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Topography-driven spatial differentiation
In soft capping: vegetation-soil dynamics
at Liangzhu earthen sites
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Soft capping is widely used to protect earthen archaeological sites, yet its long-term stability
mechanisms remain unclear. This study examines how slope aspect and elevation shape soil and
vegetation patterns in a Trifolium repens soft-capping system at Damoijiao Hill. Field surveys
quantified vegetation cover and density, soil physicochemical properties, and nutrient distribution
across topographic gradients. Results show that slope aspect controls horizontal heterogeneity of
vegetation and soil, while elevation regulates systematic spatial differentiation of water and heat.
Northern and eastern slopes exhibited higher vegetation cover and soil organic matter with lower
nutrient depletion, whereas southern and western slopes showed sparse cover, phosphorus and
potassium deficits, and increased bulk density. These patterns reflect enhanced nutrient leaching on
north-facing slopes and accelerated organic-matter mineralization on south-facing slopes. Overall,
the study identifies topography as a key driver of spatial heterogeneity, providing a diagnostic basis for
site-specific assessment of soft-capping systems in humid regions.

Amidst the intensifying challenges of global climate change, the con-
servation of open-air earthen archaeological sites confronts multiple
challenges. Soft capping has emerged as an environmentally sustainable
and climate-adaptive conservation strategy, offering surface protection
for exposed architectural heritage through the synergistic interaction of
vegetation and soil'. Originating from conservation practices applied to
the remains of medieval castles and churches in the United Kingdomz,
this technique has since been adopted across various regions of the
Eurasian continent’”. The core mechanism of soft capping involves the
integration of vegetation with breathable materials to modulate surface
temperature and humidity at heritage sites, thereby mitigating erosive
processes such as thermal expansion and freeze-thaw cycles®. This low-
intervention approach improves the stability of surface soils while
simultaneously addressing the dual objectives of conservation and visual
presentation’. In terms of application to diverse heritage typologies,
masonry structures often incorporate native vegetation in conjunction
with consolidation layers—comprising composite materials such as soil,
slate fragments, and lime—as alternatives to rigid capping systems®’;
whereas for earthen sites, the combination of vegetation and structural
support layers serves to reduce natural erosion of walls and slopes'’. This
ecologically driven methodology represents a strategic shift in the con-
servation of earthen sites under changing climatic conditions, moving

away from traditional rigid interventions toward dynamic and adaptive
conservation models.

Although soft capping demonstrates proven protective efficacy across
diverse climatic regimes, its inherent dynamism may experience degra-
dation due to climate variability, ecological succession, or inadequate
management, thereby directly compromising the safety and visual integ-
rity of earthen sites’. To mitigate these risks, existing research has evolved
along two principal trajectories: maintenance practices and mechanistic
studies. On one hand, the periodic renewal of vegetation and consolidation
layers is employed to preserve the functional stability of soft capping
systems’; on the other hand, studies have sought to elucidate the adaptive
limitations of soft capping under complex environmental conditions'""*.
Research across various climatic zones reveals substantial regional dif-
ferentiation. In arid and semi-arid regions, the interaction between bio-
logical soil crusts—particularly mosses—and underlying soil has been
shown to enhance the structural integrity of heritage sites”’. Consistent
with artificial rainfall and runoff quantification experiments as well as
CFD-based microenvironment simulations showing slope-aspect-driven
hydrological divergence'’. Morphological and mechanical stress analyses
have demonstrated that soft capping systems composed of native vege-
tation and soil can effectively reinforce earthen structures on sloped
terrains' found that the physical structure of vegetation—specifically the
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overhang width—is the key determinant of drainage efficiency, while
orientation indirectly regulates water management mechanisms by
shaping the growth morphology of vegetation. Case studies from north-
western China further validate that such vegetation can regulate hydro-
thermal conditions, thereby suppressing weathering and erosion of
vertical or inclined structures'®. Conversely, studies conducted in Turkey
have identified adverse effects; soft capping systems dominated by species
such as Poa bulbosa and Stipa capillata were found to exacerbate erosion
during rainfall events, emphasizing the critical need for integrated
research that aligns vegetation selection with site-specific morphological
and topographical characteristics’. In humid climatic zones, distinct pat-
terns have emerged. For instance, case studies in southern China report
that species such as Zoysia japonica and Sedum sarmentosum can induce a
summer cooling effect within the top 6-8 cm of soil through their stem-
leaf layers'. However, research at the Sanxingdui site suggests that the
deep-rooting behavior of herbaceous plants may loosen the soil structure,
undermining the long-term stability of soft capping systems'’. Moreover,
algae and lichens prevalent in humid environments are known to secrete
organic acids, which can accelerate mineral dissolution and biocorrosion
processes”'*"”. These findings collectively underscore that soft capping
functions as a dynamic and context-dependent system, with its efficacy
shaped by interactions among vegetation type, consolidation material
properties, and topographic as well as hydrothermal conditions. None-
theless, for specific cases in humid climates—particularly earthen sites
such as the Liangzhu Archaeological Site, characterized by regular mor-
phological and topographic features—a systematic understanding of soft
capping degradation mechanisms remains lacking. This gap hampers the
development of precisely targeted and adaptive conservation technologies.
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Fig. 1 | Location map of the Liangzhu Site. Author’s elaboration.

