by ammonium and 
nitrate nitrogen [25], we took twice the actual annual N 
wet deposition as the maximum predicted value, set the 
N addition amount in a way that decreased exponentially, 
and set five N rates (0, 9, 18, 36, and 72 kg N  ha-1  yr-1; N0, 
N1, N2, N3, and N4, respectively) with  NH4NO3 as the 
N source. Three duplicate quadrats were set for each N 
rate, for a total of 60 treated quadrats, each of which had 
dimensions of 2 × 2  m2.

The concentration and amount of ammonium nitrate 
solution that needed to be sprayed in each sample plot 
were calculated according to the distribution of annual 
precipitation and monthly precipitation in the region. 
Since October 2018, a hand-held electric sprayer has 
been used to spray each test site in sunny weather in 
the first ten days of each month. To avoid interaction 
between the plots, a buffer zone of more than 1.0 m was 
reserved between the plots. The treatment continued for 
24 months. Approximately 30  g of rock debris/soil was 
collected according to multi-point sampling method 
using a sterile knife, thoroughly mixed, and securely 
packed in an aseptic plastic sealing bag. One sample was 
obtained from each treatment quadrat, resulting in a 
total of 60 samples that were promptly placed in a sam-
pling box with an ice pack and transported to the labo-
ratory on the same day. Each sample was evenly divided 
into two portions: one portion was naturally dried for 
chemical property analysis, while the other portion 
underwent removal of animal and plant residues, gravel, 
and other impurities at 4℃. For larger samples, they were 
mashed, sieved through a 2 mm mesh screen, appropri-
ately labeled, and stored at -80℃ in the refrigerator for 
subsequent sequencing analysis.

Physicochemical property determination of soil samples
The pH of the soil samples was determined by the poten-
tiometric method (soil to water ratio 2.5:1) after drying, 
grinding, cleaning and sifting (PHS-3  C, LEICI, Shang-
hai, China). The content of total organic carbon (TOC) 
was determined by  K2Cr2O7-H2SO4 oxidation and  FeSO4 
titration [26]. The total nitrogen (TN) content was deter-
mined by concentrated sulfuric acid and the Kjeldahl 
method (KND, Top Ltd., Hangzhou, Zhejiang, China). 
The total phosphorus (TP) content was determined by 
perchloric acid-sulfuric acid oxidation and the molyb-
denum antimony resistance colorimetric method [27]. 
The contents of dissolved organic carbon (DOC) and 
dissolved organic nitrogen (DON) in the soil solution 

filtered by the 0.45  μm filter membrane were measured 
by an organic carbon analyser (TOC-CPH, Shimadzu 
Corporation). The ammonium nitrogen  (NH4

+-N) and 
nitrate nitrogen  (NO3

--N) contents of the soil samples 
were extracted using 2 mol·L-1 KCl solution at a ratio of 
1:5 and measured by a spectrophotometric method [28].

Extraction and PCR amplification of the 16 S rRNA gene
Total DNA extraction was performed according to the 
E.Z.N.A.® soil DNA kit (Omega Biotek, Norcross, GA, 
U.S.), and the quality of DNA extraction was measured 
using 1% AGAR gel electrophoresis. DNA concentration 
and purity were determined using a NanoDrop2000. The 
primers 338F (5’-ACT CCT ACG GGA GGC AGC AG-3’) 
and 806R (5’-GGA CTA CHVGGG TWT CTAAT-3’) were 
used to amplify the V3-V4 variable region of the 16  S 
rRNA gene [29, 30].

Illumina MiSeq sequencing and bioinformatics analysis
The raw data were filtered by quality control and 
sequence correction to obtain optimized sequences. A 
total of 2907454 optimized sequences were obtained 
from 60 samples. In the NR, LR, BS and VS habitats, a 
total of 740394, 756210, 693191 and 717659 sequences 
were obtained, respectively; an average of 49306, 50414, 
46213, and 47844 sequences were obtained for each sam-
ple, respectively. Each operational taxonomic unit (OTU) 
was deduplicated, clustered and chimaera detected by 
UPARSE [31, 32] software (http:// drive5. com/ uparse/, 
version 7.1), and the nonrepetitive sequences were clus-
tered according to 97% similarity to obtain the represent-
ative sequences of OTUs. Each sequence was annotated 
for species classification using RDP Classifier [33] (http:// 
rdp. cme. msu. edu/, version 2.2) and aligned against the 
Silva 16 S rRNA database, with an alignment confidence 
threshold of 70%. The α-diversity was utilized to evalu-
ate the richness and diversity of bacterial communities, 
which were quantified by the Chao1 index for community 
richness and the Shannon index for community diversity. 
All these sequences from this study were deposited in 
Genbank with accession number SRP451507.

