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Biocrusts protect the Great Wall of China from erosion
Yousong Cao1,2,3, Matthew A. Bowker4,5, Manuel Delgado-Baquerizo6, Bo Xiao1,2,3,7*

The GreatWall of China, one of themost emblematic and historical structures built by humankind throughout all
of history, is suffering from rain and wind erosion and is largely colonized by biocrusts. However, how biocrusts
influence the conservation and longevity of this structure is virtually unknown. Here, we conducted an extensive
biocrust survey across the Great Wall and found that biocrusts cover 67% of the studied sections. Biocrusts
enhance the mechanical stability and reduce the erodibility of the Great Wall. Compared with bare rammed
earth, the biocrust-covered sections exhibited reduced porosity, water-holding capacity, erodibility, and salinity
by 2 to 48%, while increasing compressive strength, penetration resistance, shear strength, and aggregate
stability by 37 to 321%. We further found that the protective function of biocrusts mainly depended on biocrust
features, climatic conditions, and structure types. Our work highlights the fundamental importance of biocrusts
as a nature-based intervention to the conservation of the Great Wall, protecting this monumental heritage
from erosion.
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INTRODUCTION
The Great Wall of China stretches an astonishing 8851.8 km across
mostly dryland environments and is recognized as a world heritage
site due to its unparalleled construction duration and geographical
span (1). Enduring for over five centuries, the Great Wall serves as
an irreplaceable manifestation of the Chinese nation and an invalu-
able treasure of human civilization. The Great Wall in many loca-
tions and time periods was built with rammed earth, which was one
of the most common materials used to build large structures in the
ancient world, encompassing natural raw materials such as soil and
gravel and was used to build walls and foundations (2). Currently,
these types of structures (i.e., earthen heritage sites) constitute ap-
proximately 10% of the World Heritage List, most of which are
found in dry climate regions of Central Eurasia. As an emblematic
rammed earth structure (3, 4), the Great Wall is highly vulnerable to
wind erosion, rainfall scouring, salinization, and freeze-thaw cycles,
leading to severe issues such as cracking, disintegration, and even
eventual collapse (5, 6). Considering the impacts of global climate
change, the Great Wall is at risk of severe deterioration, which may
jeopardize the long-term durability of its rammed earth structure
(7). As of now, only 5.8% of its total length remains well preserved,
while 52.4% has either vanished or become severely deteriorated (8).
Therefore, conservation strategies must be implemented as a matter
of urgency. Implementing more effective and sustainable strategies
to mitigate the deterioration is critical for conserving this invaluable
cultural heritage for future generations (9, 10).

Traditional heritage conservation theory suggests that natural
vegetation is harmful and must be removed from the heritage

structure due to the destruction from root activity and biological
weathering (11), but studies conducted over the past three
decades challenge this viewpoint, revealing that short-rooted and
drought-resistant herbs can serve as a natural protector against
erosion rather than a destroyer (12, 13). Nonetheless, the influence
of vegetation on the conservation of large-scale human-made struc-
tures is still under debate. Biocrusts, photoautotrophic communities
primarily composed of cyanobacteria, mosses, lichens, other micro-
organisms, and tightly bound soil particles (14–16), are known to
cover large sections of the Great Wall (17). Although biocrusts col-
onize only a few centimeters on the surface soil, they can act as eco-
system engineers supporting and regulating many key processes of
soil and terrestrial ecosystems (18), including hydrology (19), sub-
strate stability (20), biogeochemical cycles (21), and vegetation suc-
cession (22). Hence, biocrusts may also influence the mechanical
stability and physicochemical properties of the rammed earth
used to build the Great Wall, serving as a natural living cover to
protect earthen heritage objects in dry climates (23). However, the
contribution of biocrusts to conserving the Great Wall is virtual-
ly unknown.