As a representative earthen site located in the humid climatic zone of
southern China, the Liangzhu Site was inscribed on the World Heritage List
in 2019, followed by the commencement of a heritage park development
project. In conjunction with this initiative, a soft capping system—primarily
consisting of a single species, Trifolium repens. L.—was implemented in the
core palace and city wall zones. The selection of this species was based on its
nitrogen-fixing capacity as a perennial legume”, its uniform morphology
conducive to preserving the surface contours of the site, and its ability to
fulfill the combined requirements of heritage conservation, ecological
functionality, and landscape aesthetics”'. However, after six years of appli-
cation, the originally monocultural soft capping system has transitioned into
amixed vegetation community”>”’, accompanied by emerging issues such as
vegetation degradation, weed encroachment, localized erosion, and soil
layer thinning. Understanding the underlying degradation mechanisms has
thus become critical for optimizing the technical parameters of the system.
Existing ecological research has systematically demonstrated the influence
of topographic gradients and hydrothermal conditions on the inter-
relationship between soil properties and vegetation dynamics***, and the
environmental factors influencing the T. repens. The stolons of T. repens
spread rapidly to form a dense ground cover, effectively shielding the soil
surface and reducing direct raindrop impact. Its well-developed fibrous root
system forms an extensive subsurface network, enhancing topsoil stability
and mitigating erosion. Existing research from the Mediterranean region
has demonstrated that the introduction of Trifolium repens significantly
reduces surface runoff on slopes, while its low maintenance requirements
make it particularly suitable for application in soft-capping systems™. And
the potential impact of soil nutrient availability on the greening of the
archaeological site”’. These studies offer a methodological framework for
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Fig. 2 | Diagram and current status of the soft capping system at Damojiao Hill,
Liangzhu archaeological site. a Schematic Diagram of the Initial T. repens-
Dominated Soft Capping Structure; b Photograph of Existing T. repens; ¢ Vigorous

f)

Growth of T. repens on the Eastern Slope; d Invasive Weed Species; e Localized
Vegetation Degradation on the Southern Slope; f Water Accumulation at the Lower
Position of the Northern Slope. Author’s photo.
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Fig. 3 | Framework of this study. Author’s elaboration.
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analyzing the degradation processes of soft capping systems. However, there
isalack of research on sites that are morphologically complex and where soft
capping communities are transitioning. This study, employing a “slope
aspect-slope position” grid framework, investigates the growth status of T.
repens and the spatial heterogeneity of soil physicochemical properties
across different slope aspects and slope positions within the Liangzhu soft
capping system. This is an adaptive management framework, whose core
lies in formulating differentiated functional strategies in response to the
micro-environmental variations induced by slope orientation, thereby
enabling the long-term sustainable conservation of soft-capping systems'**.
The objective is to evaluate the extent and mechanisms of degradation,
thereby providing empirical support for scientifically informed vegetation

renewal in the forthcoming maintenance cycle. This approach facilitates a
strategic transition in earthen site conservation—from passive remediation
to proactive risk prevention—and supplies both a data-driven foundation
and practical guidance for developing sustainable ecological protection
strategies applicable to similar heritage sites worldwide.