Data statistical analysis
SPSS (Version 20.0, IBM, New York, NY, USA) was used 
to compare the significance of each index among differ-
ent N application treatments using one-way analysis of 
variance (ANOVA) and Student’s t test (p < 0.05). QIIME 
software was used to generate abundance tables at each 
taxonomic level. Mothur (Version 1.30.2) was used to 
calculate the Chao1 and Shannon indices of bacterial 
α-diversity. The Bray‒Curtis distance matrix and QIIME 
software were used to calculate the β-diversity distance 
of bacteria. Principal coordinate analysis (PCoA) was 

http://drive5.com/uparse/
http://rdp.cme.msu.edu/
http://rdp.cme.msu.edu/
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performed using the ape package of R (Version 3.3.1). 
Analysis of similarities (ANOSIM) was used to test the 
differences in bacterial communities among different 
groups, and permutational multivariate analysis of vari-
ance (PERMANOVA) was used to analyze the explana-
tion of sample variance by different grouping factors. 
Compositional dissimilarities among sites (beta diversity) 
were partitioned into replacement and richness differ-
ence components (Podani family, Sørensen dissimilari-
ties) using the R package adespatial [34]. The ggplots2 
package was then used for visualization of PCoA and 
trioriginal plots. Multivariate linear discrimination and 
effect size analysis (LEfSe) and graphical visualization 
were performed by LEfSe software [35].

Results
Soil physicochemical properties
According to the results, N addition significantly 
increased TOC content in NR, and only the N1 treatment 
significantly increased TOC in LR. In contrast, N addi-
tion had no significant effect on TOC content in BS and 

VS (Fig. 2A). The TN content increased with increasing 
N addition in NR and increased first and then decreased 
with increasing N addition in LR, BS and VS (Fig.  2B). 
The response of soil TP content to N addition was differ-
ent in the four colonization types. In NR and LR, the TP 
content decreased after N addition, especially under the 
N3 and N4 treatments. In BS, the TP content decreased 
only under the N2 treatment, and there were no signifi-
cant differences among the other treatments. However, 
the TP content showed a significant linear increase with 
increasing N addition in VS (Fig. 2C). The soil DOC con-
tent increased after N addition in the four biocoloniza-
tion types but did not respond consistently to different 
N addition levels in each disease. In particular, in NR, 
the DOC content was significantly lower under N2-N4 
than under control N0 (Fig. 2D). The DON content sig-
nificantly increased with N addition in NR, LR, and 
BS, but it significantly decreased under the N3 and N4 
treatments in VS (Fig.  2E). The soil AP content showed 
a convex curve with N addition in the four biocoloniza-
tion types, but no significant differences were found in 

Fig. 2 Soil physicochemical properties of four biocolonization types under multiple nitrogen addition. A total organic carbon (TOC); B total 
nitrogen (TN); C total phosphorus (TP); D dissolved organic carbon (DOC); (E), dissolved organic nitrogen (DON); F available phosphorus (AP); 
G ammonium nitrogen  (NH4

+-N); H nitrate nitrogen  (NO3
--N); I pH. Values with same letter are not significantly different (p < 0.05)
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NR and BS (Fig. 2F). In addition, the contents of  NH4
+-N 

and  NO3
--N had the same overall change trend, both of 

which increased significantly after N addition in NR, LR 
and BS and showed an S-shaped curve trend in VS. The 
difference was that N addition significantly decreased the 
 NH4

+-N content in VS (Fig.  2G and H). Obviously, pH 
decreased linearly with N addition in all four coloniza-
tion types (Fig.  2I). According to the above results, the 
responses of carbon, nitrogen and phosphorus nutrients 
to N addition were different in various habitats, but the 
pH value showed a consistent downwards trend.

Diversity and composition of bacterial communities
The results of α-diversity analysis showed that N addi-
tion significantly reduced bacterial Shannon and Chao1 
metrics in NR compared with N0, except for the N3 
treatment for Chao1. This suggested that N addition sup-
pressed bacterial community diversity in NR. In LR and 
BS, the Shannon and Chao1 metrics of the bacterial com-
munities both displayed a hump-shaped pattern with N 
addition. However, the diversity of bacterial communi-
ties showed a contrasting pattern in VS after N addition, 
with increasing patterns for Shannon and Chao1 metrics 
(Fig. 3A and B). These results indicated that N addition 
promoted the richness and diversity of bacterial commu-
nities in VS.

