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Abstract

The natural regeneration of planted forests in karst landscapes is severely constrained by
extreme substrate heterogeneity and fragile edaphic conditions. However, the relative im-
portance and interaction pathways of environmental versus stand structural drivers remain
poorly quantified. In this study, 54 plots (10 m × 10 m) were surveyed across Cupressus fune-
bris plantations in the karst landscape of the Lijiang River Basin, southern China. To identify
the key factors and causal pathways governing regeneration, redundancy analysis (RDA),
variation partitioning, partial least squares structural equation modeling (PLS-SEM), and
threshold analyses were applied. Regeneration exhibited pronounced spatial heterogeneity,
with 42.6% of plots showing complete recruitment failure and a characteristic inverted
J-shaped size class distribution. The analysis identified soil rock fragment content (as a neg-
ative constraint) and canopy gap area (as a positive driver) as the two dominant predictors.
PLS-SEM revealed that environmental factors influence regeneration primarily through
an indirect pathway mediated by stand structure (R2 = 0.683) rather than through direct
effects. Threshold analyses identified quantitative benchmarks for key drivers, including
a gap area breakpoint of approximately 10 m2 and a presence–absence effect of soil rock
fragments. These findings contribute to a more sophisticated mechanistic understanding of
forest regeneration in karst ecosystems and provide an empirical foundation for silvicul-
tural management that aims to encourage natural regeneration and ecological restoration
of degraded karst plantations.

Keywords: Cupressus funebris; natural regeneration; karst vegetation; environmental 20 factors;
stand structure; ecological restoration

1. Introduction
Natural forest regeneration is a complex biological process that operates independently

of anthropogenic control, relying fundamentally on the intrinsic reproductive capacity of
forest ecosystems to establish new cohorts [1]. This autonomous renewal process is critical
for ensuring the sustainable survival and reproduction of populations, maintaining the
stability of community composition and structure, and holding significant implications
for vegetation restoration and community succession [2]. However, ecosystem services
essential for supporting all life on Earth are currently being compromised by extensive forest
transformation. Specifically, the redirection of over 50% of tropical forests to alternative
land uses has resulted in a marked decline in critical habitats and available resources [3,4].
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In recent years, a growing body of research has demonstrated that natural regeneration
is modulated by a diverse array of drivers, including tree species functional traits, stand
characteristics, edaphic conditions, environmental heterogeneity, disturbance regimes, and
faunal interactions [5–7].

Among these drivers, environmental and stand factors—such as slope aspect, altitude,
forest gaps, canopy closure, and shrub-herb coverage—have received extensive scholarly
attention. For instance, Lu et al. (2019) investigated natural forests of Quercus aliena var.
acutiserrata across different slope aspects in the middle Qinling Mountains, discovering
that semi-sunny slopes are significantly more conducive to seed germination and regen-
eration establishment [8]. Regarding elevational gradients, Redmond and Kelsey (2018)
observed a strong negative correlation between the density of young Engelmann spruce
and altitude, noting that these populations remained relatively resilient to estimated warm-
ing temperatures [9]. In terms of gap dynamics, Zhang et al. (2022) studied the natural
regeneration status of Larix gmelinii var. principis-rupprechtii plantations in Mount Guandi,
concluding that regeneration density and growth indicators are significantly positively im-
pacted by increasing gap area [10]. Similarly, regarding canopy influence, Wang et al. (2020)
conducted a study on the regeneration of Pinus koraiensis, Picea koraiensis, and Fraxinus mand-
shurica within Larix olgensis plantations, finding that the height growth of all three species
exhibited an increasing trend with decreasing canopy density [11]. Furthermore, biotic
competition plays a crucial role; Huong et al. (2016) examined the impact of understory
structure on the regeneration of Scaphium wallichii and noted that increased shrub and
herb coverage, combined with lower shrub height, created conditions unfavorable for the
regeneration of young tree seedlings [12].

Currently, research on natural forest regeneration remains predominantly focused
on temperate and tropical humid regions (e.g., Northeastern China and the Amazon
rainforests), where natural regeneration is relatively easier to achieve due to mild cli-
mates, higher soil fertility, and a lower frequency of disturbances [13]. For example, the
regeneration potential of beech forests in Europe and East Asia has been well-verified
through numerous empirical experiments [14]. Nevertheless, karst landscapes are gen-
erally regarded as recalcitrant sites for forest regeneration due to their unique and harsh
geological conditions, such as intense karstification, nutrient-poor soils, and poor water
retention capacity. Simultaneously, at the species level, most existing studies have focused
on fast-growing taxa or drought-tolerant species, which have historically been the main-
stream selection for plantation forestry due to their adaptability and high reproductive
efficiency [15]. However, the specific ecological constraints of karst regions—such as car-
bonate substrates and extreme soil erosion—often make it difficult for these conventional
species to survive, underscoring an urgent necessity to screen for native species possessing
specific adaptations to these environments.

Relatively, there is a paucity of research regarding the natural regeneration of forests
specifically within the karst area of the Lijiang River Basin. The terrain and topography of
this region are unique, characterized by abundant and concentrated rainfall and thermal
resources, yet paradoxically constrained by strong carbonate rock dissolution, poor soil
fertility, low vegetation coverage, high permeability, and poor water-holding capacity [16].
These factors contribute to a fragile habitat with low ecosystem stability and weak resistance
to interference, making the system highly susceptible to degradation under human distur-
bance and rendering recovery exceptionally difficult [17]. Cupressus funebris (cypress) is an
evergreen tree species in the Cupressaceae family that is well-adapted to these challenging
conditions. It prefers warm and humid climates and demonstrates strong adaptability to
neutral, slightly acidic, and calcareous soils, particularly the shallow calcareous purple
soils and upper calcareous soils typical of the region [18–20]. As a result, it is considered an
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important tree species for afforestation in karst barren mountains. Therefore, to prevent
further rocky desertification, cypress is frequently selected as the pioneer species for es-
tablishing artificial forests on rocky slopes, aiming to optimize tree species structure and
improve overall forest quality [21,22].

However, restoring cypress forests through natural regeneration poses significant
challenges and considerably reduces the efficiency of regional ecological restoration
efforts [23–25]. Given that cypress acts as the main dominant species in the Lijiang karst
area of Guilin [26], studying the factors influencing the natural regeneration of artificial
karst cypress forests is essential for maintaining community stability and promoting forest
succession. Such research provides an important theoretical and practical basis for ecologi-
cal vegetation reconstruction and biological resource protection in areas subject to human
interference. Consequently, this article takes the artificial cypress forest in the karst area of
the Lijiang River Basin as the research object to investigate the characteristics of cypress re-
generation and the environmental and stand factors that may affect this process. It attempts
to elucidate the impact of these biotic and abiotic factors on cypress regeneration, providing
a reference basis for future research on regeneration mechanisms and the management of
artificial cypress forests, while fostering discussions beneficial for ecological protection and
restoration work in the Lijiang River karst area.

2. Materials and Methods
2.1. Study Area

This comprehensive investigation was conducted within the typical karst landform
regions of the Lijiang River Basin, geographically spanning from Guilin city to Yangshuo
County (24◦56′–25◦17′ N, 110◦17′–110◦29′ E), China (Figure 1) [27]. The region is char-
acterized by a subtropical monsoon climate, endowed with abundant precipitation and
sufficient solar radiation, creating a unique hydrothermal environment. Climatological
data indicates that the mean annual temperature is approximately 19.2 ◦C. The region
exhibits distinct seasonal thermal variations: July and August represent the warmest period
of the year, with an average temperature of approximately 28.5 ◦C, whereas January and
February constitute the coldest period, with an average temperature of approximately
8.3 ◦C. The hydrological regime is robust, with an annual average rainfall of 1949.5 mm,
and the relative humidity remains consistently high, ranging from 73% to 79% annually.
Solar resources are significant, with an annual average sunshine duration of 1670 h, and
the average atmospheric pressure is recorded at 994.9 hPa [28].

The specific survey sites selected for this study are situated within Cupressus funebris
(cypress) forests. These forests are of particular historical and ecological significance,
as Cupressus funebris has served as the primary tree species for artificial afforestation
initiatives in this region since the early 1980s [26]. Geomorphologically, these stands are
predominantly distributed across the middle and lower sections of the rocky mountain
slopes, occupying an altitudinal range of 149 to 348 m above sea level. The average elevation
of the established sample plots is calculated to be 221.5 m. The edaphic conditions across
the study sites are relatively uniform, with the soil types consisting mainly of calcareous
soils derived from the underlying carbonate parent material [16].