Here, we hypothesized that similar to their effect on natural soils,
biocrusts can increase the stability, as well as reduce the erosion, of
the Great Wall. To test this hypothesis, we conducted an extensive
biocrust survey on the Great Wall to investigate the influence of bio-
crusts on the stability and erodibility of the Great Wall. Our survey
expands over 600 km in the drier climate section of the Great Wall.
Our sampling was conducted on the rammed earth material of the
Great Wall and targeted bare surfaces (uncovered by vegetation or
biocrusts; bare rammed earth hereafter) and biocrust-covered sec-
tions of the Great Wall. Subsequently, laboratory analyses of the bi-
ocrusts (cyanobacteria and moss-dominated) and bare rammed
earth were carried out. Our study proves that the colonization
and development of biocrusts exert long-term and multifaceted
protections against erosion on the Great Wall through enhancing
mechanical stability and reducing the erodibility of rammed
earth. This knowledge provides a momentous insight and nature-
based intervention for global heritage conservation in drylands.
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RESULTS
Biocrusts cover large sections of the Great Wall
We found that cyanobacteria and moss biocrusts covered 67.1% of
the studied sections of the Great Wall. Thus, the Great Wall seems to
provide a favorable environment for cyanobacterial and moss bio-
crusts. Biocrust-forming lichens were also found occasionally (fig.
S1). These biocrusts were composed of different dominant species
(table S5). In general, Tychonema was the dominant genus in the
cyanobacterial biocrusts, and Leptolyngbya, Microcoleus, Chroococ-
cidiopsis, Mastigocladopsis, and Diplosphaera were common addi-
tional genera. The moss-dominated biocrusts, on the other hand,
were dominated by the family Pottiaceae, encompassing Didymo-
don Hedw. and Barbula Hedw. (fig. S2). Furthermore, we also
found two types of lichen biocrusts on the Great Wall, Cladonia
phyllophora Ehrh. ex Hoffm. and Ochrolechia sp.

We found that the characteristics of biocrusts covering the Great
Wall varied with the biocrust type, climate, and type of structure (e.
g., wall and fortress of the Great Wall) (see table S3). For instance,
cyanobacterial biocrusts were the dominant types of biocrusts cov-
ering the Great Wall in arid climates, covering 1.5 times more
surface than in semiarid climates. Contrastingly, moss biocrusts
thrive in wetter semiarid climates, supporting a 44.1% more moss
cover than in arid climates. Furthermore, the development level of
biocrusts was especially noticeable in the fortresses. Biocrusts sup-
ported 11.9 to 88.0% more cover and greater thickness and biomass
on the fortresses compared with the walls. As shown in table S4, the
factors of biocrust type, climate, and structure type all had signifi-
cant effects on biocrust characteristics, with their interaction effects
being also statistically significant.

Biocrusts protect the Great Wall from erosion
Our analyses revealed that biocrusts play a critical role in reducing
the levels of natural erosion of the Great Wall. Biocrusts were found
to reduce the capillary and total porosity of rammed earth (bare
rammed earth > cyanobacterial biocrusts > moss biocrusts) and
cause a reduction of field capacity by 5.2% on average (Fig. 1C). Spe-
cifically, field capacity is a critical soil hydraulic parameter defined
as the soil water content when the capillary-suspended water
reaches its maximum, reflecting soil water retention property and
influencing runoff, evaporation, and infiltration. Thus, the lower
field capacity of biocrusts indicated their potential to reduce infil-
tration into the wall. Meanwhile, the porosity of biocrusts in arid
climates was 1.1 times greater than in semiarid climates (Fig. 1, A
and B), suggesting a potential impact of climate conditions on bio-
crust properties. Moreover, variations were also observed in the po-
rosity and water-holding capacity of biocrusts across different
structure types of the Great Wall, and there were also differences
among various defense districts (i.e., the military-political division
of the Great Wall in the Chinese Ming Dynasty) on the regional
scale (Fig. 1, A, B, and D, and fig. S4). Moss biocrusts on the for-
tresses demonstrated a 5.5 to 22.6% decrease in porosity and water-
holding capacity compared with that on the walls, indicating that
the contribution of moss biocrusts to strengthening the infiltration
resistance is especially important for fortresses (Fig. 1, A and B).
Among four defense districts, the defense district with the lowest
porosity and water-holding capacity of biocrusts was 2.2 to 11.2%
lower than other defense districts, reflecting the different biocrust

effects caused by its diverse development status in distinct microcli-
mates of each district.