Method

Case selection

On July 6, 2019, the Liangzhu Site was inscribed on the World Heritage List.
It has been widely recognized as a model of early urban civilization and an
outstanding representative of prehistoric rice-based culture in China, with a
history spanning over 5000 years™. The site is situated on the piedmont
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riverine plain at the eastern terminus of the Tianmu Mountains, within the
Yangtze River Delta region in southeastern China. Administratively, it falls
under the jurisdiction of Yuhang District, Hangzhou City, Zhejiang Pro-
vince (Fig. 1). Geographically, the site is located within the monsoon climate
zone at the southern edge of the northern subtropics, characterized by four
distinct seasons, ample sunshine, and abundant precipitation. The region
experiences a generally warm and humid climate, with rainfall and tem-
perature peaking during the spring and summer months, while light and
warmth are well-matched during autumn and winter. The annual average

Fig. 4| Grid-based sampling procedure. a Damojiao Hill Model and Grid Zonation
Scheme; b Quadrat Photograph of T. repens of 1 mx 1 m; ¢ On-site Soil Sampling;
d Composite Soil Sample. Author’s image and photo.
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Fig. 5 | Degradation drivers and mechanisms of the soft capping system at
Damojiaoshan, with panels showing: (1) topographic drivers (slope aspect/
position) with east south in vegetation coverage, density and height; (2) degra-
dation pathways (reduced root binding, weed invasion, soil property changes);
(3) soil property variations (nutrient depletion, structural degradation); (4)

precipitation is between 1150 and 1550 mm, with more than 60% of the total
rainfall occurring between May and September ™. These climatic conditions
not only provide a favorable natural foundation for the emergence of pre-
historic rice agriculture but also pose significant challenges for long-term
preservation®"*>. Wind speed and precipitation exhibit no significant spatial
variation within the small-scale tableland environment of the study area.
Solar radiation is the key driver of aspect-induced variation. Based on the
DEM data, we computed the mean slopes of the south-north and east-west
facing hillslopes, which are 16.7° and 21.8°, respectively. Using a terrain-
based slope radiation correction model’*, we further estimated that the
south-facing slope receives the highest solar radiation (14.893 MJm™>
day '~ 172.3 W m?), the north-facing slope the lowest (10.796 MJ m™>
day ' = 124.9 W m?), with the east-west slopes falling in between. This
quantifies the aspect-driven heterogeneity in solar exposure and provides
essential environmental context for subsequent analyses (Fig. 2).

The primary heritage elements of the Liangzhu Site are earthen
remains, encompassing large-scale and structurally fragile features such as
city walls and palace platforms™, which are preserved and exhibited in situ.
Mojiaoshan constitutes the core area of the Liangzhu Site, comprising three
palace platforms—Damojiao Hill, Xiaomojiao Hill, and Wugui Hill—as
well as 35 residential platforms, highlighting its function as the political
center of Liangzhu culture. Among these, Damojiao Hill is the largest and
tallest, representing a rectangular, artificially constructed earthen platform
measuring 180 m from east to west, 110 m from north to south, and about
6 m in relative height”.

To better understand the application context and current status of
soft-capping techniques at the Liangzhu site, the research team conducted
semi-structured interviews with the Liangzhu Heritage Management
Committee, gathering information on conservation strategies and tech-
nical implementation details. The entire interview process was docu-
mented (see appendix). Key insights are summarized as follows. In 2019,
with the initiation of the Liangzhu Site Park project, the conservation
team implemented a soft capping system comprising T. repens and a
consolidated soil layer. This intervention served two primary objectives:
first, to delineate the boundaries of the palace and city wall remains,
thereby enhancing visitors’ perception of their distinction from other site
features; and second, to mitigate the erosive effects of wind, rainfall, and
solar radiation, thus realizing a low-intervention, ecologically based
conservation approach'’.
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coupled vegetation-soil degradation and increased biocorrosion; (5) the overall
degradation risk of the system. a Correlation Analysis Between T. repens Growth
Characteristics and Slope Aspect. a Coverage vs. Slope Aspect; b Density vs. Slope
Aspect; ¢ Height vs. Slope Aspect. SOM soil organic matter, BD bulk density, K/P/N
potassium/phosphorus/nitrogen.
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Fig. 6 | Correlation analysis of soil physicochemical properties in soft capping across different slope aspects. a Northern Slope; b Southern Slope; ¢ Eastern Slope;
d Western Slope. Note: “*” indicates Pearson correlation significance (two-tailed) at p < 0.05.