PCoA and ANOSIM nonparametric tests were used 
to evaluate the β-diversity of bacterial communities 
with N addition in each colonization type, and mul-
tivariate analysis of variance (Adonis) was used to 
evaluate the explanation of the differences between 
groups. The selected principal axes (PC1 and PC2 axes) 
explained 69.99%, 80.58%, 62.74% and 72.31% of the 

variation in the bacterial community in NR, LR, BS and 
VS, respectively (Fig.  4A). ANOSIM analysis showed 
that N addition significantly affected the bacterial com-
munity composition in the four biocolonization types 
(NR: R = 0.9215, p = 0.001; LR: R = 0.9215, p = 0.001; 
BS: R = 0.9437, p = 0.001; VS: R = 0.9733, p = 0.001), 
and the differences between groups were greater than 
those within groups (Fig.  4B). Moreover, the results 
of PERMANOVA analysis showed that N addition 
explained 82.73% (p = 0.001), 91.10% (p = 0.001), 76.15% 
(p = 0.001) and 83.36% (p = 0.001) of the bacterial com-
munity discrepancy in NR, LR, BS and VS, respectively 
(Additional file 1: Table S1). The results indicated that 
the composition of bacterial communities in the four 
biocolonization types changed significantly with N 
addition, which could explain the community variation 
to a large extent.

The variation in species composition among sites, or 
beta diversity, can be decomposed into replacement and 
richness differences, allowing testing of various hypoth-
eses about the processes driving species distribution and 
biodiversity. The beta diversity decomposition analy-
ses showed that the compositional dissimilarities of 
the bacterial community were all dominated by species 
replacement processes in the four biocolonization types 
(contributed to 60.98%, 76.32%, 67.27% and 72.14% of the 
bacterial diversity in NR, LR, BS and VS, respectively), 
while richness difference processes only contributed 
39.02%, 23.68%, 32.73% and 27.86% on average (Fig.  5). 
This indicated that the changes in bacterial diversity 
caused by N addition in the four biocolonization types 
were more determined by species turnover than differ-
ences in richness.

Fig. 3 Shannon (A) and Chao1 (B) indices of bacterial community under different nitrogen addition levels according to one-way ANOVA 
with Student’s t-tests (p < 0.05). * indicate significant differences between different treatments. *, p < 0.05;**, p < 0.01***, p < 0.001
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Fig. 4 Analysis of differences in bacterial community structure under different treatments. Principal co-ordinate analysis (PCoA) based on the bray_
curtis distance matrix (A). ANOSIM analysis based on bray_curtis distance matrix (B)

Fig. 5 Triangular plots of beta diversity comparisons (using Sørensen dissimilarity index) for bacteria communities in NR (A), LR (B), BS (C) and VS 
(D) colonization
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Bacterial community composition and relative abundance
Bacterial groups with relative abundances greater than 
1% at the phylum taxonomic level were selected and are 
shown in the histogram of Fig.  6, and the groups with 
relative abundances less than 1% were combined into 
others. The dominant bacterial phyla shared by the four 
biocolonization types included Cyanobacteria, Pro-
teobacteria, Actinobacteria, Firmicutes, Chloroflexi, 
Acidobacteria, Bacteroidetes and Patescibacteria; Planc-
tomycetes and WPS-2 were the common phyla in NR, 
BS and VS. Verrucomicrobia was the dominant phylum 
shared by NR, LR and VS. Myxococcota was the domi-
nant phylum shared by LR, BS and VS. These dominant 
bacterial phyla accounted for more than 95% of the entire 
bacterial community (Fig. 6).

In NR, Cyanobacteria, Proteobacteria, Actinobacte-
ria and Firmicutes were the dominant phyla, account-
ing for more than 80.57% of the relative abundance. The 
relative abundance of Cyanobacteria in the N1, N3 and 
N4 treatments was significantly higher than that in the 
N0 treatment (p < 0.01). Compared with cyanobacteria, 
the relative abundance of Proteobacteria represented an 
opposite trend. With increasing N addition, the relative 
abundance of Proteobacteria began to decrease signifi-
cantly under the N3 treatment and continued to decrease 
under the N4 treatment (p < 0.01). The relative abundance 
of Firmicutes significantly increased with increasing N 
addition (p < 0.01). In contrast, the relative abundance 
of Actinobacteria fluctuated with increasing N addition 
but decreased significantly after N addition in general 
(Fig.  6 and Table  S2). In LR, the relative abundance of 
four phyla exhibited significant (p < 0.01) changes, with 
a hump-shaped pattern with increasing N addition for 

Proteobacteria, Chloroflexi, Acidobacteria and Bacte-
roidetes, whereas it decreased significantly for Firmi-
cutes (p < 0.01) (Fig.  6 and Table  S3). In BS, the relative 
abundance of Acidobacteria decreased with N addition, 
but that of WPS-2 and Bacteroidetes increased in the 
N4 and N1 treatments, respectively (p < 0.05) (Fig. 6 and 
Table S4). The relative abundance of Firmicutes and Bac-
teroidetes displayed significant increasing patterns with 
N addition in VS but Actinobacteria displayed a decreas-
ing pattern of (p < 0.05) (Fig. 6 and Table S5).