2.2. Sampling Design

To account for the physiological challenges faced by regeneration, particularly the
low survival rate of cypress regeneration during the winter season, and to mitigate the
confounding effects of climatic interference, the research team conducted extensive field
investigations across three distinct periods: July to October 2020, May to June 2021, and
a supplementary survey in March 2023. The experimental design employed a stratified
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sampling strategy. In the first survey period (July–October 2020), 30 sample plots were
established across three representative areas along the Li River with minimal anthropogenic
disturbance from tourism: the upper section of Daxu Old Town, the middle section of
Yangdi, and the lower section of Xianggong Mountain. In the second survey period
(May–June 2021), 6 additional plots were established at two sites in the upper basin near
Guilin city: the Forestry Research Institute and Pingfeng.

Figure 1. Geographical distribution of the research sample plots within the Lijiang River Basin.
Note: The blue color gradient indicates elevation (m a.s.l.). To highlight the spatial distribution of the
plots, elevation rendering is restricted to the immediate vicinity of the Lijiang River corridor. White
areas denote masked regions outside the study focus and should not be interpreted as zero elevation.

However, during the analysis phase, it was determined that the spatial coverage of the
initial 36 plots was insufficient to represent the full range of environmental conditions across
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the Li River karst landscape. Consequently, the sampling protocol was adaptively modified.
In March 2023, a supplementary survey was conducted, adding 18 plots distributed across
six sub-areas: the Yanshan District, including the Guangxi Institute of Botany, Yanshan
campus, and Junwu Tomb; the Chuanshan Scenic Area; and additional plots at the existing
Daxu and Yangdi sites to increase replication. Through this process, a total of 54 cypress
forest research sample plots were established spanning approximately 40 km along the
Li River. Each sample plot was standardized as a square quadrat with dimensions of
10 m × 10 m. Each plot was surveyed once; no repeated measurements were conducted.
Because the survey period was confounded with geographic location, it could not be
meaningfully separated as an independent temporal effect. To assess whether the inclusion
of supplementary plots introduced systematic bias, we conducted a sensitivity analysis by
comparing the PLS-SEM results obtained from the full dataset (n = 54) with those from the
initial 36 plots alone. Representative field photographs of the study species and its natural
regeneration are shown in Appendix A, Figure A1.

2.3. Data Collection

A systematic and comprehensive investigation was conducted to quantify the natural
regeneration status, stand structural attributes (biotic factors), and environmental hetero-
geneity (abiotic factors) across the sample plots. The data collection followed a rigorous
protocol to ensure precision in recording both biological and non-biological variables.

2.3.1. Regeneration Survey

In this study, Cupressus funebris individuals with a diameter at breast height (DBH,
measured at 1.3 m) of less than 5 cm were defined as regeneration individuals, following
the classification criteria of Conner et al. [25] and Xu et al. [29]. For individuals shorter
than 1.3 m, ground-line diameter (GLD, measured at the root collar) was recorded as a
surrogate metric. These regeneration individuals were stratified into four developmental
grades based on height (H): Grade I (H < 30 cm), Grade II (30 ≤ H < 60 cm), Grade III
(60 ≤ H < 100 cm), and Grade IV (H ≥ 100 cm, GLD or DBH < 5 cm). Following
standard terminology in regeneration ecology [30], Grades I–II are hereafter referred to as
“seedlings,” Grade III as “advanced seedlings,” and Grade IV as “saplings.” The collective
term “regeneration” encompasses all four grades.

2.3.2. Environmental Factors

Four abiotic variables were recorded in each plot. Slope aspect was classified based
on azimuth: shaded slopes (0◦–45◦ and 315◦–360◦), semi-shaded slopes (45◦–135◦), sunny
slopes (135◦–225◦) and semi-sunny slopes (225◦–315◦); plots with no discernible inclination
were classified as having no aspect [31]. Soil rock fragment content was determined by
the excavation method [32]: soil samples of approximately 30–50 cm in thickness were
randomly collected, and the volumetric proportion of gravel was measured using the water
displacement method. Rock exposure rate was quantified by combining visual estimation
with photography [17] and was defined as the ratio of exposed bedrock to the total plot area.

2.3.3. Stand Structure and Understory Characteristics

Nine stand structural and understory variables were measured in each plot. Forest
gap area (S) was calculated using the elliptic area formula S = π × A × B/4, where A and
B are the long and short axis lengths of the gap, respectively [33]. Canopy closure was
assessed using the line-intercept method along the two diagonals of each 10 m × 10 m
plot (total transect length: 2 × 14.14 m ≈ 28.3 m). Along each diagonal, the horizontal
projection of all tree crowns intercepting the transect line was recorded, and canopy closure
was calculated as the ratio of the cumulative crown intercept length to the total transect
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length. Where crown projections overlapped, the overlapping segment was counted only
once to avoid overestimation. The same diagonal transect protocol was applied to estimate
shrub and herb coverage at the ground level. All visual estimates were conducted by the
same two trained observers throughout the study to minimize inter-observer variability;
where estimates differed by more than 15%, a consensus value was determined through
joint re-examination [34,35].

For understory density, five sub-quadrats were randomly established within each plot,
with dimensions of 1 m × 1 m for herbs and 4 m × 4 m for shrubs [36]. Population density (D)
was calculated as D = N/S, where N is the number of individuals and S is the sampling area.
The densities of mature trees and Cupressus funebris individuals were determined by a complete
census within each plot [37]. Moss coverage was quantified using a combined photographic-
visual estimation protocol [38]. In each plot, five randomly positioned 1 m × 1 m quadrats
were photographed vertically from a height of 1.5 m using a digital camera (iPhone 13 Pro,
Apple Inc., Cupertino, CA, USA) (resolution ≥ 12 MP). Moss-covered area was first estimated
visually by two independent observers, and the mean value was adopted. Where discrepancies
exceeded 10%, the photograph was analyzed using ImageJ 1.8 (National Institutes of Health,
Bethesda, MD, USA) to obtain a reference value. The final moss coverage for each plot was
calculated as the arithmetic mean of the five sub-quadrat estimates.

It should be noted that all selected sites were located in areas with minimal recent
anthropogenic disturbance, as confirmed by the absence of logging stumps, fire scars,
or grazing evidence during field reconnaissance. However, disturbance history was not
quantitatively assessed and was therefore not included as a covariate in the analysis.

2.4. Statistical Analysis

All analyses except PLS-SEM were performed in Python 3.11 (Python Software Founda-
tion, Wilmington, DE, USA) using the following libraries: scikit-bio and statsmodels for
RDA, variation partitioning, and permutational ANOVA; scipy for Spearman correlations,
Kruskal–Wallis tests, and Mann–Whitney U tests; piecewise-regression for segmented
regression and Davies tests; and statsmodels for LOWESS smoothing. PLS-SEM was
implemented in SmartPLS 4.1 (SmartPLS GmbH, Oststeinbek, Germany) [39].

2.4.1. Redundancy Analysis and Variation Partitioning

Redundancy analysis (RDA) was performed to quantify the overall explanatory power
of environmental and stand structural variables on regeneration composition (Grade I–IV
densities as the response matrix). The response matrix was Hellinger-transformed prior to
analysis [40]. Model significance was assessed using 999 permutations. Forward selection
was applied to rank individual predictors by marginal R2, and conditional (Type III)
effects were tested using permutational ANOVA to evaluate the unique contribution of
each variable after controlling for all others. Variation partitioning [41] was subsequently
conducted to decompose the explained variance into pure environmental, pure stand
structural, and shared fractions.

2.4.2. Partial Least Squares Structural Equation Modeling (PLS-SEM)

Since all variables in this study were directly measured, each was modeled as a
single-indicator construct in the PLS-SEM framework, with the indicator loading fixed at
1.0 [42,43]. Variables were selected for the structural equation model based on three criteria:
(1) significant correlation with regeneration density (90% BCa confidence interval excluding
zero); (2) variance inflation factor (VIF) < 5 to avoid multicollinearity; and (3) theoretical
relevance supported by prior literature. A PLS-SEM was constructed to test the hypoth-
esized direct and indirect effects on regeneration density. PLS-SEM was chosen over
covariance-based SEM (CB-SEM) for three reasons: (1) the sample size (n = 54) was
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relatively small for CB-SEM but adequate for PLS-SEM under the “10-times rule” [44];
(2) ecological data often violate multivariate normality assumptions, which PLS-SEM does
not require; and (3) this study was exploratory in nature, aiming to identify key regen-
eration pathways in a relatively understudied system [45]. Regeneration density was
log-transformed [ln(x + 1)] prior to analysis, and all variables were standardized to enable
comparison of path coefficients.

2.4.3. Threshold Analysis

To identify non-linear breakpoints in the relationships between key predictors and re-
generation density, segmented regression was applied to the two dominant predictors (Gap
and Ssc) using the method of Muggeo [46]. Breakpoint significance was assessed using the
analytical Davies test as implemented in the piecewise-regression Python library [47].
For variables where formal breakpoint testing was not feasible due to distributional con-
straints (moss coverage, herb density, tree density), grouped comparisons (Kruskal–Wallis
test with Dunn’s post hoc test) and LOWESS smoothing (span = 0.7) were used to charac-
terize response patterns. Slope aspect effects were assessed using Mann–Whitney U tests
comparing shady versus sunny slopes.