During our team’s on-site investigation of the Liangzhu Ancient City
ruins, it was found that after six years of application, the soft capping system
has begun to exhibit limitations in terms of adaptability, with pronounced
variation across different slope aspects and slope positions. The degradation
is manifested primarily in three respects: (1) Degradation and incomplete
coverage of the overlying soil layer. The once continuous Trifolium repens
cover has developed visible discontinuities, and in some areas the soft
capping shows exposed soil, surface cracking, and crusting. These condi-
tions reveal a compromised soil structure. (2) Vegetation community suc-
cession and invasion. The originally monocultural white-clover is
undergoing a transition toward a mixed community type. Several aggres-
sively colonizing native species (such as Erigeron acer, Alternanthera
philoxeroides, and Aeschynomene indica) have progressively assumed
dominance, creating a competitive replacement effect. This has weakened
the growth of Trifolium repens, reduced overall spatial uniformity. (3)
Intensification of surface runoff and waterlogging. Pronounced runoff
channels have formed on the soft-cover surface, and persistent water
accumulation has been observed at the northern foot of the site. This
indicates that hydrological imbalance — driven by differences in slope
aspect — has become a major accelerating force of degradation.

The issues mentioned above have also been confirmed by the man-
agement of the governing committee. Relevant personnel clarified that the
primary objective of soft-cover maintenance over the past five years has
been to ensure that the soil remains covered and that the visual perception of
the overall landscape is not affected. Overly tall weeds, such as Solidago
decurrens Lour., are typically removed, but no specific control measures

have been implemented for other types of vegetation. Officially, no soil or
vegetation data has been accumulated over the past five years. Additionally,
the daily vegetation maintenance is carried out by the park authorities
(which is an agency under the Liangzhu Management Committee), but
there is no specific methodology in place. Collectively, these issues have
adversely affected both the conservation integrity and the visual presenta-
tion of the site.

Data collection and preprocessing

Field sampling of T. repens and soil within the soft capping system on
Damojiao Hill was carried out in the spring of 2025. Figure 3 illustrate the
framework of this study.

Inspired by, a grid-based quadrat survey method was utilized,
segmenting the study area into four slope aspects: east, west, south, and
north. Each slope aspect was further subdivided horizontally into three
zones—designated as A, B, and C—and each zone was stratified vertically
into three elevation segments: upper, middle, and lower (Fig. 4a). The
T. repens survey concentrated on analyzing population distribution patterns
and growth indicators under varying site conditions (Fig. 4b, c). Key
parameters recorded included habitat and surface characteristics, percent
cover, frequency, density, and stolon length (both maximum and minimum
values). To ensure the protection of underlying archaeological features, soil
samples were collected exclusively from the surface layer (0-20 cm). All
sampling protocols were implemented under the official authorization of
the Liangzhu Site Administration Committee, with strict adherence to
archaeological conservation ethics and regulatory compliance frameworks.
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Fig. 7| ANOVA of soil physicochemical properties across slope positions within each slope aspect. a Eastern Slope; b Western Slope; ¢ Northern Slope; d Southern Slope.

Author’s elaboration.

To ensure scientific validity, each sampling unit followed a standar-
dized procedure. In each of the 30 designated area, 5 soil samples were taken
randomly using a soil ring knife. The sampling steps included clearing the
vegetation and litter, documenting the surface appearance, taking photo-
graphs, and averaging the data to minimize experimental error. The primary
physicochemical properties analyzed in the laboratory included the soil pH,
bulk density, available potassium (K), available phosphorus (P), total
nitrogen (N), and organic matter content. Bulk density was measured using
the soil ring knife method. pH was determined directly using the electrode
method in a water extract of the soil. The organic matter content was
analyzed via K dichromate oxidation-colorimetry. Available potassium and
phosphorus were measured using spectrophotometry, whereas total nitro-
gen was determined using the Kjeldahl method. All measured data were
averaged to reduce experimental variance.

Throughout the sampling process, all the soil cores extracted with the
ring knife remained intact, with no missing or repeated samples (Fig. 4d, e).
The drying temperature and duration were standardized to prevent data
deviations. The analytical results were cross-validated with in situ soil profile
characteristics, such as color and texture, to ensure data reliability. In total,
5 soil samples from each designated area are combined into one composite
sample and submitted to the laboratory for testing. 30 T. repens vegetation
quadrats were collected across the four slope aspects and three elevation
segments of Damojaoshan.

Additionally, we conducted a series of correlation analyses based on
slope gradient, slope aspect, soil physicochemical properties, as well as the
height, coverage, and density of white clover (Trifolium repens). We further
constructed a regression-type Random Forest model with Trifolium repens
data as the dependent variable. The model was configured with 1000
decision trees (ntree = 1000), and the number of candidate variables at each
split was set to the default value (mtry = y p). The splitting criterion was the
minimization of Mean Squared Error (MSE). Model robustness was eval-
uated using the out-of-bag (OOB) error, while variable importance was
quantified by the percentage increase in MSE (%IncMSE), allowing the
identification of key environmental factors influencing Trifolium repens
growth. All analyses were conducted in R (version 4.4.3) using the ran-
domPForest package.