Biocrusts promoted the mechanical stability of the Great Wall
against external erosive forces (Fig. 2 and fig. S5). Notably, under
external pressure, the stress-strain curves of biocrusts and bare
rammed earth had different peak values, representing contrasting
compressive strength (Fig. 2A). Biocrusts had 124% (168.59 kPa
versus 75.07 kPa), 37% (0.97 MPa versus 0.71 MPa), and 53%
(5.61 kg/cm2 versus 3.66 kg/cm2) higher compressive strength, pen-
etration resistance, and shear strength, respectively, than bare
rammed earth (Fig. 2, B to D). In addition, the mechanical stability
of moss biocrusts surpassed that of cyanobacterial biocrusts. Re-
garding the climatic influence (Fig. 2D and fig. S5, D and E), the
penetration resistance of biocrusts in arid climates was 1.4 times
that in semiarid climates, while the compressive strength and
shear strength were lower than those in semiarid climates. Further-
more, the mechanical stability of biocrusts varied with structure
types of the Great Wall (Fig. 2E and fig. S5F). Specifically, the com-
pressive strength of biocrusts on fortresses was 1.6 times that on the
walls, while the shear strength was 12.4% lower than that on walls; in
contrast, there was little difference in compressive strength of bare
samples from walls and fortress.

Biocrusts were found to significantly reduce the erodibility of the
Great Wall, which was evidenced by the 178% increase in aggregate
stability (Fig. 3, A to C), 142% increase in organic matter content
(fig. S7A), 40% decrease in soluble salt content (Fig. 3D), and
48% decrease in electrical conductivity (Fig. 3E). The erodibility
(K), which reflects the vulnerability of soil to erosion, is positively
correlated with the rate of soil loss. We found that moss biocrusts in
semiarid climates reduced erodibility (K) by 14.8% (0.148 versus
0.194), further indicating the positive influence of biocrusts on
the Great Wall (Fig. 3F). Furthermore, the macroaggregate
content, geometric mean diameter (GMD), and mean weight diam-
eter (MWD) of biocrusts on fortresses were similar to that on the
walls, but these indicators of fortress exhibited higher values than
walls if there was no biocrust cover (fig. S6, A to C). On the regional
scale, the above differences were ultimately reflected as the varia-
tions of erodibility in different defense districts of the Great Wall
(Fig. 3G and figs. S6, D to F, and S7, D and E). The defense district
with the greatest aggregate stability was 11.2 to 62.5% higher than
others, while the defense district with the lowest erodibility and sal-
inity was 4.5 to 38.5% lower than others.

Relationship between biocrust characteristics and their
protective functions
As illustrated in fig. S8, we found that the protective functions of
biocrusts were closely correlated with their fundamental physico-
chemical characteristics. With regard to cyanobacterial biocrusts,
their porosity had negative correlations with compressive strength
(r = −0.73), aggregate stability (r = −0.90), and organic matter
content (r = −0.90). Simultaneously, the thickness of biocrust
layer demonstrated a negative correlation with electrical conductiv-
ity (r = −0.76), while organic matter content manifested positive
correlations with aggregate stability (r = 0.96). For moss biocrusts,
we found positive correlations between moss density and aggregate
stability (r = 0.90). In addition, organic matter content had positive
relationships with aggregate stability (r = 0.88) and erodibility (r =
0.71), while it had a negative correlation with field capacity (r
= −0.74).
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DISCUSSION
Our study highlights the contribution of biocrusts to protect a large
section of the Great Wall from natural erosion. Biocrusts were dom-
inant organisms covering this irreplaceable and unparalleled mon-
ument of human heritage and provided greater stability and lower
erodibility compared with bare sections. This knowledge is critical
to understand how living covers influence the long-term conserva-
tion of one of the most important human monuments ever made.

Biocrusts currently cover a large portion of the Great Wall
We found that biocrusts were dominant organisms covering the
Great Wall. More than two-thirds of the studied sections were
covered by biocrusts, encompassing filamentous cyanobacteria (e.
g., Tychonema and Leptolyngbya), globular cyanobacteria (e.g.,
Chroococcidiopsis and Diplosphaera), and Pottiaceae family
mosses. According to the morphological classification and defini-
tion of the biocrust type (24–26), the biocrusts should be classified

as pinnacled crusts, which occur in mid-latitude cool deserts with
arid and semiarid climates and are dominated by cyanobacteria. Re-
garding morphology, these biocrusts were characterized by pinna-
cled mounds with mosses colonizing on their tips during the
succession, which can eventually support over 40% moss cover.