LEfSe analysis of species difference
LEfSe (LDA effect size) analysis can be used to compare two 
or more groups to find species with significant differences 
(indicator species) between groups. To more accurately 
describe the functional characteristics of indicator species 
under different N addition treatments, indicator species at 
the end of each branch were counted. Cladogram analysis 
showed that bacterial indicator taxa appeared among dif-
ferent N addition treatments in the four biocolonization 
types. In NR, o_Burkholderiales and f_Sphingomona-
daceae, g_Chujaibacter, p_Firmicutes and c_Bacteroidia, 
g_Alicyclobacillus and Ktedonobateria were the indicator 
species of N1, N2, N3 and N4, respectively (Additional 
file 1: Figure S1). In LR, g_Rubrobacter, f_Nocardioidaceae, 
f_JG30-KFCM45, p_Bacteroidetes, g_Bacillus, o_Cau-
lobacterales and f_Rhizobiaceae, f_Xanthobacteraceae, 
o_Burkholderiales and g_Rhodanobacter, f_Sphingomona-
daceae and g_Dyella, g_Chujaibacter, f_Acetobacteraceae 
and o_Choroplast were the indicator species of N1, N2, 
N3 and N4, respectively (Additional file  1: Figure S2). 
In BS, c_Gammaproteobacteria and f_Ktedonobacte-
raceae were the unique indicator species of the N1 and N3 

Fig. 6 Community structure composition and relative abundance of bacteria at the phylum level
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treatments, respectively, and there were three (o_Rhizo-
biales, g_Mycobacterium and o_Chloroplast) and four 
(c_Acidimicrobiia, g_Acidotherums, g_Conexibater, f_Ace-
tobacteraceae and p_WPS2) indicators of the N2 and N4 
treatments, respectively (Additional file 1: Figure S3). There 
were four (c_Actinobacteria, g_Conexibater, g_Crossiella 
and p_WPS2), three (c_Acidimicrobiia, f_streptomyc-
etaceae and o_Burkholderiales), four (o_Oscillospirales, 
g_Lactobacillus, f_Bacteroidaceae and o_Enterobacterales) 
and two indicator species (o_Gaiellales and o_Rhizobiales) 
of the N1, N2, N3 and N4 treatments in VS, respectively 
(Additional file  1: Figure S4). These results indicated that 
the indicator species appeared differently after N treatment 
in different biocolonization types.

Linkages of bacterial community composition 
with environmental factors
Redundancy analysis (RDA) was used to verify the relation-
ships between sample types and environmental factors. 
The results of RDA showed that all environmental factors 
explained 86.62%, 81.18%, 71.96% and 63.73% of the vari-
ation in bacterial community composition for NR, LR, BS 
and VS, respectively (Fig.  7A). The environmental factors 
that contributed the most to the bacterial community com-
position under different types of biocolonization were TN 
(R = 0.769, p = 0.001, in NR), DON (R = 0.9575, p = 0.001, in 
LR), DON (R = 0.9204, p = 0.001, in BS), and TP (R = 0.8178, 
p = 0.001, in VS) (Table S7). Second, environmental factors 
with significant influence included DON, pH and TOC 
for NR; TN, pH, DOC and TOC for LR; DOC and pH for 
BS; and TN, AP, pH and DON for VS (Additional file  1: 
Table S7). The results demonstrated that the main environ-
mental factors driving bacterial community composition in 
different types of biocolonization of the Leshan Giant Bud-
dha varied greatly.

Spearman correlation heatmap analysis found that there 
were twelve bacterial phyla that represented significant 
correlations with TN in NR (nine were negative and three 
were positive); all four bacterial phyla displayed positive 
correlations with DON in LR; two bacterial phyla showed 
positive correlations and five showed negative correlations 
with DON in BS; and four bacterial phyla showed signifi-
cant correlations with TP in VS (Fig. 7B).