Results
Analysis of the slope aspect effects on T. repens L. growth
characteristics
To investigate the effects of slope aspect on the growth characteristics of
T. repens, this study conducted a systematic survey and comparative analysis
of its coverage, density (abundance), and plant height across the east, south,
west, and north slopes (Fig. 5). The results indicated the following:

In terms of coverage, the eastern slope presented the highest value
(about 52%), which was significantly greater than those of the other aspects
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Fig. 8 | Correlation analysis of soil physicochemical properties across different slope positions. a 4.1-6.0 m Elevation Zone; b 2.1-4.0 m Elevation Zone; ¢ 0-2.0 m

Elevation Zone; d Overall Analysis. Author’s elaboration.

(P <0.05), whereas the southern slope presented the lowest coverage (about
18%). In terms of density, the east slope presented the highest individual
density (about 155 ind/m2), followed by the north slope (about 135 ind/m2),
with both significantly exceeding the values observed on the west and south
slopes (about 40-50 ind/m2) (P < 0.05).

For plant height, the mean height of individuals on the east slope
was the greatest (about 22 cm), which was significantly greater than
that on the west slope (about 8 cm) (P < 0.05). Although the average
heights on the southern and northern slopes were slightly lower than
those on the eastern slope, the differences were not statistically sig-
nificant (P> 0.05).

Slope- aspect driven adaptation strategies for soft capping
conservation

Figure 6 presents the correlation analysis of soil physicochemical properties
(0-20 cm) of the soft capping system across different slope aspects. On the
northern slope, potassium (K) and phosphorus (P) were significantly
positively correlated, whereas nitrogen (N) was significantly positively
correlated with organic matter. On the southern slope, K was significantly
negatively correlated with both N and organic matter, whereas N and
organic matter remained significantly positively correlated. On the east
slope, soil pH was significantly positively correlated with K, and N was
significantly positively correlated with organic matter. On the west slope, N
and organic matter were significantly positively correlated, whereas bulk
density was significantly negatively correlated with P.

These results indicate substantial variations in the correlations among
soil physicochemical properties across different slope aspects. Notably,
nitrogen and organic matter consistently demonstrated positive correlations
across all slopes, suggesting that such patterns may be influenced by the
combined effects of topography, solar radiation, moisture, and vegetation.

Specifically, Fig. 7a presents the analysis of soil physicochemical
properties at different elevations on the east slope. The analysis of variance
(ANOVA) results indicate that at elevations of 2.1-4.0 m, the organic matter
content was relatively high at 21.10 g/kg, whereas the variation in the other
indicators was minimal. Therefore, elevation does not have a significant
effect on the soil physicochemical properties of the east slope, and the
properties are relatively uniform across different elevations.

Figure 7b shows the results of the soil physicochemical property ana-
lysis at different elevations on the west slope. The ANOVA results revealed
that at elevations of 2.1-4.0 m, the organic matter content reached 24.65 g/
kg, with the other indicators showing minimal differences. Thus, similar to
the east slope, elevation does not significantly affect the soil physicochemical
properties on the west slope, which also demonstrates relative uniformity
across elevations.

In contrast, the ANOVA results for the north slope (Fig. 7¢) indicate
that phosphorus (P) and potassium (K) contents exhibit significant varia-
tion with elevation, while other elements remain unaffected. At elevations
ranging from 0 to 2.0 m, the concentrations of K and P were 14.90 g/kg and
0.50 g/kg, respectively—both significantly lower than those observed at
higher elevations. These findings demonstrate that elevation exerts a
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significant influence on the P and K contents within the soft capping soil of
the north slope, with higher elevations corresponding to elevated levels of
these elements.

The analysis of variance (ANOVA) results (Fig. 7d) indicate that on the
southern slope, there are significant differences in phosphorus (P) and
nitrogen (N) contents across different elevations, whereas potassium (K),
organic matter, and pH do not significantly vary. At an elevation of 0-2.0 m,
the P content was 0.40 g/kg, which was significantly lower than that at other
elevations. At an elevation of 2.1-4.0 m, the N content was 1.57 g/kg, which
was significantly greater than that at other elevations, and the organic matter
content was 24.23 g/kg, which was relatively high but not significantly dif-
ferent. Therefore, elevation had a significant effect on the P and N contents
in the soft capping soil of the southern slope, with higher elevations resulting
in higher P and N levels, whereas at 0.3-1.6 m, both the P and N contents
were lower.