The formation and functions of biocrusts were mainly derived
from the above dominant organisms (27), which exhibit remarkable
cohesion effects, promoting the formation of a biocrust layer
through enmeshment of soil particles in stringy biological struc-
tures (e.g., moss rhizoids and cyanobacterial filaments) and
through secretion of soil binding compounds such as extracellular
polymeric substances (EPSs; including polysaccharides, amino
acids, proteins, etc.) (28, 29). As pioneer species with exceptional
stress resistance, cyanobacteria have evolved a robust cell wall and
often protect themselves in gelatinous masses of EPS against desic-
cation and radiation, and they have the ability to isolate themselves
from detrimental microhabitats through phototaxis (30, 31),

Fig. 1. Porosity and water-holding capacity of biocrusts and bare rammed earth on the Great Wall. (A) Box chart of capillary porosity of bare (bare rammed earth),
cyan (cyanobacterial biocrusts), andmoss (moss biocrusts) in different climates (arid, arid climate; S-arid, semiarid climate) and structure types (wall; fort, fortress). The red
stars indicate the mean value. (B) Box chart of total porosity. (C) Box chart of Sc (saturated water content) and Fc (field capacity). (D) Total porosity in different defense
districts (NX, Ningxia; YS, Yansui; SX, Shanxi; DT, Datong). The * designates a significant difference between different defense districts at the 0.05 level of probability.
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making them well suited to growth on the surface of the Great Wall.
Similarly, some mosses have developed specialized drought-toler-
ance structures, such as C-shaped or circular cell papillae (32),
which have the mechanisms of reflecting radiation and promoting
water conduction (33), thus enabling them to adapt to environmen-
tal stress on the Great Wall featuring high temperatures, drought,
and intense solar radiation. Therefore, the stable colonization and
long-term development of biocrusts on the Great Wall can be essen-
tially attributed to the stress resistance of cyanobacteria and mosses
within it.

Biocrusts protect the Great Wall from further erosion
We found that biocrusts play an essential role in reducing erosion in
the Great Wall compared with bare walls. As shown in Fig. 4, bio-
crusts exert protective functions in the Great Wall through multifac-
eted pathways. First, the dense biomass at the surface of biocrusts
serves as an anti-infiltration layer (34), resulting in the blockage
of soil pores connecting the surface to the deeper substrate and
therefore reducing porosity and water-holding capacity (35),
which helps to maintain a dry environment inside the heritage
structure and prevent disintegration and hydrolysis caused by

Fig. 2. Mechanical stability of biocrusts and bare rammed earth on the Great Wall. (A) ɛ (strain) andϬ (stress) curve of bare (bare rammed earth), cyan (cyanobacterial
biocrusts), andmoss (moss biocrusts). (B) Box chart of compressive strength. The red stars indicate themean value. (C) Box chart of penetration resistance. (D) Box chart of
shear strength in different climate regions. (E) Box chart of compressive strength in different structure types (wall; fort, fortress).
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frequent wet-dry cycles (36). In addition, the soil-binding secretions
and filamentous structures of biocrusts interweave to form a sticky
network that wraps soil mineral particles and aggregates (37), pro-
moting mechanical strength and aggregate stability against external
erosive forces (38, 39). Moreover, biocrusts continually absorb
soluble base cations from the substrate to synthesize metabolic com-
pounds, resulting in the mitigation of heritage salt corrosion (40,
41). Furthermore, the carbon fixation of biocrusts enhances soil
organic matter content, indirectly promoting aggregate stability
and reducing the erodibility of rammed earth (42). Meanwhile, bio-
crusts function as a thermic blanket, buffering against soil

temperature fluctuations and preventing heritage structures from
swelling-shrinkage deformation and freeze-thaw damage (43).