2.5. Ethical Considerations

This study scrupulously complies with all pertinent ethical guidelines and regulations
governing academic research. It is hereby confirmed that prior to the commencement of this
research, the protocol received internal review and approval from the relevant institutional
bodies, with the corresponding ethics review forms attached. The ethical compliance is
articulated through the following dimensions:

Fundamentally, this research is designated as a foundational ecological field survey,
with the primary objective of systematically observing, measuring, and collecting empirical
data from the natural environment. Regarding biological subjects, it is explicitly declared
that the experimental design involved neither human participants nor animal experimen-
tation, thereby exempting it from clinical ethical review. Crucially, the methodological
framework of this research relied strictly on non-invasive observation to assess the regenera-
tion processes of cypress communities. All fieldwork was conducted using non-destructive
sampling protocols, involving only the visual assessment of non-protected species and the
collection of minimal substrate samples (e.g., soil, litter) for laboratory analysis, ensuring
that no ecological damage was inflicted upon the existing vegetation or the local habitat.

3. Results
3.1. Structural Composition of Regeneration Individuals
3.1.1. Density Structure of Regeneration

The investigation revealed a highly heterogeneous pattern of natural regeneration
within the Cupressus funebris stands, which are predominantly distributed across the middle
and lower elevational zones (149–348 m) of the rocky mountains. The studied stands,
comprising both pure and mixed cypress forests with a diameter at breast height (DBH)
ranging from 10 to 25 cm, exhibited significant variability in regeneration density. As illus-
trated in Figure 2, a substantial proportion of the surveyed plots (23 out of 54, representing
42.6%) exhibited a complete failure of recruitment, with a recorded regeneration density of
0 plants ha−1. Among the 31 plots with regeneration, one exceptional plot (Plot 8) demon-
strated a prolific regeneration event, achieving a density as high as 48,600 plants ha−1. The
remaining 30 plots displayed a broad density spectrum ranging from 1 to 8000 plants ha−1.
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Figure 2. Distribution of cypress seedling density across the 54 surveyed sample plots.

3.1.2. Height Class Structure and Demographic Dynamics

Height class distribution serves as a reliable proxy for demographic structure when
precise age data are unavailable [29]. Natural regeneration of Cupressus funebris was
recorded in 31 of the 54 plots (57.4%), while the remaining 23 plots exhibited no regeneration.
All 54 plots, including those with zero regeneration, were retained for the subsequent
PLS-SEM analysis to avoid selection bias and to capture the full range of environmental
variation. For the height class characterization, Plot 8 was excluded only for the height-class
characterization; it was retained in all subsequent analyses.

As depicted in Figure 3, the height class distribution of the regenerated population
displayed a distinct inverted J shape, characterized by a progressive decline in abundance
with increasing height class. Seedling abundance differed significantly between Grade
I and Grade III, and between Grade I and Grade IV (Kruskal–Wallis test followed by
Dunn’s post hoc test, p < 0.05), whereas no significant differences were detected among
the remaining pairwise comparisons. Grade I seedlings (establishment phase) were the
most abundant, suggesting that seed availability and initial germination conditions are
not the primary limiting factors. However, the sharp attrition observed in subsequent
height classes indicates that seedlings encounter intensifying environmental filters and
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competitive pressures during ontogenetic development, which severely constrain their
recruitment into the sapling layer.

Figure 3. Height class structure of regenerated cypress seedlings, illustrating a progressive demo-
graphic bottleneck. Note: Horizontal brackets indicate pairwise comparisons among grades based on
Dunn’s post hoc test following the Kruskal–Wallis test. * indicate statistically significant differences
at p < 0.05; “ns” indicates non-significant differences.

3.2. Descriptive Statistics of Environmental and Stand Variables

The descriptive statistics of all predictor variables are summarized in Table 1. The
sampled plots spanned an elevational range of 149–348 m (CV = 15.387%), while edaphic
variables exhibited considerably greater heterogeneity: rock exposure rate ranged from
0 to 70% (CV = 108.378%) and soil rock fragment content from 0 to 51% (CV = 216.826%),
reflecting the pronounced substrate variability inherent to karst terrain. Cupressus funebris
constituted 80.6% of total tree density (1027.780 of 1275.930 stems ha−1), confirming its
numerical dominance across the study stands. Canopy closure varied from 5.000% to
98.000% (CV = 52.051%), and forest gap area from 0 to 86.250 m2 (CV = 118.057%), indicating
a structural continuum from closed-canopy to gap-dominated conditions. The understory
was co-dominated by herbs (53.815 ± 23.984%) and shrubs (40.133 ± 27.133%), while
moss coverage was low but highly variable (CV = 110.648%). Combined with the extreme
spatial heterogeneity in seedling density documented previously, these gradients provide a
sufficient basis for identifying the key drivers of cypress regeneration in the subsequent
multivariate analyses.
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Table 1. Descriptive statistics of environmental factors, stand structure, and regeneration variables.

Category Variable Abbreviation Unit Mean ± SD Min–Max CV (%)

Environmental factors

Elevation Al m 215.944 ± 33.228 149–348 15.387
Slope S ◦ 16.093 ± 12.641 0–48 78.549
Rock exposure rate R % 17.769 ± 19.257 0–70 108.378
Soil rock fragment content Ssc % 4.296 ± 9.315 0–51 216.826

Stand structure &
understory

Tree density TreeDen stems ha−1 1275.930 ± 1198.730 200–6200 93.950
Cupressus funebris density CypDen stems ha−1 1027.780 ± 1085.130 100–6200 105.580
Canopy closure CC % 55.463 ± 28.869 5–98 52.051
Forest gap area Gap m2 13.648 ± 16.112 0–86.25 118.057
Shrub coverage ShrubCov % 40.133 ± 27.133 0–99 67.606
Shrub density ShrubDen stems ha−1 7112.960 ± 4717.760 0–25,300 66.326
Herb coverage HerbCov % 53.815 ± 23.984 8–99 44.567
Herb density HerbDen stems ha−1 10, 497.220 ± 5267.980 2700–26,500 50.185
Moss coverage MossCov % 22.870 ± 25.306 0–80 110.648

Regeneration

Grade I (H < 30 cm) GradeI stems ha−1 942.593 ± 2217.480 0–14,600 235.253
Grade II (30 ≤ H < 60 cm) GradeII stems ha−1 600.000 ± 1783.150 0–12,800 297.192
Grade III (60 ≤ H < 100 cm) GradeIII stems ha−1 477.778 ± 1515.910 0–10,900 317.284
Grade IV (H ≥ 100 cm, DBH < 5 cm) GradeIV stems ha−1 464.815 ± 1466.890 0–10,300 315.585

Note: Slope aspect was recorded as a categorical variable and is summarized separately: shaded slopes (n = 11),
semi-shaded slopes (n = 12), sunny slopes (n = 9), semi-sunny slopes (n = 10), and flat terrain (n = 12).

3.3. Correlation Analysis
3.3.1. Correlation Analysis: Environmental Drivers

Spearman rank correlation analysis was performed in order to disentangle the rela-
tionships between abiotic environmental factors and seedling demographics (Figure 4).
As slope aspect is a circular variable that cannot be meaningfully analyzed using linear
correlation methods [48], it was treated as a categorical factor in all analyses. Differences in
regeneration related to aspect were assessed using the Kruskal–Wallis test. The analysis
revealed a significant positive correlation between altitude (Al) and slope (S) on the one
hand, and Grade II–IV regeneration individuals on the other (p ≤ 0.05). Furthermore,
the correlation strength increased progressively from smaller to larger size classes (Al:
ρ = 0.344–0.363; S: ρ = 0.254–0.361). This suggests that topographic positioning becomes
increasingly critical for the survival of larger saplings. It is noteworthy that neither variable
demonstrated a significant correlation with Grade I seedlings, suggesting that the filtering
effect of topography intensifies during later ontogenetic stages.

The analysis also revealed a robust positive correlation between soil rock fragment
content (Ssc) and ontogenetic stage (Grades I–IV, p ≤ 0.01), with the strongest association
observed for Grade I seedlings (ρ = 0.554). This finding underscores the unique adaptation
of Cupressus to rocky microsites and highlights the particular importance of well-drained
substrates during the initial establishment phase. Conversely, rock exposure rate (R) exhib-
ited no substantial correlation with any regeneration grade (ρ = −0.001–0.068, p > 0.1),
indicating that surface rock exposure per se may not exert a significant influence on Cupres-
sus regeneration. Collectively, these results suggest that soil rock fragment content, altitude,
and slope gradient are positively associated with Cupressus regeneration, and may serve as
important abiotic filters shaping regeneration patterns in karst landscapes.