As shown in the Fig. 8, the correlation analysis of the soil physico-
chemical properties at different slope positions revealed that the nitrogen
(N) content was significantly positively correlated with the organic matter
content at all slope positions. At slopes of 4.1-6.0 m, the potassium (K)
content was significantly negatively correlated with organic matter and N,
and pH was significantly negatively correlated with phosphorus (P). At
slope positions of 2.1-4.0 m, P was significantly positively correlated with
both N and organic matter. At slope positions of 0-2.0m, K was sig-
nificantly negatively correlated with organic matter, and pH was sig-
nificantly negatively correlated with both organic matter and N. When the
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effects of slope aspect and elevation were disregarded, K was significantly
negatively correlated with both organic matter and N and significantly
positively correlated with pH, whereas N was significantly positively cor-
related with P. Therefore, the correlations among soil physicochemical
properties at different slope positions vary significantly, and these differ-
ences may be related to factors such as soil formation processes, biological
activity, and water movement.

Figure 9 analyzes soil characteristics across slope positions and direc-
tions. At 4.1-6.0 m (Fig. 9a), organic matter, bulk density, and N showed no
significant differences. K was highest on the east slope (18.35 g/kg, p < 0.05)
and lowest on the south (15.23 g/kg) and north (15.10 g/kg) slopes. P was
greatest on the west slope (0.79 g/kg) and lowest on the south slope
(0.51 g/kg). pH was higher on the east (6.27) and south (6.22) slopes than on
the west (4.95) and north (5.22). At 2.1-4.0 m (Fig. 9b), bulk density showed
no difference. K remained highest on the east (18.10 g/kg) and lowest on the
north slope (15.47 g/kg). P was highest on the west slope (0.79 g/kg) and
lowest on the south slope (0.55 g/kg). Organic matter was greatest on the
west slope (24.65 g/kg). pH was highest on east (5.99) and south (5.86)
slopes. N was higher on the west slope (1.61 g/kg) than the south (1.22 g/kg).
Southern slope properties were generally lower.

At 0-2.0 m (Fig. 9¢), K was lowest on the north slope (14.90 g/kg).
P was higher on east (0.61 g/kg) and west (0.63 g/kg) slopes than the
south (0.40 g/kg). Organic matter was greater on the north slope (22.33 g/
kg) than the east (17.00 g/kg). pH was higher on south (5.81) and east
(5.98) slopes. N was lower on the east slope (1.16 g/kg) than north
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Fig. 9 | ANOVA of soil physicochemical properties across slope aspects at equivalent slope positions. a Upper Slope; b Middle Slope; ¢ Lower Slope; d Overall Analysis.
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(1.40 g/kg) and west (1.41 g/kg). Figure 9d summarizes directional
trends: K was highest on east (18.13g/kg) and lowest on north
(15.30 g/kg). P was highest on west (0.73 g/kg) and lowest on south
(0.49 g/kg). Organic matter was lower on east (18.77 g/kg). pH was
higher on south (5.97) and east (6.08) slopes. N was higher on west
(1.50 g/kg). At 0-2.0m, the west slope had higher P, N, and organic
matter, while the south slope had the lowest P and K.

Correlation analysis of environmental factors (slope aspect and
position) and soil physicochemical properties of T. repens L.
growth characteristics

To systematically evaluate the effects of slope aspect- and position-driven
soil physicochemical properties on the growth characteristics of T. repens
L.(white clover) in the Damojiashan soft capping system, this study
employed multivariate statistical approaches—including random-forest
modeling, redundancy analysis (RDA), and Pearson correlation analysis—
to elucidate their driving mechanisms from multiple dimensions.

Random forest analysis (Fig. 10) revealed slope aspect as the primary
determinant of plant density, with the highest mean squared error (MSE)
increase rate (~20%, P <0.05), which significantly surpassed that of the
other variables. Soil potassium (K), phosphorus (P), and bulk density (BD)
emerged as secondary drivers, indicating substantial regulatory effects of soil
nutrient availability and structural properties on individual clover dis-
tribution. In contrast, pH, total nitrogen (N), and slope position exerted
relatively weak influences, whereas soil organic matter (SOM) made a
negative contribution, suggesting minimal relevance to this metric.