On the other hand, it should be pointed out that the biocrust-
forming cyanobacteria, mosses, and lichens may also exert some po-
tential biodeteriorative effects on the heritage site. Previous studies
have revealed the biological corrosion and weathering of crypto-
gams and microorganisms on stone heritages, including the me-
chanical damage of roots and filaments, expansion of organisms,
biomineralization, and acidic secretions (44–46). However, the bio-
crust effects on earthen heritages are very different from lichens on
stone heritages. First, soil has a loose and porous structure that is

Fig. 3. Erodibility indicators of biocrusts and bare rammed earth on the Great Wall. (A) Box chart of R (macroaggregate content) of bare (bare rammed earth), Cyan
(cyanobacterial biocrusts), and Moss (moss biocrusts). The red stars indicate the mean value. (B) Box chart of soluble salt content. (C) Box chart of Ec (electrical conduc-
tivity). (D) Box chart of GMD. (E) Box chart of MWD. (F) Box chart of K (erodibility coefficient) in different climates (arid climate and semiarid climate) and structure types
(wall and fortress). (G) K in different defense districts (Ningxia, Yansui, Shanxi, and Datong).
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different from stones, which can buffer the mechanical action from
biocrust filaments. Meanwhile, given that earthen heritages are
mainly distributed in arid and semiarid climate regions, the chem-
ical corrosion and weathering that require water as the reaction
medium are weak, and the intense wind and water erosion are the
primary threats (3, 5). Thus, the protective function of biocrusts
produced by their reduction of erodibility is much greater than
the potential biodeterioration caused by their biological weathering,
making the former a more noteworthy and important aspect in the
protection of earthen heritages. Furthermore, another potential bi-
odeterioration could be caused by the high cover of biocrusts, which
may disfigure the original appearance and aesthetics of earthen her-
itage sites. Some previous studies have mentioned the impact of veg-
etation and biofilms on the aesthetic value of heritage sites (47, 48),
but the maximum acceptable cover of vegetation without affecting
the original aesthetics remains uncertain. As a relatively subjective
issue, aesthetics is difficult to develop a unified standard. In addi-
tion, the acceptance of vegetation cover may vary among heritages
in different environments and styles. Therefore, as an important
and interesting topic, the biocrust effect on the aesthetics of heritage
sites deserves further study and discussion.

The contribution of biocrusts to the conservation of the
Great Wall is context dependent
The protective functions of biocrusts were closely correlated with
their types and developmental levels and therefore varied with
climate regions, structure types, and defense districts of the Great
Wall. Specifically, cyanobacterial and moss biocrusts had distinct
habitat preferences; the more effective protectors were mosses that
were more prevalent in semiarid rather than arid climates. These
two groups are also part of a common successional sequence
from early successional cyanobacteria, transitioning to mosses
where the climate permits (49). Similar climate-dominated patterns
are found in biocrusts across the Negev Desert, Mojave Desert, and
Colorado Plateau (14), and we provide further evidence to confirm
that variation of biocrust type is regulated by climate (50). At a more
advanced developmental level, moss biocrusts exceeded cyanobac-
terial biocrusts in thickness and biomass, with a denser surface, rhi-
zoids stronger and thicker than cyanobacterial filaments, and more
accumulation of soil organic matter (49, 51). Thus, moss biocrusts
exerted stronger protective functions than cyanobiocrusts under
identical conditions.

Furthermore, we found that the climate conditions indirectly af-
fected biocrust protective functions through regulating the relative
abundance of moss and cyanobacterial biocrusts, which was evi-
denced by higher stability and lower erodibility of biocrusts in

Fig. 4. Diagram showing the overall protective functions of biocrusts against erosion in the Great Wall as well as the influencing pathways. In comparison to bare
rammed earth, biocrusts exert protective effects mainly by reducing erosive force, strengthening soil mechanical stability, and reducing soil erodibility. The develop-
mental level and protective function of biocrusts on fortresses surpassed that on walls. EPS, extracellular polymeric substances. C means other organic matter such as
exudate, secretion, mucilage, and sloughed residue.
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wetter semiarid climates compared with more arid climates. More-
over, fortress and wall represent the two primary structure types of
the Great Wall with different construction technologies (52), and
the former were always constructed using fine-textured clay with
less impurity considering its superior defense function, resulting
in the substrate of fortresses being more conducive to the biocrust
colonization and subsequently being more effectively protected by
biocrusts than walls (Fig. 4). Similarly, as the composition of
rammed earth and biocrust features change along the Great Wall
in response to local climate and soil property variations (53), differ-
ences were also observed in various defense districts of the Great
Wall, further reflecting the comprehensive influence of climates,
microgeomorphology, and rammed earth properties on biocrust
contribution to heritage conservation on the regional scale.
Overall, these contrasting results underscore the necessity of con-
sidering the climate conditions and substrate characteristics of her-
itage structures when comprehensively evaluating the development
status and protective functions of biocrusts in heritage sites as we
have done here.