3.3.2. Correlation Analysis: Biotic Drivers

The Spearman correlation matrix for stand structural factors (Figure 5) revealed a
complex network of biotic associations with regeneration density. Among all biotic vari-
ables, gap area (Gap) exhibited the strongest positive correlations with regeneration density
across all size classes (ρ = 0.711–0.791, p ≤ 0.01), with the highest coefficient observed
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for Grade I seedlings (ρ = 0.791). This suggests that canopy openings may serve as
critical recruitment windows, particularly during the initial establishment phase when
light demand is presumably highest. Moss coverage (MossCov) displayed consistently
strong positive correlations with all seedling grades (ρ = 0.676–0.764, p ≤ 0.01), with the
association strengthening towards larger size classes (Grade IV: ρ = 0.764). This pattern
may reflect shared microhabitat preferences characterized by moderate moisture retention
and reduced competition. Cupressus density (CypDen) demonstrated a positive correlation
with both Grade II (ρ = 0.309, p ≤ 0.05) and Grade III advanced seedlings (ρ = 0.320,
p ≤ 0.05), suggesting a potential association with proximity to seed sources. However, this
correlation became non-significant for Grade IV saplings (ρ = 0.176, p > 0.1), which could
be indicative of density-dependent thinning at subsequent ontogenetic stages.

Figure 4. Heatmap of Spearman correlation coefficients between environmental factors and cypress
seedling grades. Note: Al: Altitude; Ssc: Soil stone content; S: Slope; R: Rock exposure rate;
Grade I–IV: Seedling height classes. *, **, and *** denote significance at p ≤ 0.1, p ≤ 0.05, and
p ≤ 0.01, respectively.

Conversely, several variables exhibited negative correlations, suggesting competitive
interactions. The study revealed a negative correlation between herbal density (HerbDen)
and all four regeneration grades (ρ = −0.315 to −0.363, p ≤ 0.05). A similar pattern was
observed in the relationship between herb coverage (HerbCov) and regeneration grades
(ρ = −0.227 to −0.291, p ≤ 0.1 for most grades). These findings provide evidence that
the herbaceous layer may exert consistent competitive pressure during the regeneration
process. Canopy closure (CC) exhibited a significant negative correlation exclusively with
Grade IV saplings (ρ = −0.304, p ≤ 0.05), implying that light limitation may become
increasingly critical as individuals transition from seedling to sapling stages and their
resource demands escalate. Tree density (TreeDen) of non-Cupressus species exhibited
marginally negative associations with Grade I (ρ = −0.259, p ≤ 0.1) and Grade IV saplings
(ρ = −0.256, p ≤ 0.1), suggesting the possibility of interspecific competition. However, the
relatively weak correlations necessitate cautious interpretation. The findings indicated that
neither shrub coverage (ShrubCov) nor shrub density (ShrubDen) exhibited a significant
correlation with any regeneration grade (p > 0.1 for all), suggesting that the shrub layer
does not play a detectable role in Cupressus regeneration within the study area. Collectively,
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these correlation patterns delineate a biotic environment in which light availability and
microhabitat conditions appear to be positively linked to regeneration success, while
herbaceous competition emerges as a consistent negative correlate. These correlative
findings provide a foundation for subsequent modeling efforts aimed at disentangling the
relative contributions of individual factors.

Figure 5. Heatmap of Spearman correlation coefficients between stand structural factors and cypress
seedling grades. Note: Gap: Gap area; CypDen: Cypress density; CC: Canopy closure; TreeDen: Tree
density; ShrubCov: Shrub coverage; ShrubDen: Shrub density; HerbCov: Herbal coverage; HerbDen:
Herbal density; MossCov: Moss coverage. *, **, and *** denote significance at p ≤ 0.1, p ≤ 0.05, and
p ≤ 0.01, respectively.

3.4. Drivers of Cupressus Regeneration

To identify the key factors influencing Cupressus regeneration patterns, redundancy
analysis (RDA) was performed using all environmental and stand structure variables as
explanatory factors. The full RDA model significantly explained 74.3% of the total variation
in regeneration composition (adjusted R2 = 0.659, p = 0.002; Table 2). The first canonical
axis (RDA1) accounted for 97.7% of the constrained variance and was highly significant
(p = 0.001), while the remaining axes contributed minimally (RDA2–4: 2.3% combined,
all p > 0.05), indicating that a single dominant gradient structured the regeneration–
environment relationship.
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Table 2. Summary of RDA on Cupressus regeneration constrained by environmental and stand
structure variables.

Axis Eigenvalue
Variance

Explained (%)
Cumulative
Variance (%)

p-Value

RDA1 2.959 97.7 97.7 0.001 ***
RDA2 0.053 1.7 99.4 0.886
RDA3 0.016 0.5 99.9 0.792
RDA4 0.001 0 100 0.314

Total Constrained 74.29
Unconstrained 25.71

Model fit R2 0.743
Adjusted R2 0.659 0.002 ***

Note: Significance was tested using 999 permutations. *** p < 0.01.

Forward selection was then applied to identify the most influential predictors (Table 3),
and this method inherently addresses multicollinearity by sequentially adding variables based
on their marginal contribution after accounting for previously selected predictors [49]. Among
all variables examined, Soil stone content (Ssc) emerged as the strongest driver, independently
explaining 52.9% of regeneration variation (p = 0.001). Canopy gap ratio (Gap) ranked second,
contributing an additional 11.9% to the explained variance (p = 0.001). Other significant
variables included shrub density (4.1%), shrub coverage (2.4%), and moss coverage (0.4%),
though their individual contributions were considerably smaller. Notably, all 13 variables
retained in the final model showed significant marginal effects (p = 0.001 for all). However,
when the conditional effects of individual variables were tested using permutational ANOVA, a
contrasting pattern emerged. After controlling for all other predictors, only Rock exposure rate
(R, conditional R2 = 0.040, p = 0.038) and moss coverage (MossCov, conditional R2 = 0.039,
p = 0.038) retained significant unique contributions (see in Appendix A, Table A1).

Table 3. Forward selection of environmental and stand structure variables in RDA.

Variable Category Marginal R2 Cumulative R2 p-Value

Ssc Environmental 0.529 0.529 0.001 ***
Gap Stand structure 0.119 0.648 0.001 ***
ShrubDen Stand structure 0.041 0.689 0.001 ***
ShrubCov Stand structure 0.024 0.713 0.001 ***
HerbCov Stand structure 0.006 0.719 0.001 ***
TreeDen Stand structure 0.005 0.724 0.001 ***
HerbDen Stand structure 0.005 0.729 0.001 ***
MossCov Stand structure 0.004 0.733 0.001 ***
Al Environmental 0.004 0.737 0.001 ***
CypDen Stand structure 0.003 0.740 0.001 ***
S Environmental 0.002 0.742 0.001 ***
CC Stand structure 0.002 0.744 0.001 ***
R Environmental 0.001 0.745 0.001 ***

Note: Al: Altitude; Ssc: Soil stone content; S: Slope; R: Rock exposure rate; Gap: Gap area; CypDen: Cypress
density; CC: Canopy closure; TreeDen: Tree density; ShrubCov: Shrub coverage; ShrubDen: Shrub density;
HerbCov: Herbal coverage; HerbDen: Herbal density; MossCov: Moss coverage. *** p < 0.01.

To further disentangle the relative importance of environmental versus stand structure
factors, variation partitioning analysis was conducted (Table 4; Figure 6). The results
revealed that the shared fraction explained by both factor groups (41.2%) substantially
exceeded their unique contributions (environmental factors alone: 8.6%; stand structure
alone: 16.2%). Both the environmental model and stand structure model were individually
significant. The residual unexplained variation accounted for 34.1% of total variance,
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likely reflecting stochastic processes and unmeasured factors such as seed availability and
herbivory pressure.

Table 4. Variation partitioning of Cupressus regeneration explained by environmental factors and
stand structure variables.

Component Notation Adjusted R2

Environmental [a] 0.086 ***
Stand structure [b] 0.162 ***
Shared [ab] 0.412
Environmental (total) [a] + [ab] 0.498 ***
Stand structure (total) [b] + [ab] 0.574 ***
Full model [a] + [b] + [ab] 0.659 ***
Residual 0.341

Note: Variation partitioning was performed following Borcard et al. [41]. Values represent the proportion of
adjusted explained variation. [a]: pure environmental effect; [b]: pure stand structure effect; [ab]: shared effect;
Residual: unexplained variation. Significance of the pure fractions [a] and [b], total fractions, and the full model
was assessed using 999 permutations. The shared fraction [ab] was calculated by subtraction and cannot be tested
directly. *** p < 0.01.