For coverage, slope aspect remained the dominant factor (MSE increase
rate ~12%, P < 0.05), followed by K and P, implying that light conditions and
nutrient supply collectively govern the ground-covering capacity. Other
variables (e.g., pH, BD, N) had low contributions, with slope position and SOM
maintaining negative correlations. Conversely, plant height exhibited limited
sensitivity to environmental factors, with all variables displaying low and
negative MSE increases. Notably, SOM, P, and pH had the weakest con-
tributions, suggesting that plant height may be governed by nonenvironmental
factors or constrained by limited variability under current site conditions.

The results of the Pearson correlation analysis further corroborated the
aforementioned findings: percent coverage exhibited a significant negative
correlation with slope aspect and a positive correlation with K and P levels,
indicating a high sensitivity to both light availability and nutrient conditions.
In contrast, plant density and height demonstrated generally weak corre-
lations with environmental variables (|r | <0.2), suggesting either greater
intrinsic stability or limited effectiveness in representing community-level
responses of T. repens. (Fig. 11).

An integrated analysis employing Random Forest and redundancy
analysis (RDA) (Fig. 12) identified slope aspect, total potassium, and soil
bulk density (BD) as the primary factors influencing the spatial dis-
tribution and community structure of T. repens. The RDA results indi-
cated that soil physicochemical properties accounted for 85.1% of the
variation in growth characteristics. Specifically, coverage and plant height
were positively correlated with BD and K, and negatively correlated with
total nitrogen and soil organic carbon. These findings suggest that
moderate BD enhances water and nutrient retention, thereby supporting
root development, while elevated potassium levels promote photo-
synthesis and increase stress resistance. In contrast, excessive con-
centrations of nitrogen and organic carbon may stimulate microbial
activity and intensify competition for nutrients, thereby indirectly inhi-
biting aboveground plant growth.

The density demonstrated a preference for slightly acidic to neutral
environments, which were coregulated by pH, total nitrogen, and organic
carbon. This relationship likely reflects the synergistic effects of enhanced
soil structure and microbial activity, which improve seedling establishment
success. The framework of the main results has been shown in Fig. 13.
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Fig. 11 | Heatmap of correlations between T. epens
growth traits and environmental variables.
Author’s elaboration.
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Discussion

Although soft capping systems have been widely adopted for the pro-
tection of earthen sites in humid regions">**, their long-term behavior—
particularly for monoculture systems such as T. repens—has not been
sufficiently evaluated, especially under terrain-differentiated micro-
environments. Based on a field-based assessment at Damojiao Hill, this
study identifies slope aspect and elevation as influential topographic
variables shaping the spatial coupling between vegetation performance
and soil conditions. Beyond detecting notable signs of system degradation
after six years, our results suggest that an imbalance in light-water stresses
associated with slope orientation may play an important role in the
observed patterns. While the north-facing slopes exhibited relatively
stable vegetation and soil conditions, the west- and south-facing slopes
showed concurrent declines in vegetation cover and nutrient status under
stronger radiation and photo-thermal stress. These findings indicate
plausible mechanisms but do not allow firm causal attribution without
controlled experiments (Table 1).

Our spatial analyses further indicate that vegetation-soil interac-
tions contribute to stabilizing earthen sites"'®”, and that aspect-related
microclimatic variation corresponds to measurable differences in vege-
tation cover, soil organic matter, and nutrient profiles. North- and east-
facing slopes generally exhibited higher T. repens density and soil organic
matter, whereas south- and west-facing slopes displayed lower cover,
nutrient depletion (e.g., P and K), and higher bulk density. Elevation-

driven differences in moisture redistribution were also evident in the
stratification of nutrient profiles. Field observations of wet-dry cycling,
leaching, localized acidification, and bryophyte-associated microhabitats
provide plausible explanations for these patterns. However, these pro-
cesses were not tested in a controlled setting, and therefore remain
interpretive rather than conclusive.

In the context of humid environments, the results suggest that topo-
graphic differentiation may be a first-order environmental factor influen-
cing soil moisture, nutrient dynamics, and vegetation performance.
Importantly, these observations appear to operate independently of the
specific plant species used, indicating that terrain-induced microclimates
may be more fundamental than species traits in shaping long-term capping
outcomes. Nevertheless, these inferences are based on correlative evidence
and should be viewed as preliminary until experimentally validated.

For sites where T. repens cannot be used, the broader relevance of this
study lies primarily in its methodological approach—linking micro-
topographic variation with soft capping performance—rather than in
endorsing any specific vegetation solution. Although our observations
imply that functional matching between plant traits and microenviron-
ment may be important, this remains a hypothesis that requires targeted
experiments for verification. Accordingly, the implications drawn here
should be interpreted as diagnostic insights rather than as prescriptive
management guidelines.