Discussion
The rapid population and economic growth in the 21st 
century has changed the environment and climate, 
which needs to be taken into account in the sustainable 

conservation of stone monuments. Changing environ-
ments alter microbial communities and thus the pattern 
of biodeterioration [36, 37]. Simulations of future climate 
scenarios can be used to assess and predict changes in 
biodeterioration patterns [4]. Therefore, we investigated 
the response of bacterial communities to N deposi-
tion under different types of biocolonization of stone in 
the Leshan Giant Buddha by simulating atmospheric N 
deposition.

Responses of soil physicochemical properties to N 
deposition
Biodeterioration is a ubiquitous phenomenon involv-
ing the biogeochemical cycling of carbon, nitrogen and 
phosphorus. Carbon is the pivotal element in construct-
ing the biological framework of ecosystems, while nitro-
gen and phosphorus serve as primary limiting factors in 
biological growth and development. They exert a crucial 
influence on microbial metabolism regulation and domi-
nance, operating independently yet mutually influencing 
each other [38, 39]. Previous studies have shown that the 
accumulation of nutrients on the surface of stone relics 
can promote the growth of epilithic microorganisms, 
thus increasing the risk of stone degradation [40].

The supersaturation of N causes the pH of the ecosys-
tem to decrease [41]. The addition of ammonium nitrate 
solution significantly increases the contents of  NH4

+ and 
 NO3

- in the system. The  NO3
- produced by the nitrifica-

tion of  NH4
+ and the leaching of excess  NO3

- in the soil 
are the main mechanisms leading to soil acidification 
[42]. The  H+ produced by nitrification is adsorbed in 
the soil cement structure and undergoes a displacement 
reaction with base ions, resulting in a significant drop in 
soil pH. The opposite change trend of ammonium nitro-
gen, nitrate nitrogen and pH value with the increase in 
N application concentration in NR, LR and BS areas of 
the Leshan Giant Buddha also confirmed the view that 
N increase will lead to soil acidification (Fig.  2I). Previ-
ous studies have shown that low pH facilitates the pre-
cipitation of mineral cations and has a promoting effect 
on stone degradation [43, 44]. Nitrogen fertilization sig-
nificantly reduced the soil pH of the four biocoloniza-
tion types, implying that N deposition had a potential 
promoting effect on the weathering of the Leshan Giant 
Buddha under different biocolonization types.

Atmospheric N is an essential nutrient source for eco-
systems and can promote primary production under 
the premise that it does not exceed the critical load of 

Fig. 7 Redundancy analysis between bacterial community and environmental factors (A); heat map analysis of correlations between bacterial 
phyla and environmental factors (B)

(See figure on next page.)
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Fig. 7 (See legend on previous page.)
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the ecosystem [45]. The results showed that the TOC 
and TN contents in the NR and LR areas of the Leshan 
Giant Buddha increased significantly after N addition 
(Fig.  2A ans B). Naked rock and lichen habitats can be 
regarded as the initial phases of pedogenesis where 
space replaces time and are typical nitrogen-limited and 
carbon-deficient ecosystems [46]. Carbon accumulation 
on stone surfaces mainly consists of microbial biomass. 
Ortega-Morales et al. (1999) showed that the C/N ratios 
of biofilm samples collected under different microclimate 
conditions were close to those of microbial cells, indicat-
ing that the main source of organic matter is the biofilm 
itself [47]. The stimulation of N input promotes carbon 
assimilation by epilithic microorganisms and increases 
carbon accumulation on the stone surface by retaining 
the assimilated carbon in biomass, which is an essential 
nutrient to support large-scale stone destruction [48]. 
The positive impact of N deposition on carbon sinks, 
however, diminished as N saturation increased (Fig. 2A), 
potentially due to the decline in pH resulting from N 
addition. Research has indicated that soil acidification 
can trigger aluminum toxicity in soil microorganisms, 
consequently leading to a reduction in microbial biomass 
[49, 50]. In natural ecosystems, the sources of soil organic 
carbon mainly include the deposition of plant roots and 
the accumulation of litter [51]. Atmospheric Nr deposi-
tion increases the soil available N content to increase 
crop or tree growth and yield by increasing the plant pho-
tosynthetic rate and adjusting carbon allocation [52, 53]. 
However, N addition did not significantly promote soil 
TOC accumulation in BS and VS (Fig. 2A), which is simi-
lar to the results of many studies on the effect of N addi-
tion on organic carbon [54–56]. This is precisely because 
aboveground vascular plants adjusted their investment 
strategies in time to directly use the additional inor-
ganic nitrogen, which lessened the necessity for them 
to cooperate with microorganisms to obtain nutrients 
and thus did not increase carbon investment into the 
ground without discrimination [57]. However, organic 
carbon accumulation is a long-term and slow process in 
forest ecosystems. Therefore, the 24-month N fertiliza-
tion treatment in this study was not enough to make the 
effect of litter input on organic carbon accumulation sig-
nificant. However, 27 years of N fertilization significantly 
promoted soil carbon sequestration in grassland ecosys-
tems [58]. This evidence indicated that the accumulation 
of soil organic carbon by N fertilization depends on the 
trade-off of benefits by aboveground plant communities 
and is limited by time, and appropriate N addition may 
lead to accumulation effects on a larger time scale.