Figure 6. Variation Partitioning. Note: Values represent the percentage of adjusted explained
variation. [a]: pure environmental effect; [b]: pure stand structure effect; [ab]: shared effect; Residual:
unexplained variation. All fractions were significant at p < 0.01 based on 999 permutations.

The RDA triplot provided insights into the ecological associations between regen-
eration grades and environmental gradients (Figure 7). Along the primary axis (RDA1),
Grade I seedlings (height < 30 cm) were positively associated with canopy gaps and posi-
tioned toward the right side of the ordination space, suggesting that light availability is
a critical factor for initial seedling establishment. In contrast, larger regeneration classes
(Grade II–IV) showed stronger positive correlations with Soil stone content (Ssc) and moss
coverage (MossCov), indicating shifting microhabitat requirements across ontogenetic
stages. Conversely, tree density (TreeDen), herb layer density (HerbDen), and canopy
coverage (CC) were negatively associated with all regeneration grades along RDA1, imply-
ing competitive suppression effects from dense overstory and understory vegetation on
Cupressus regeneration success.
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Figure 7. RDA Triplot. Note: The first two RDA axes explained 99.4% of the total constrained
variance. Regeneration grades are color-coded: red (Grade I) represents the youngest seedlings
(H < 30 cm); purple (Grade IV) represents advanced saplings (H ≥ 100 cm, DBH < 5 cm); blue
(Grade II) and green (Grade III) represent intermediate stages. Environmental factors (blue arrows)
and stand structural factors (green arrows) are displayed with their abbreviated variable names. Gray
points represent sampling plots.

3.5. Structural Equation Modeling

Partial least squares structural equation modeling (PLS-SEM) was employed to dis-
entangle the direct and indirect effects of environmental and stand structural factors on
Cupressus funebris regeneration (Figure 8). The model comprised three latent variables: en-
vironmental factors (ENV), stand structure (STAND), and regeneration (REGEN). ENV and
STAND were specified as formative constructs, while REGEN was modeled as a reflective
construct. The hypothesized causal pathway assumed that ENV influences REGEN both
directly and indirectly through STAND.

3.5.1. Measurement Model Assessment

For the reflective construct REGEN, all four indicator loadings exceeded 0.93 (Grade I:
0.932, Grade II: 0.988, Grade III: 0.985, Grade IV: 0.967; all p < 0.001; Table 5), indicating
excellent internal consistency and convergent validity. All VIF values were below 5.0
(see in Appendix A, Table A2), confirming the absence of critical multicollinearity among
formative indicators [42].

For the formative constructs, outer weights and loadings were examined to evaluate
indicator contributions (Table 5, Appendix A, Table A3). In the ENV construct, soil rock
fragment content (Ssc) was the dominant contributor with a significant weight (0.963,
p < 0.01) and loading (0.984, p < 0.001), while slope (S) showed a marginally significant
loading (0.328, p = 0.051). Altitude (Al) and rock exposure rate (R) showed non-significant
outer loadings. However, these indicators were retained based on their theoretical relevance
as key environmental gradients identified in the RDA and variation partitioning analyses
(see Sections 3.3 and 3.4). In the STAND construct, canopy gap fraction (Gap) was the
primary contributor with a significant loading (weight = 1.091, p < 0.001; loading = 0.989,
p < 0.001). Moss coverage (loading = 0.676, p < 0.001) and herb density (loading = −0.282,
p = 0.001) also showed significant loadings, supporting their retention in the model [42].
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Figure 8. PLS-SEM: Effects of environmental factors and stand structure on the regeneration of
Cupressus funebris in karst landscapes of the Li River basin. Note: The visual karst background for this
figure was generated with an AI-assisted image tool. All path coefficients and R2 values are derived
from empirical data analyzed with SmartPLS 4.1 (SmartPLS GmbH, Oststeinbek, Germany) and are
separate from the conceptual backdrop. This generated element is for illustrative purposes only and
does not represent original data. ENV and STAND are specified as formative constructs; REGEN
is specified as a reflective construct. Values adjacent to indicator arrows represent outer weights.
Values on structural paths denote p-values. Red arrows indicate statistically significant paths; black
arrows indicate non-significant paths. R2 values within STAND and REGEN represent the variance
explained by the model. * p < 0.1, *** p < 0.01.

Table 5. Measurement model results of PLS-SEM.

Construct Indicator Outer Loading t-Value p-Value

ENV

Al 0.126 0.660 0.509
R −0.111 0.701 0.484
S 0.328 1.949 0.051 *
Ssc 0.984 4.959 <0.001 ***

STAND

CC −0.115 0.713 0.476
Gap 0.989 14.184 <0.001 ***
HerbDen −0.282 3.202 0.001 ***
MossCov 0.676 5.875 <0.001 ***
TreeDen −0.167 1.808 0.071 *

REGEN

Grade I 0.932 6.943 <0.001 ***
Grade II 0.988 18.715 <0.001 ***
Grade III 0.985 18.758 <0.001 ***
Grade IV 0.967 8.659 <0.001 ***

Note: ENV: Environmental factors; STAND: Stand Structure factors; REGEN: Regeneration factors; Al: Altitude;
Ssc: Soil stone content; S: Slope; R: Rock exposure rate; Gap: Gap area; CC: Canopy closure; TreeDen: Tree
density; HerbDen: Herbal density; MossCov: Moss coverage; Grade I–IV: Regeneration individuals height classes.
* p < 0.1, *** p < 0.01.

3.5.2. Structural Model Assessment

The model exhibited a satisfactory fit, as evidenced by a standardized root mean square
residual (SRMR) of 0.056, which was significantly below the recommended threshold of
0.08 [50]; Table 6. The model accounted for 50.5% of the variance in STAND (R2 = 0.505,
p = 0.002) and 68.3% of the variance in REGEN (R2 = 0.683, p < 0.001), suggesting
considerable explanatory capacity (Table 6).

Path analysis revealed that ENV exerted a strong and significant positive effect on
STAND (β = 0.711, t = 4.158, p < 0.001), while STAND showed a marginally significant
positive effect on REGEN (β = 0.499, t = 1.830, p = 0.067). Notably, the direct effect of
ENV on REGEN was not significant (β = 0.394, t = 1.174, p = 0.240; Figure 8, Table 6).
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Table 6. Structural model results: path coefficients, indirect and total effects.

Path Effect Type β SE t-Value p-Value

ENV → STAND Direct 0.711 0.171 4.158 <0.001 ***
ENV → REGEN Direct 0.394 0.335 1.174 0.240
STAND → REGEN Direct 0.499 0.273 1.830 0.067 *
ENV → STAND → REGEN Indirect 0.355 0.198 1.790 0.073 *
ENV → REGEN Total 0.748 0.219 3.420 0.001 ***

Endogenous variable R2 SE t-value p-value

STAND 0.505 0.163 3.099 0.002 ***
REGEN 0.683 0.117 5.847 <0.001 ***

Model fit Value

SRMR 0.056
Note: ENV: Environmental factors; STAND: Stand Structure factors; REGEN: Regeneration factors; * p < 0.1,
*** p < 0.01.

3.5.3. Mediation Analysis

The indirect effect of ENV on REGEN through STAND was 0.355 (t = 1.790, p = 0.073),
accounting for 47.5% of the total effect. The total effect of ENV on REGEN was 0.748 (t = 3.420,
p = 0.001), which was highly significant despite the non-significant direct path. This pattern,
with a significant total effect, a significant a-path (ENV → STAND), a marginally significant
b-path (STAND → REGEN), and a non-significant direct effect (c’-path), is consistent with
full mediation [42,51]. These results indicate that environmental factors primarily influence
Cupressus funebris regeneration indirectly by shaping stand structural attributes, rather than
through direct effects on seedling establishment (Figure 8, Table 6). To assess the robustness of
the PLS-SEM results, a sensitivity analysis was performed utilizing a subset of 36 plots from
the preliminary survey; the results, which were consistent with those obtained from the full
dataset (n = 54), are presented in Appendix A, Figure A2 and Table A4.

3.6. Threshold Identification for Key Regeneration Drivers

In order to complement the continuous relationships identified by RDA and PLS-SEM,
threshold effects of key predictors on regeneration density were examined using segmented
regression, non-parametric group comparisons, and LOWESS smoothing.