Given the observational nature of this study, detailed management
recommendations cannot be empirically supported at this stage. For this
reason, only general directions informed by field evidence are outlined. First,
the pronounced aspect heterogeneity underscores the need for site-specific
assessments of soil-vegetation conditions. Second, the potential alignment
between plant functional attributes and slope microclimates should be
treated as a subject for future experimental testing rather than a finalized
management approach. Third, the variation in hydrological-thermal con-
ditions observed across slopes highlights the value of post-implementation
monitoring™®, particularly for detecting early signs of degradation on slopes
already exhibiting low vegetation cover or nutrient decline. These points
should be regarded as conceptual rather than operational.

A follow-up inspection in October 2025 further revealed rapid
replacement of T. repens by local opportunistic species, forming a natu-
rally assembled mixed community within six months. While this obser-
vation reinforces the sensitivity of soft capping systems to slope-driven
microclimatic pressures, it should not be taken as evidence that mixed
communities are preferable. Rather, it illustrates that monoculture sys-
tems in humid climates may be inherently dynamic and difficult to
maintain without substantial intervention. The ecological implications—
both positive and negative—remain uncertain and require controlled
comparative research.

In light of these findings, a number of tentative considerations are
proposed, not as prescriptive strategies but as potential directions for
future experimental and management-oriented studies. For instance,
slope-specific interventions (e.g., ameliorating soil acidity on north-
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Fig. 13 | A framework of main findings. Author’s
elaboration.
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Table 1 | Growth Parameters of Trifolium repens in
Damojiao Hill

Direction- Coverage (m?) Density(stem/m?) Min Max
Area-Level stolon (cm) stolon
(cm)
EAU 0.58 174 7 19.67
EAM 0.45 162 6 16
EAL 0.45 158 6.67 18.67
EBU 0.55 168 6.67 17.33
EBM 0.54 154 8.67 28.67
WAU 0.52 106 11.33 32.67
WAM 0.35 66 2.67 6.67
WAL 0.27 54 3 7.67
WBU 0.13 40 4 11.67
WBM 0.35 75 4.75 10.67
WBL 0.28 49 1.33 10.33
SAU 0.14 26 0.67 3.33
SAM 0.14 66 3 10
SAL 0.18 30 2.67 12.33
SBU 0.2 34 4 15
SBM 0.3 52 6 14
SBL 0.2 36 5 16
SCU 0.15 16 4 25
SCM 0.21 36 4.33 19
SCL 0.2 38 2.67 16
NAU 0.01 10 0.67 3.33
NAM 0.24 114 4 22.33
NAL 0.45 156 10.67 22.33
NBU 0.5 186 11 33.67
NBM 0.12 76 2.33 4.33
NBL 0.2 94 1.67 6.33
NCU 0.32 112 2.33 9.33
NCM 0.35 152 4.33 14
NCL 0.36 128 4.67 15.67
0.43 158 4.67 20.67

Note: “Direction-Area-Level” codes correspond to the grid classification defined in Fig. 4a, where
Direction =slope aspect (E, W, S, N); Area = horizontal zone (A = upper, B = middle, C = lower); Level =
vertical position (U = upper, M = middle, L = lower).

facing slopes or mitigating moisture stress on south-facing slopes),
exploring functionally complementary plant groups, and establishing
more refined monitoring systems may represent productive avenues for
investigation. However, these possibilities emerge from observed pat-
terns rather than proven causal mechanisms, and they require rigorous
testing before being adopted in practice.

This study also acknowledges several limitations, including the absence
of quantitative analysis of vegetation diversity across terrace zones, the lack
of direct measurement of root impacts on soil structural integrity, and
potential underestimation of multi-year climatic extremes. Future research
should integrate minirhizotron imaging and long-term monitoring to
develop a more comprehensive model of plant-soil-site interactions. The
natural succession observed at the site may also serve as an “unmanaged
scenario” for comparison with maintained systems, providing a basis for
identifying ecological thresholds, performance boundaries, and long-term
trajectories of different soft capping configurations.

Overall, the present findings contribute primarily to understanding the
diagnostic role of microtopography in shaping soft capping performance.
While they provide useful context for considering slope-aware manage-
ment, they do not yet justify detailed operational strategies. Future experi-
ments, particularly controlled trials, will be essential to determine whether
the slope aspect-function relationships observed here can be translated into
reliable, evidence-based conservation practices

Data availability

All data generated or analysed during this study are included in this pub-
lished article.
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