Biocrust provide a nature-based intervention to heritage
conservation
Currently, in light of the uncertainty engendered by global climate
change, the strategy for heritage conservation should be designed to
address the complex interactions between heritage structures and
the environment, consequently mitigating environmentally driven
deterioration (10, 54). Thus, the approach of heritage conservation
through vegetation cover, known as “soft capping” (13), has been
preliminarily discussed and implemented in Europe (12, 55) as a
nature-based, cost-effective, and long-lasting strategy and an alter-
native to traditional measures like “hard capping” with artificial ce-
mented capping layer on top of heritage structure (56).
Nevertheless, controversy persists regarding the efficacy of vegeta-
tion cover in preserving heritage structures (45). Against this back-
drop, our study represents a comprehensive report concentrating on
the positive influence of biocrusts on earthen heritage conservation,
particularly through conducting an extensive investigation across
arid and semiarid climates. We provided strong evidence to prove
that biocrusts can help reduce erosion in the Great Wall of China
supporting its conservation, which will raise the awareness of pres-
ervationists to reappraise the role of living covers on heritage struc-
tures. Although our study was focused specifically on the Great
Wall, we are confident that many earthen heritage structures in dry-
lands worldwide that are undergoing deterioration or at risk of
future deterioration can also be sheltered by biocrusts. On the
basis of previous studies (15, 57), the cover of biocrusts colonized
on the Great Wall may decrease in the face of future climate
change (e.g., rising temperature and increasing precipitation) like
the biocrusts in the entire dryland ecosystems, which reminds us
that we cannot ignore the potential impact of climate change on
the protective role of biocrusts. Fortunately, cyanobacterial bio-
crusts seems less adversely affected by climate change (57), thus
making it an ideal protector under future climate change.

In summary, the utilization of biocrusts represents a promising
and innovative strategy for heritage conservation as they offer supe-
rior advantages over conventional protective measures. In particu-
lar, biocrusts serve as stabilizers, consolidators, sacrificial layers, and
drainage roofs, combining the protective functions of several con-
ventional measures into one eco-friendly approach (58).

Meanwhile, biocrusts minimize the unintended secondary
damage to heritage structures such as cracking, salinization, and
water accumulation that are often caused by other measures, max-
imally maintaining the authenticity and integrity of the structure.
Furthermore, with regard to the ecological processes, biocrusts act
as a natural regulator to reconfigure the hydrological cycle (59), heat
exchange (60), and gas aeration (61) in heritage sites, shaping the
microenvironmental variation of heritages sites and further provid-
ing feedback to biocrust colonization and their protective functions.
Although we still do not fully understand the complex interactions
among heritage deterioration factors, biocrust protective functions,
and their ecological effects, it fortunately seems that biocrusts may
act as a shelter and regulator to help the heritage structure endure.
On this basis, we should conserve naturally occurring biocrusts on
heritage structures rather than removing them and then further in-
vestigate whether biocrust colonization of heritage structures can be
promoted through artificial inoculation and cultivation, which will
offer a momentous nature-based intervention and research focus in
the face of global climate change to preserve our shared heritage for
future generations.

MATERIALS AND METHODS
Study site description
The Great Wall in this study was erected during the Chinese Ming
Dynasty (1368–1644), stretching 8851.8 km in the arid and semiarid
climate regions of northern China (Fig. 5) (62). Beyond its isolated
and linear walls, the military defense system of the Great Wall en-
compasses a range of structures such as fortresses, barracks, beacon
towers, and passes, woven into an intricate network (1). The con-
struction and fortification of the Great Wall unfolded over multiple
reigns in the Ming Dynasty, including Xuande, Zhengtong,
Zhengde, and Jiajing emperors. The ancient Mongolian nomadic
civilization, which was geographically located in northern China,
posed a grave threat to the Ming Dynasty’s reign. To counter
these hazards, nine defense districts, including Liaodong, Jizhou,
Xuandu, Datong, Shanxi, Yansui, Ningxia, Guyuan, and Gansu,
were established to divide the Great Wall into different geographical
regions, forming a comprehensive defense system replete with an
administrative function to safeguard borders against external
nomadic cavalry (63).