For the canopy gap area, segmented regression identified a significant breakpoint at
10.49 m2 (95% CI: 6.42–14.57 m2; Davies test, p = 0.028). Below this threshold, regeneration
density exhibited a steep increase in proportion to gap area (slope α1 = 0.579, p < 0.001),
while above the threshold, the relationship reached a state of plateau (slope α2 = 0.052,
p = 0.079). The segmented model (R2 = 0.654) substantially outperformed the linear
model (R2 = 0.440), confirming the non-linear nature of the gap–regeneration relationship.
The results of the grouped comparison confirmed this pattern: the mean total seedling
density rose sharply from 327 stems per hectare in the 0–5 m2 (n = 21) to 7133 stems per
hectare in the >20 m2 class (n = 14; Kruskal–Wallis test for Grade I, p < 0.001; Figure 9a),
with the transition being most pronounced between the 5–10 m2 and 10–20 m2 classes,
consistent with the estimated breakpoint.

The Davies test detected a significant breakpoint for soil rock fragment content (p < 0.001),
with an estimated breakpoint of Ssc ≈ 3.96% (95% CI: −0.96% to 8.88%). However, the wide
confidence interval spanning zero, coupled with the non-significant pre-breakpoint slope
(α1 = 0.887, p = 0.100), suggests that this signal was primarily driven by the contrast between
plots with and without rock fragments, rather than indicating a precise dose–response threshold.
Applying segmented regression to the non-zero subset (Ssc > 0, n = 33; Table 7) yielded a
non-significant Davies test (p = 0.052), which confirmed the absence of a breakpoint within
the Ssc > 0 range. However, a simple linear model for this subset was significant (R2 = 0.147,
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p = 0.027, slope = 0.115), which indicates a weak but positive continuous effect beyond the
dominant presence–absence effect. Therefore, the effect of rock fragments operated as a binary
presence–absence mechanism: plots with Ssc > 0 supported significantly higher regeneration
density than plots with Ssc = 0 across all seedling grades (Mann–Whitney U tests: Grade I:
p < 0.001; Grade II: p < 0.01; Grade III: p < 0.01; Grade IV: p < 0.05; Figure 9b).

Table 7. Segmented regression of ln-transformed regeneration density on canopy gap area and soil
rock fragment content.

Variable Dataset Analysis Estimate SE 95% CI p-Value

Gap Full (n = 54)

Davies test — — — 0.028
Breakpoint 10.49 m2 2.04 [6.42, 14.57] —

Slope before BP (α1) 0.579 — — < 0.001
Slope after BP (α2) 0.052 — — 0.079

Segmented model R2 0.654 — — —
Linear model R2 0.440 — — —

Ssc

Full (n = 54)

Davies test — — — < 0.001
Breakpoint 3.96% 2.45 [−0.96, 8.88] —

Slope before BP (α1) 0.887 0.529 [−0.18, 1.94] 0.100
Slope after BP (α2) 0.073 0.058 [−0.04, 0.19] 0.218

Segmented model R2 0.259 — — —
Linear model R2 0.159 — — —

Non-zero subset (n = 33)

Davies test — — — 0.052
Breakpoint 3.90% 3.29 [−2.82, 10.62] —

Slope before BP (α1) 0.912 1.170 [−1.47, 3.29] 0.440
Slope after BP (α2) 0.073 0.057 [−0.04, 0.19] 0.209

Segmented model R2 0.216 — — —
Linear model R2 0.147 — — 0.027

Figure 9. Threshold identification. (a) Canopy gap area; (b) Soil rock fragment content; (c) Moss
coverage; (d) Herb layer density. Note: *, **, and *** denote significance at p ≤ 0.1, p ≤ 0.05, and
p ≤ 0.01, respectively.
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Among the remaining stand structural variables, regeneration density increased mono-
tonically with moss coverage, accelerating markedly above approximately 40% (Figure 9c).
Plots with moss coverage of over 50% (n = 12) had mean seedling densities around eight
times higher than those with coverage of under 10% (n = 29; Kruskal–Wallis test for
Grade I, p < 0.001). This suggests that extensive moss mats create favorable microsites for
seed retention and germination. Regeneration density peaked at intermediate herb densi-
ties (<5000 stems ha−1) and declined progressively at higher densities, with near-complete
suppression at herb densities exceeding approximately 13,000 stems ha−1 (Figure 9d);
although the Kruskal–Wallis test for Grade I seedlings was not significant (p = 0.311),
likely due to the small sample size in the highest density class (n = 9), the consistent
decline across all grades suggests a competitive exclusion effect. LOWESS smoothing of
Grade I seedling density against tree density revealed a hump-shaped response (Figure 10),
with regeneration highest at tree densities of 500–1500 stems ha−1 and consistently sup-
pressed below 300 stems ha−1 beyond a competitive exclusion threshold of approximately
2200 stems ha−1, reflecting intensified competition for light, water, and nutrients under
dense canopy closure.

Figure 10. Tree density regulation (Grade I scatter + LOWESS).

Regarding slope orientation, shady (north-facing) slopes supported significantly
higher seedling densities than sunny (south-facing) slopes across all developmental grades
(Mann–Whitney U tests: Grade I, p = 0.007; Grade II, p = 0.035; Grade III, p = 0.085;
Grade IV, p = 0.013; Figure 11). Mean Grade I density on shady slopes (≈1830 stems ha−1)
was more than five times that on sunny slopes (≈340 stems ha−1), a disparity likely
reflecting the lower evapotranspiration demand and reduced photoinhibition stress on
north-facing slopes in the subtropical monsoon environment, which are critical for the
survival of Cupressus funebris seedlings during the prolonged dry season.

The synthesis of the analyses above the threshold with the environmental gradients
identified by RDA and the variable importance rankings from PLS-SEM results in the
following characterization of the optimal regeneration niche for Cupressus funebris in the
study area: (1) shaded north-facing slopes; (2) canopy gap area exceeding approximately
10 m2; (3) presence of soil rock fragments (Ssc > 0%), with regeneration density increasing
weakly with higher rock fragment content; (4) moss coverage above 40%; (5) herb layer den-
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sity below approximately 13,000 stems ha−1; (6) tree density of 500–1500 stems ha−1 (not
exceeding 2200); (7) elevations of 160–240 m; and (8) slope angles of 15–30◦. The conditions
under which these plants grow together are defined by the availability of light, the drainage
of the substrate, the retention of moisture, and the level of interspecific competition. To-
gether, these conditions define a regeneration niche that maximizes seedling establishment
and survival in the subtropical monsoon environment of the Li River karst landscape.

Figure 11. Slope orientation comparison. Note: *, **, and *** denote significance at p ≤ 0.1, p ≤ 0.05,
and p ≤ 0.01, respectively.

4. Discussion
4.1. Soil Stone Content as a Keystone Environmental Filter in Karst Regeneration

Among all environmental and stand structural variables examined, soil rock fragment
content (Ssc) emerged as the single most influential predictor of Cupressus funebris regener-
ation, independently explaining 52.9% of the variation in the forward selection analysis
and serving as the dominant indicator of the ENV construct in the PLS-SEM. This finding
underscores the unique role of edaphic conditions in regulating plant regeneration in karst
ecosystems, where soil development is inherently constrained by the underlying limestone
geology [52].

Notably, the effect of Ssc on regeneration operated as a binary presence–absence mech-
anism rather than a continuous dose–response relationship. Segmented regression on the
full dataset initially detected a significant breakpoint at Ssc ≈ 3.9%; however, supplemen-
tary analysis on the non-zero subset revealed no significant breakpoint, confirming that the
apparent threshold was an artefact of the zero-inflated distribution of Ssc. Plots with any
rock fragment content (Ssc > 0%) supported significantly higher regeneration density than
rock-free plots across all seedling grades. This binary response can be attributed to multi-
ple interacting mechanisms. Firstly, even a small proportion of rock fragments increases
soil macroporosity and improves drainage, creating well-aerated rooting environments
that favor the calciphilic root physiology of Cupressus funebris [53]. In karst landscapes,
where shallow soils are susceptible to waterlogging during the monsoon season, enhanced
drainage may be imperative for preventing root hypoxia in seedlings. Secondly, rock
fragments function as thermal buffers, moderating diurnal soil temperature fluctuations
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and maintaining a more stable microclimate for root growth [54]. Thirdly, the interstices be-
tween rock fragments provide physical microsites that protect newly germinated seedlings
from surface runoff and soil erosion, processes that are particularly severe on karst slopes
during heavy rainfall events characteristic of the Guilin region. The binary nature of this
effect suggests that the critical ecological transition occurs at the onset of rock fragment
presence, i.e., the shift from homogeneous fine-textured soil to a heterogeneous substrate
containing even minimal rock fragments, rather than at any specific rock fragment propor-
tion. This interpretation aligns with the concept of keystone substrate structures in karst
pedology, whereby the initial introduction of coarse fragments significantly impacts soil
hydrological and thermal regimes [55].