Primary mineral phosphorus is the main form of 
phosphorus in soil, which becomes the initial source of 
soil available phosphorus after weathering [59, 60]. The 

primary mineral phosphorus is particularly sensitive to 
soil pH and has low stability in acidic soils [61]. N depo-
sition stimulates proton  (H+) production and causes soil 
acidification, which largely drives the dissolution of pri-
mary mineral phosphorus [49]. This explained the sig-
nificant decrease in soil TP content in NR and LR after 
N addition in this study (Fig. 2C). In addition, the Leshan 
Giant Buddha is located in a warm and humid subtropi-
cal monsoon climate zone, and abundant rainfall is one 
of the causes of mineralization of primary phosphorus 
by N, especially when N and rainfall occur simultane-
ously on the stone surface without vegetation coverage. 
Zhang et  al. (2020) found that the main mineral phos-
phorus decreased with increasing precipitation [62]. This 
is because precipitation causes leaching of highly mobile 
exchangeable calcium ions in the soil [63]. To maintain 
the charge balance of the soil solution, the calcium-con-
taining primary minerals are dissolved to replenish the 
soil solution that has lost calcium, and during this pro-
cess, the associated phosphorus in the primary minerals 
is also released into the soil solution [64]. Therefore, N 
deposition can directly lead to the dissolution of primary 
minerals through soil acidification to release phospho-
rus. At the same time, precipitation accompanied by N 
deposition can lead to the leaching of calcium ions and 
strengthen the weathering of primary minerals [63], 
resulting in the loss of phosphorus. We also found that 
the soil TP content in areas of vascular plant coloniza-
tion increased significantly after N application (Fig. 2C), 
which may be due to the role of plants and soils buffer-
ing the leaching of phosphorus by precipitation accom-
panied by N deposition and retaining phosphorus in the 
soil environment through biochemical processes. On one 
hand, nitrogen deposition can facilitate the release of car-
boxylates from the plant rhizosphere, thereby accelerat-
ing phosphate mineralization of parent rock [65]. On the 
other hand, immobile particles in the soil and competing 
sorption sites on otherwise non-polluting sediments and 
colloids, which are relatively mobile in water flows along 
the surface or through the soil, exhibit a strong adsorp-
tion effect on various forms of phosphorus [66]. The TP 
content in BS did not show a significant increase as a 
result of bryophyte rhizoid and barren soil.

Effect of N deposition on the diversity and composition 
of bacterial communities
Increased nutrient availability has been shown to alter 
microbial community structure and diversity [67, 68]. 
The exposed stone surface can be considered a bar-
ren ecosystem, limited by many nutrients. Typically, 
additional available N input increases microbial nutri-
ent availability, promoting microbial community abun-
dance and diversity by alleviating resource constraints 
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[20]. However, bacterial Shannon diversity decreased 
significantly with N addition in NR (Fig.  3A), which is 
consistent with some results on the effect of nitrogen 
deposition on soil microbial diversity [19, 69]. It is gener-
ally accepted that aboveground plants provide carbon to 
belowground microorganisms through photosynthesis in 
exchange for other soil nutrients such as N [70]. When 
soil N availability increases, aboveground plants will 
maximize their benefits by reducing belowground car-
bon input, which will lead to a decrease in soil microbial 
diversity [71]. Clearly, the absence of vegetation in naked 
stone habitats does not appear to be sufficient evidence 
that the reduction in bacterial diversity is due to altered 
carbon allocation strategies of aboveground vegetation. 
Cyanobacteria are a class of chlorophyll-containing, pho-
tosynthetic autotrophic bacteria. Notably, the relative 
abundance of Cyanobacteria accounted for an average of 
40.07% in NR, and it increased significantly(from 21.51 
to 45.38%) after N1 application (Table  S2). Increased N 
availability might restrict the carbon release by cyano-
bacterial autotrophs. This could limit the growth of 
other bacteria, resulting in reduced bacterial diversity 
post N-fertilization. In addition, the decrease in bacterial 
diversity may be related to the decrease in soil pH caused 
by N input [50]. In particular, soil fungi are adapted to a 
wider range of soil pH values than bacteria due to their 
thick and interconnected chitinous cell walls [72]. In this 
case, the bacterial community tends to select the C-strat-
egist to increase competition with fungi, and this selec-
tion enables the competing population to maximize the 
use of light, water, and nutrients at the site and transfer 
these resources to organisms to obtain more of other 
resources (such as exchanging with fungi for minerals 
mobilized by fungal hyphae from stones). The strategy, 
however, did not work in areas of vascular plant colo-
nization. In these areas, adding nitrogen significantly 
increased bacterial biodiversity due to the alleviation of 
soil nitrogen limitation caused by short-term fertilization 
[73].