This study meticulously selected eight exemplary sections of the
Great Wall as study sites, including Hengchengcun, Xingwuying,
Yangjiquan, Liuyangbao, Changchengzhen, Laoyingzhen, Erfen-
guan, and Bianqianghao, which are geographically distributed
across six counties in four provinces. The construction period of
each site ranged from 1444 to 1531 and involved the structures of
both fortress and wall, all belonging to the four defense districts,
including Ningxia, Yansui, Shanxi, and Datong. The height above
ground of sampling sites on fortresses and walls were 5.2 to 7.2
and 1.1 to 4.5 m, respectively. The studied section of the Great
Wall had a similar and relatively well preservation status, which
had a clearly recognizable appearance, and the extant length of
walls accounted for more than 50% of the original length. The stra-
tegic selection of these study sites was based on the representation of
diverse geographical and meteorological characteristics of the
region where the Great Wall is located (see table S1). Specifically,
these study sites encompassed both arid and semiarid climate
regions, with annual precipitation, potential evaporation, wind
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speed, sunshine hours, and temperature being 192 to 483 mm, 1340
to 1750 mm, 1.3 to 2.8 m/s, 2436 to 3014 hours, and 4.2° to 8.6°C,
respectively. The judicious selection of these sites ensures that the
findings from this study will have broad applicability and general-
izability to the larger context of the Great Wall.

Experimental design and measurements
Three experimental factors were considered in this study: biocrust
types (three levels: bare rammed earth, cyanobacterial biocrusts, and
moss biocrusts), climates (two levels: arid and semiarid), and struc-
ture types (two levels: wall and fortress). Overall, 12 treatments were
considered, each with 10 repetitions, totaling 120 samples for the
measurement of each indicator. The measurements were classified
into two categories: indicators for biocrust development and pa-
rameters for biocrust functions, with the former comprising moss
species, cyanobacteria genera, cover, thickness, moss density, and
biomass, while the latter consisting of porosity and water-holding
capacity, mechanical stability, and erodibility.

The field investigation and sampling of this study were conduct-
ed in August 2022, and the laboratory analyses were conducted from
September to December 2022. Before sampling, a comprehensive
investigation was conducted on the Great Wall. In each of the two
climate regions, we selected two walls and two fortresses as study
sites and then identified sampling plots (5.0 m by 5.0 m) with
stable biocrust development and no disturbance. The spatial rela-
tionship between higher plants and biocrusts was similar in each
sampling site, manifesting as sparse herbs and shrubs distributed
as patches, with biocrusts embedding between them. In each of all
eight study sites, five plots were selected for each biocrust type as
repetitions, with the distance between the plots being 10 m, thus
totaling 15 and 120 sampling plots in each study site and the
entire study, respectively. Then, we measured the in situ indicators
and collected one sample from every plot. According to the princi-
ples of heritage conservation, the field sampling was designed to
minimize any impact on the Great Wall. Hence, the sampling was
limited to the biocrust layer on the top 0 to 2 cm of rammed earth,
with no damage to the actual body of the heritage structure.

Meanwhile, the samples of bare rammed earth were collected
from the complete chunks falling down from the main structure
due to the collapse. During the sampling, the cover, thickness, pen-
etration resistance, and shear strength were initially measured in
situ using the image interpretation method (64), vernier caliper,
WXGR-2 penetration instrument, and H-4212MH torsional shear
apparatus, respectively. Consequently, biocrust samples were col-
lected using cutting rings for subsequent laboratory analyses.