It should be noted that the binary effect does not imply that extremely high rock
fragment content is equally favorable. Plots with Ssc > 50% were rare in our dataset
(n = 1), precluding robust statistical evaluation of the upper extreme. Nevertheless, the
absence of a significant continuous trend within the Ssc > 0 subset suggests that, within
the range observed in this study, the presence of rock fragments is more ecologically
meaningful than their precise proportion. Future studies with larger sample sizes across a
wider Ssc gradient would be needed to determine whether a decline in regeneration occurs
at very high rock fragment content where soil volume becomes critically limiting.

The predominance of Ssc in explaining variations in regeneration, superseding other
environmental variables such as altitude, slope, and rock exposure rate, is a salient ob-
servation. Although altitude and slope are widely accepted as the primary drivers of
forest regeneration in mountainous regions [56,57], the relatively narrow elevation range
(149–348 m) and low-relief karst peak-cluster landscape of the Li River Basin are likely
to have served to attenuate the influence of these topographic gradients. In contrast, Ssc
exhibited extreme spatial heterogeneity, reflecting the mosaic of soil development stages
typical of karst terrain. This result indicates that in low-elevation karst landscapes, edaphic
heterogeneity takes precedence over topographic gradients as the predominant environ-
mental filter for tree regeneration. The finding contrasts markedly with regeneration
patterns reported for non-karst montane forests, where altitude and slope are typically
the dominant environmental filters [9,56]. In temperate forests of Hungary, for example,
Tinya et al. [7] identified light availability and soil moisture as the primary regeneration
drivers, with edaphic rock content playing a negligible role. Similarly, in the subtropical
forests of the Loess Plateau, Wang et al. [6] found that microhabitat factors related to soil
depth and litter accumulation, rather than rock fragment content, governed understory
regeneration. The divergence observed in our study can be attributed to the fundamental
geological distinction of karst landscapes: the carbonate bedrock undergoes differential
dissolution, creating a mosaic of soil pockets with highly variable rock fragment content
over spatial scales of meters [58]. This pedological heterogeneity, absent in non-karst
systems, elevates Ssc from a secondary to a primary ecological filter. The karst-specific
mechanism thus represents a departure from general regeneration theory and highlights
the need for region-specific models when managing plantations on carbonate substrates.
Whether this phenomenon extends to other karst plantation systems in subtropical China
warrants further investigation.

4.2. Stand Structure as the Proximal Mediator of Environmental Effects on Regeneration

A key finding of this study is that environmental factors influence Cupressus funebris
regeneration primarily through an indirect pathway mediated by stand structural attributes,
rather than through direct effects on seedling establishment. The PLS-SEM revealed that
the direct effect of ENV on REGEN was non-significant, whereas the indirect effect via
STAND was substantial, accounting for 47.5% of the total effect. This mediation pattern
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was further corroborated by the variation partitioning analysis, which showed that the
shared fraction [ab] between environmental and stand structural variables far exceeded
the pure environmental effect [a], indicating that most of the environmental influence on
regeneration is channeled through its covariation with stand structure.

This finding is of significant theoretical importance. The majority of extant studies
on Cupressus funebris regeneration have treated environmental and stand factors as inde-
pendent, additive predictors [59]. The results obtained demonstrate that these two factor
groups are causally linked in a hierarchical manner, with environmental factors operating
as distal drivers and stand structure as the proximal mechanism. This hierarchical frame-
work resolves the apparent incongruity observed in the extant literature, wherein both
environmental and stand factors have been reported as primary drivers. These factors, it is
posited, operate at different levels of the same causal chain.

The substantial shared variance component ([ab] = 41.2%) lends further credence to
this interpretation. Rather than representing statistical redundancy, this shared fraction
reflects the ecological reality that stand structure in karst plantations is fundamentally
shaped by the underlying environmental template. Those in managerial roles who are
keen to promote regeneration cannot simply manipulate stand structure without first
considering the environmental constraints that determine the feasibility and sustainability
of such interventions.

4.3. Gap Dynamics and Understory Facilitation

Canopy gap fraction emerged as the dominant stand structural driver of regeneration,
ranking second only to Ssc in the forward selection and serving as the primary indicator of
the STAND construct in the PLS-SEM. The strong positive correlation between gap area
and regeneration across all ontogenetic grades confirms the critical role of gap dynamics in
Cupressus funebris plantation succession.

Segmented regression identified a breakpoint at Gap ≈ 10.49 m2 (95% CI: 6.42–14.57 m2),
below which regeneration density increased steeply with gap area (slope α1 = 0.579, p < 0.001)
and above which the response plateaued (slope α2 = 0.052, p = 0.079). This breakpoint likely
corresponds to the minimum light availability required for Cupressus funebris photosynthetic
compensation, given that this species transitions from shade tolerance in the germination stage
to increasing light demand as seedlings develop [60]. The existence of a discrete threshold, as
opposed to a gradual response, suggests a non-linear relationship between light availability
and seedling recruitment, consistent with gap-phase regeneration dynamics observed in other
subtropical plantation systems [61]. Grouped comparison corroborated this pattern: mean
total seedling density rose from 327 stems ha−1 in the 0–5 m2 class to 7133 stems ha−1 in the
>20 m2 class (Kruskal–Wallis test, p < 0.001; Figure 9a), with the sharpest transition occurring
between the 5–10 m2 and 10–20 m2 classes, consistent with the estimated breakpoint.

Within the understory, the opposing effects of moss coverage (facilitation) and herba-
ceous vegetation (competition) created a biotic interaction gradient that further modulated
regeneration success. Moss coverage showed the strongest positive correlation with regen-
eration among all stand factors, and the threshold analysis identified 40% moss coverage as
a critical facilitation threshold. The facilitative mechanism of moss operates through multi-
ple pathways: moisture retention that buffers regeneration desiccation during dry periods,
substrate stabilization that prevents seed displacement on karst slopes, and competitive
suppression of herbaceous species through physical pre-emption of growing space [62].
This moss-mediated facilitation is particularly relevant in karst ecosystems, where thin
soils and high drainage rates create chronic moisture stress for establishing seedlings.

Conversely, herbaceous density exceeding approximately 13,000 stems ha−1 triggered
a sharp decline in Grade I seedling abundance, indicating competitive exclusion at the

https://doi.org/10.3390/su18062885

https://doi.org/10.3390/su18062885


Sustainability 2026, 18, 2885 23 of 30

earliest regeneration stage. The negative loading of HerbDen on the STAND construct
indicates that herbaceous competition functions as a regeneration barrier within the stand
structural pathway. This competitive threshold is of ecological significance as it marks
the point at which the understory transitions from a facilitative (moss-dominated) to a
competitive (herb-dominated) state. This transition has direct implications for the timing
of management intervention.

The interplay between gap dynamics, understory interactions, and slope orientation
can be synthesized that canopy gaps exceeding approximately 10 m2 provide the necessary
light resources for regeneration, but the realized regeneration outcome depends on both the
biotic composition of the gap understory (facilitative moss vs. competitive herbs) and the
mesotopographic context. Shady (north-facing) slopes supported Grade I seedling densities
more than five times higher than sunny (south-facing) slopes, reflecting the lower evapotran-
spiration demand and reduced photoinhibition stress that characterize north-facing aspects
in the subtropical monsoon environment. This slope orientation effect operated consistently
across all developmental grades, indicating that aspect-mediated moisture availability is a
persistent filter throughout the regeneration process, not merely a germination-stage con-
straint. The integration of gap dynamics, understory biotic interactions, and slope orientation
is consistent with an expanded two-filter model of forest regeneration [63], in which abiotic
conditions (light via gaps, moisture via aspect) and biotic interactions (moss facilitation vs.
herb competition) act as sequential and interactive filters on seedling recruitment.

4.4. Ontogenetic Shifts in Regeneration Constraints

The empirical findings revealed a notable pattern, in which the strength of association
between environmental factors and regeneration increased progressively from Grade I
to Grade IV. This ontogenetic shift indicates that environmental filtering intensifies as
seedlings develop, consistent with the ecological concept of increasing niche conservatism
with plant age [63]. For seedlings classified as Grade I, the process of regeneration was
predominantly influenced by stand structural factors, namely gap area and moss cover-
age. This finding underscores the significance of immediate microsite conditions for the
successful germination and initial establishment of seeds. As saplings progress to Grade IV
(H ≥ 100 cm), environmental factors such as soil substrate quality and topographic position
become increasingly important. This is likely because larger saplings have greater resource
demands that can only be met under favorable macro-environmental conditions.

This ontogenetic pattern has a critical management implication: the bottleneck for
Cupressus funebris regeneration is not seed germination (Grade I seedlings were abundant
where regeneration occurred) but rather the survival and growth transition from early
seedlings to established saplings (Grades III–IV). In order to overcome this bottleneck, it is
necessary for favorable conditions to be sustained across both stand structural (adequate
light, low competition) and environmental (suitable soil substrate, appropriate topographic
position) dimensions.