Microbes can respond to nutrient input through 
changes in community structure. In this study, N addi-
tion had significant effects on the bacterial community 
composition of different types of biocolonization in the 
Leshan Giant Buddha sandstone (Fig. 4A). N deposition 
can directly or indirectly affect soil microbial commu-
nities by changing various soil properties [74, 75]. The 
results of RDA showed that after N addition, the environ-
mental factors that had the main impact on the microbial 
community were different in the four types of biocolo-
nization. For example, TN contributed the most to the 
change in microbial community structure in naked rock, 
but TP contributed the most to areas colonized by vas-
cular plants. Previous studies on community succession 

sequences have confirmed the limitation of nitrogen 
in early succession and phosphorus in later succession. 
This is supported by the significant increase in growth-
related parameters of trees in the two younger sites 
due to nitrogen supply, while no significant effect was 
observed on plant growth in the oldest site. Addition-
ally, phosphorus additions resulted in an increase in plant 
tissue phosphorus levels [76]. Therefore, it is reasonable 
to speculate that N input mediates changes in bacterial 
community structure by alleviating the nutrient limiting 
state in different habitats. Altered microbial commu-
nity structure can affect ecosystem functions, including 
soil element cycling and nutrient accumulation [77]. The 
Spearman correlation heatmap showed that in NR, the 
TN content was significantly positively correlated with 
the relative abundances of Cyanobacteria, Firmicutes and 
Chloroflexi. Among them, autotrophic bacteria such as 
Cyanobacteria and Choroflexi can fix  CO2 and  N2 in the 
atmosphere, contributing to the accumulation of organic 
matter on the stone surface and providing basic nutrients 
for heterotrophic microorganisms and plant colonization 
[46].

Soil microbial community structure and composi-
tion are highly complex, allowing functional redun-
dancy to occur [78]. Functional redundancy means that 
the loss of a species may not affect ecosystem func-tion 
because each metabolic function can be performed by 
several coexisting, taxonomically distinct spe-cies [78]. 
Although N addition reduced bacterial diversity in bare 
rock, β-diversity decomposition analysis revealed that 
species replacement, rather than species abundance, 
was the main contributor to community variation (Fig-
ure 5). Thus, the loss of species in part of the habitat is 
the result of species nestedness and may not affect their 
functional diversity. Some studies have found that the 
degree of weathering of stone cultural relics is related to 
microbial diversity [79, 80], speculating that high micro-
bial diversity increases the risk of biodeterioration of 
stone monuments [40]. However, under the background 
of N deposition, epi-lithic bacteria will adjust their adap-
tation strategies due to changes in ecological factors, 
such as reducing diversity and increasing the relative 
abundance of other groups. Therefore, our study high-
lighted that the bacterial communities of outdoor stone 
artefacts responded to external environmental changes 
through different survival strategies under various bio-
colonization types (habitats), but such strategies were not 
strongly associated with biodiversity.