In the laboratory, the moss species were identified using optical
microscope observation, and dominant cyanobacteria genera were
determined by bacterial sequencing. Briefly, bacterial 16S ribosomal
RNA gene fragments were amplified using primers 515F and 907R,
and purified amplicons were sequenced on an Illumina MiSeq plat-
form (PE250). In addition, moss density and biomass were mea-
sured by means of a sieving procedure, while soil porosity,
saturated water content, and field capacity were obtained using
the soil immersion method (65). The compressive strength was as-
certained using the DDL10 biomechanical testing machine. More-
over, soil aggregate content was determined by way of the wet
sieving method (66). As a basic component of soil structure, aggre-
gate stability is the foundation of soil stability, further serving as an
important source of soil antierodibility (67). Thus, three represen-
tative indicators reflecting the aggregate stability including macro-
aggregate content (R), GMD, and MWD were calculated through
Eqs. 1 to 3 (68). Soil organic matter content was measured using
the potassium dichromate titration method (69). Furthermore,
the soil erodibility factor (K) indicates the vulnerability of soil in
response to the erosive forces, which is closely related to soil particle
composition and organic matter content and is positively correlated
with soil loss (70). The erodibility K was calculated using the Envi-
ronmental policy-integrated climate (EPIC) model according to
Eqs. 4 and 5 (71). Last, soluble salt content and electrical conduc-
tivity were obtained using the residue drying method (72) and
SW301 conductivity meter, respectively. The fundamental physico-
chemical properties of biocrusts and bare rammed earth are listed in
table S2. A more detailed procedure of the experiment was provided

Fig. 5. Location of study sites. (A) Location of the Great Wall. (B) Zoomed in map of the sampling sites: (C) Hengchengcun, (D) Xingwuying, (E) Yangjiquan, (F) Liuyang-
bao, (G) Changchengzhen, (H) Laoyingzhen, (I) Erfenguan, and (J) Bianqianghao. (K) Cyanobacterial biocrusts. (L) Moss biocrusts.
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in Supplementary Text.

R ¼ ðm0:25=mtÞ � 100%

GMD ¼ EXP
Xn

i¼1
ωi lnXi

 !

MWD ¼
Xn

i¼1
Xiωi

K ¼ 0:2þ 0:3EXP � 0:0256Sa 1 �
Si

100

� �� �� �

�
Si

Sl � Si

� �0:3

� 1:0 �
0:25C

C þ EXPð3:72 � 2:95CÞ

� �

� 1:0 �
0:7Sn

Sn þ EXPð� 5:51þ 22:9SnÞ

� �

Sn ¼ 1 � ðSa=100Þ

where R is the macroaggregate content (%); m0.25 is the weight of
aggregates of >0.25 mm (in grams); mt is the weight of all the aggre-
gates; GMD is the geometric mean diameter (in millimeters); n is
the categories of aggregate particle size; Xi is the average diameter of
the ith-order aggregate (in millimeters); ωi is the weight percentage
of the ith-grade aggregate (%); MWD is the mean weight diameter
(in millimeters); K is the erodibility coefficient; Sa is the sand
content (%); Si is the silt content (%); Sl is the clay content (%); C
is the organic carbon content; and Sn is the nonsand content (%).

Data analysis
The differences in the measurements among two types of biocrusts
and bare rammed earth were used to quantify biocrust characteris-
tics and protective functions on the Great Wall. The three-way anal-
ysis of variance (ANOVA) test followed by the least significant
difference test as a post hoc analysis was used to evaluate the inter-
actions of biocrust type (cyanobacterial biocrusts, moss biocrusts,
and bare rammed earth), climate (arid and semiarid), and structure
type (wall and fortress) on physicochemical properties and charac-
teristics of biocrusts at a 0.05 level of probability. The one-way
ANOVA test (α = 0.05) was used to test the differences in protective
function parameters among cyanobacterial biocrusts, moss bio-
crusts, and bare rammed earth when other influencing factors
were the same. Furthermore, the differences in protective function
parameters among various defense districts were tested using one-
way ANOVA (α = 0.05), aiming to depict the macroscopic differenc-
es in the protective function of biocrusts on the regional scale.
Spearman correlation analysis was used to determine the relation-
ships between biocrust characteristics and their protective func-
tions. The final results reflect the mean values of the repetitions,
expressed as the mean value ± SE.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S8
Tables S1 to S5
Legends for data S1 to S8

Other Supplementary Material for this
manuscript includes the following:
Data S1 to S8
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