4.5. Management Implications for Karst Cypress Plantation Restoration

Based on the quantitative thresholds identified in this study, a set of silvicultural
guidelines can be proposed and ordered according to their relative importance in the
causal pathway. The most critical intervention is selective thinning to maintain tree den-
sity within the optimal range of 500–1500 stems ha−1, not exceeding the competitive
exclusion threshold of 2200 stems ha−1, while simultaneously creating canopy gaps ex-
ceeding approximately 10 m2. LOWESS analysis revealed a hump-shaped response of
Grade I seedling density to tree density, with peak regeneration at 500–1500 stems ha−1
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and near-complete suppression above 2200 stems ha−1, providing site-specific benchmarks
for thinning intensity in karst Cupressus plantations.

Retaining and promoting moss ground cover above 40% during and after management
operations is equally important. This requires minimizing soil surface disturbance during
thinning and avoiding practices that remove or damage the moss layer. As moss coverage
showed the strongest positive correlation with regeneration among all stand factors, its
facilitative role in seedling establishment makes it a cost-effective, nature-based approach
to regeneration promotion that should be integrated into standard operational protocols.

Additionally, targeted control of herbaceous vegetation is recommended when density
exceeds 13,000 stems ha−1, particularly in recently created canopy gaps, where rapid
herb colonization may outpace seedling establishment. Selective weeding is preferable
to broadcast herbicide application in order to preserve the moss layer and maintain the
facilitative understory conditions identified above.

At the landscape planning level, regeneration management efforts should prioritize
shady (north-facing) slopes with a presence of soil rock fragments (Ssc > 0%), as shady
slopes supported five times higher seedling densities than sunny slopes, and even minimal
rock fragment content can significantly improve substrate conditions for regeneration.
On south-facing slopes or rock-free soils, where these natural facilitative conditions are
absent, supplementary measures such as artificial shading or surface mulching with coarse
substrate may be necessary to achieve comparable regeneration outcomes.

Taken together, these recommendations follow a hierarchical logic that is consistent
with the mediation pathway (ENV → STAND → REGEN) identified by the PLS-SEM.
Thinning and gap creation modify the proximal stand structural drivers; moss retention
and herb control optimize the biotic understory environment; and site selection leverages
the distal environmental template that underpins the entire causal chain.

5. Conclusions and Future Perspectives
5.1. Conclusions

This study provides an improved understanding of the environmental and stand
structural factors influencing natural regeneration of Cupressus funebris plantations in the
karst landscape of the Li River Basin, southern China. Using redundancy analysis, varia-
tion partitioning, and partial least squares structural equation modeling across 54 sample
plots, we identified soil rock fragment content and canopy gap area as the most critical
predictors, collectively explaining the majority of regeneration variation. Variation parti-
tioning revealed that the shared component between environmental and stand structural
factors dominated over pure effects, and PLS-SEM further demonstrated that environ-
mental factors influence regeneration primarily through an indirect pathway mediated by
stand structure, explaining 68.3% of regeneration variance. Threshold analysis identified
quantitative benchmarks for key drivers: presence of soil rock fragments, canopy gap area
exceeding approximately 10 m2, moss coverage >40%, herb density <13,000 stems ha−1,
tree density of 500–1500 stems ha−1 (not exceeding the competitive exclusion threshold
of 2200 stems ha−1), and shady (north-facing) slope orientation. These findings support
a close-to-nature silvicultural approach where selective thinning, moss layer retention,
herbaceous competition control, and prioritization of north-facing slopes with rock-bearing
substrates can effectively promote natural regeneration by optimizing the proximal stand
structural conditions identified in the mediation pathway.

5.2. Limitations and Future Directions

Despite the comprehensive insights derived from this study, there are several in-
trinsic limitations that must be critically acknowledged. First, the cross-sectional design
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precludes strict causal inference; the mediation pathway identified by PLS-SEM requires
validation through experimental manipulation or longitudinal monitoring. Second, the
sample size (n = 54) constrained model complexity, preventing the inclusion of factors
such as seed source availability, herbivory pressure, and anthropogenic disturbance that
likely contributed to unexplained variance. Although segmented regression was applied to
the two dominant predictors (Gap and Ssc), thresholds for other variables were derived
from grouped comparisons and LOWESS smoothing rather than formal breakpoint testing;
future work should apply segmented regression or CART to these variables with larger
samples. Third, the analysis was confined to the stand scale, leaving landscape-level
drivers unexamined. Given the sensitivity of karst ecosystems to hydrological perturba-
tions, future research should evaluate the resilience of Cupressus funebris regeneration under
projected climate change scenarios, particularly shifts in precipitation regimes and thermal
conditions [57]. Fourth, the plots were distributed across eight sub-areas spanning approxi-
mately 40 km along the Li River, introducing potential spatial autocorrelation that was not
explicitly modeled [64]. The bootstrapping procedure in PLS-SEM yields standard errors
robust to non-normality [42]; however, it assumes exchangeable observations and therefore
cannot account for inflated Type I error rates associated with spatial dependence. Future
studies could incorporate spatially explicit models or mixed-effects models with site as a
random effect to formally address this structure. More broadly, integrating remote sensing
for landscape-scale monitoring, microclimatic sensors for fine-scale environmental char-
acterization, and molecular ecology for genetic diversity assessment would substantially
advance understanding of regeneration dynamics in karst cypress forests.
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Abbreviations
The following abbreviations are used in this manuscript:

Al Altitude
CC Canopy Closure
CypDen Cupressus funebris Density
DBH Diameter at Breast Height
ENV Environmental Factors (Latent Construct)
Gap Canopy Gap Area
GLD Ground-line Diameter
HerbCov Herb Coverage
HerbDen Herb Density
LOWESS Locally Weighted Scatterplot Smoothing
MossCov Moss Coverage
PLS-SEM Partial Least Squares Structural Equation Modeling
R Rock Exposure Rate
RDA Redundancy Analysis
REGEN Regeneration (Latent Construct)
S Slope
SRMR Standardized Root Mean Square Residual
Ssc Soil Rock Fragment Content
STAND Stand Structure (Latent Construct)
ShrubCov Shrub Coverage
ShrubDen Shrub Density
TreeDen Tree Density
VIF Variance Inflation Factor

Appendix A

Figure A1. Photographs of Cupressus funebris in the Li River karst landscape: (a) mature tree branch
bearing ripe cones; (b) naturally regenerated seedlings establishing on a moss-covered rocky substrate.
(Photos taken during field surveys, 2020–2023.)

Figure A2. PLS-SEM: Effects of environmental factors and stand structure on the regeneration of
Cupressus funebris in karst landscapes of the Li River basin (n = 36).

https://doi.org/10.3390/su18062885

https://doi.org/10.3390/su18062885


Sustainability 2026, 18, 2885 27 of 30

Table A1. Conditional effects of individual variables on Cupressus regeneration tested by permuta-
tional ANOVA (Type III).

Variable Category Conditional R2 p-Value

R Environmental 0.040 0.038
MossCov Stand structure 0.039 0.038
TreeDen Stand structure 0.026 0.140
HerbCov Stand structure 0.023 0.163
Al Environmental 0.016 0.276
Gap Stand structure 0.017 0.287
CypDen Stand structure 0.012 0.408
ShrubDen Stand structure 0.011 0.440
CC Stand structure 0.010 0.476
S Environmental 0.011 0.495
HerbDen Stand structure 0.010 0.525
Ssc Environmental 0.007 0.589
ShrubCov Stand structure 0.007 0.686

Note: Conditional R2 represents the unique variance explained by each variable after accounting for all other
variables in the full model. Significance was assessed using 999 permutations. Variables are ordered by p-value.

Table A2. Variance inflation factors (VIFs) for all indicators in the PLS-SEM model.

Construct Indicator VIF

ENV

Al 1.344
R 1.261
S 1.467
Ssc 1.098

STAND

CC 1.350
Gap 2.357
HerbDen 1.179
MossCov 2.333
TreeDen 1.322

Table A3. Measurement model weights of PLS-SEM.

Construct Indicator Outer Weight t-Value

ENV

Al −0.019 0.085
R 0.031 0.225
S 0.178 0.786
Ssc 0.963 4.711

STAND

CC 0.096 0.622
Gap 1.091 3.586
HerbDen −0.063 0.492
MossCov −0.111 0.337
TreeDen 0.061 0.563

Table A4. Sensitivity analysis of full model and reduced model.

Path Full Model
(n = 54) β

Full Model p-Value Reduced Model
(n = 36) β

Reduced Model
p-Value

ENV → STAND 0.711 <0.001 0.735 0.047
ENV → REGEN 0.394 0.240 0.259 0.416
STAND → REGEN 0.499 0.067 0.654 0.005
ENV → STAND → REGEN (indirect) 0.355 0.073 0.481 0.100
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