Simultaneously, the LEfSe analysis identified enriched 
bacterial taxa after N addition in different biocoloniza-
tion types of stone in the Leshan Giant Buddha. The 
results showed that Burkholderiales, Sphingomona-
daceae, Chujiabacter, and Bacteroidetes were indicator 
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species co-occurring in NR and LR after N addition 
(Additional file 1: Figure S1 and S2). Many studies have 
shown that Burkholderiales have high mineral weather-
ing efficiency [81, 82], can effectively dissolve phosphorus 
from apatite and are important phosphorus-dissolving 
bacteria [83]; they also have the ability to release sili-
con, aluminium and iron from biotite rocks [84]. Sphin-
gomonadaceae are aerobic photosynthetic bacteria that 
play important roles in biocrust ecosystems [85]. Alicy-
clobacillus, which was significantly enriched under N4 
treatment in NR (Additional file 1: Figure S1), is an acido-
philic bacterium with remarkable bioleaching efficiency 
for mineral elements such as magnesium, aluminium, 
potassium, calcium, and phosphorus [86]. In addition, 
indicator species such as Basillus, Rhizobiaceae, Dyella, 
Rubrobacter, Rhodanobacter, and Acetobacteraceae 
appeared in areas colonized by lichens after N addition 
(Figure S2), and most of these species have potential 
weathering ability. For example, Basillus has the same 
weathering ability as Burkholderia by producing self-
emulsifying active acids and surfactants to dissolve min-
eral elements such as phosphorus, silicon, aluminium, 
and iron [2, 84]. Dyella is often isolated on the surface of 
weathering stones [87], can release aluminium and iron 
elements from biotite in a nutrient-poor environment 
[88], and has high silica and aluminium dissolution activ-
ity during the weathering of potassium trite [89]. These 
results indicate that Dyella not only has excellent adapt-
ability on oligotrophic stone surfaces but also plays an 
important role in promoting biodegradation. Rhizobiales 
and Acidimicrobiia were indicator species coenriched in 
BS and VS. In addition, Bacteroidaceae and Lactobacil-
lus were indicator species in VS. Acidimicrobiia and Bac-
teroidaceae are mainly related to cellulose degradation 
[90], and Lactobacillus has a strong ability to metabolize 
carbohydrates and produce acid and can ferment sugars 
to produce lactic acid or other acids, which have a direct 
effect on the biodeterioration of stone. Rhizobiales have 
functions in biological nitrogen fixation and secretion of 
cellulase. The enrichment of bacterial taxa varies under 
different biocolonization, with direct rock-corroding and 
weathering bacteria dominating in NR and LR, while 
nutrient-transforming bacteria are prevalent in BS and 
VS. The diverse enrichment outcomes resulting from the 
N addition all present a potential risk to stone monu-
ments preservation.

The results of our study revealed that the N addi-
tion significantly enhanced the accumulation of TOC 
in both NR and LR. Additionally, it was observed that 
atmospheric N deposition had a stimulating effect on 
the enrichment of TP content in VS. These indicate that 
future increases in N deposition will promote nutri-
ent accumulation in the rock surface of Leshan Giant 

Buddha. In NR, the addition of N resulted in a decrease 
in bacterial diversity; however, the analysis of β-diversity 
decomposition revealed that community change was 
primarily driven by species turnover rather than spe-
cies richness. Meanwhile, the LEfSe analysis found that 
Burkholderiales and Alicyclobacillus bacterial groups 
were significantly enriched in NR, which had high min-
eral weathering efficiency on rocks. Previous studies have 
established a significant correlation between bacterial 
diversity and the weathering of cultural relics [79, 80]. 
However, this study emphasizes that species replacement 
of bacteria plays a greater role in altering community 
structure within the context of N deposition. Therefore, 
in order to effectively preserve stone monuments against 
biodeterioration in areas with increasing nitrogen depo-
sition pollution, it is crucial to focus on specific species 
and functional bacteria while developing targeted protec-
tive measures.

In addition, the mechanism of enriched bacterial 
groups with potential weathering risk in the weathering 
process of stone monument requires further investiga-
tion. Clarifying the physiological and biochemical key 
processes of these microorganisms is crucial for formu-
lating specific measures to safeguard and conserve stone 
monuments in the face of increasing nitrogen deposition 
in the future.

Conclusions
The impact environmental pollution on the biodete-
rioration of outdoor immovable stone monuments has 
received much attention. We investigated the responses 
of bacterial communities and soil nutrients in four typical 
biocolonization types of stone in the Leshan Giant Bud-
dha, a world cultural and natural heritage site, by simu-
lating atmospheric nitrogen deposition. We found that 
nitrogen fertilization promoted the accumulation of total 
organic carbon and total nitrogen in NR and LR, and 
increased the content of total phosphorus in VS. Bacte-
rial α-diversity decreased with nitrogen addition in NR 
but increased with nitrogen addition in VS. Nitrogen 
addition significantly changed the bacterial community 
composition in the four biocolonization types, and the 
changes were dominated by species replacement. The 
study demonstrates that the future increase in atmos-
pheric nitrogen deposition will enhance nutrient accu-
mulation within the surface layer of stone monuments, 
consequently augmenting the susceptibility of stone 
monuments to weathering through alterations in bacte-
rial community structure and composition. The accuracy 
of cultural relic protection and preservation in the con-
text of climate change can be enhanced by giving more 
attention to the specific taxa and functional species asso-
ciated with outdoor stone monuments.
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