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Abstract
Rock outcrops are a typical feature of karst ecosystems that develop diverse
microhabitats and host diverse plants, yet the relationship between colonizing
plants and microhabitats remains unclear. This study examined a tropical sea-
sonally moist forest developed on a limestone mountain in Xishuangbanna, mea-
suring the intrinsic characteristics and external environmental factors of 586
rock outcrop microhabitats and investigating the species composition of colo-
nizing plants thereon. Pearson correlation analysis and redundancy analysis
(RDA) were employed to reveal the effects of rock outcrop microhabitat char-
acteristics and environmental factors on colonizing plants. The results showed
that: (1) Characteristic values of rock outcrop microhabitats in tropical karst
forests, such as soil depth (4.92$±4.00)𝑐𝑚𝑎𝑛𝑑𝑎𝑟𝑒𝑎(532.28±1, 575.10)𝑐𝑚^{2}$,
exhibited high variability. (2) A total of 1,518 individuals of trees, shrubs, and
herbaceous plants belonging to 90 species, 82 genera, and 44 families were sur-
veyed in the microhabitats, among which suitable species with advantages in
karst substrates accounted for 35.6% of the total species number. (3) The area
and soil depth of microhabitats explained more than 70% of the variation in
colonizing plant species composition and richness. (4) A significant decreasing
exponential species-area relationship existed between colonizing plant species
richness and area within rock outcrop microhabitats. In summary, rock surface
microhabitats within tropical karst forests exhibit high heterogeneity, area and
soil depth are key factors influencing plant colonization, and the species-area re-
lationship dominates the species richness pattern of rock surface microhabitats.
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Abstract: Rock outcrops are typical features of karst ecosystems that support
diverse microhabitats and various colonizing plants, yet the relationship
between these plants and their microhabitats remains unclear. This study
examined a tropical seasonal humid forest developed on limestone hills in
Xishuangbanna, measuring the intrinsic characteristics and environmental
factors of 586 rock outcrop microhabitats and investigating the species composi-
tion of colonizing plants. Pearson correlation analysis and redundancy analysis
(RDA) were employed to reveal the influence of microhabitat characteristics
and environmental factors on colonizing plants. The results showed: (1)
Microhabitat characteristics such as soil depth [(4.92$±$4.00) cm] and area
[(532.28$±1, 575.10)𝑐𝑚^{2}$] exhibited high variability in tropical karst
forests. (2) A total of 1,518 individuals of 90 species belonging to 82 genera
and 44 families of trees, shrubs, and herbs were recorded, with karst-preferent
species adapted to limestone substrates accounting for 35.6% of total species.
(3) Microhabitat area and soil depth explained over 70% of the variation in
colonizing plant species composition and richness. (4) A clear decreasing
exponential species-area relationship existed between colonizing plant species
richness and microhabitat area. In conclusion, rock outcrop surface micro-
habitats in tropical karst forests exhibit high heterogeneity, with area and
soil depth being key factors affecting plant colonization, and the species-area
relationship dominates the species richness pattern on these microhabitats.

Keywords: karst, rock outcrop, microhabitat, habitat heterogeneity, karst
characteristic species, species-area relationship

Introduction

Carbonate rocks in tropical and subtropical China have formed diverse karst
landforms through hydraulic processes (Ford & Williams, 2007; De Waele et
al., 2009; Parise, 2011). Exposed rock bodies (such as stone teeth, karst peaks,
and scattered fragments) are common in natural forests, plantations, and de-
sertification sites in such landforms, referred to as “rock outcrops” by Shen et
al. (2018). Under differential dissolution conditions, various microhabitats with
distinct external morphologies form on and between karst outcrops, measuring
only tens of centimeters to several meters in length and width, including rock
surfaces, crevices, grooves, caves, and pits (Zhu et al., 2002). Rock outcrop sur-
face microhabitats are typically small in area and have often been overlooked in
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phytocoenological studies.

These microhabitats can intercept atmospheric deposits, litterfall, and some
rock weathering products, forming lithic humus that provides a material foun-
dation and living space for plant colonization (Hou & Jiang, 2006; Zhu et al.,
2016). When seeds and spores of plants arrive through various dispersal path-
ways, they may germinate, survive, and establish in these microhabitats, becom-
ing colonizing plants. Rock outcrop microhabitats host rich plant communities,
including mosses, algae, and vascular plants, contributing to local ecosystem bio-
diversity maintenance (Wang et al., 2003; Cao et al., 2022). Colonizing plants
on rock outcrops are typically regarded as lithophytes. Xu et al. (2006) docu-
mented 16 families and 17 species of epiphytic vascular plants on rock surfaces
in a semi-humid evergreen broad-leaved forest in Yunnan’s Stone Forest, while
Zhu et al. (2016) recorded 15 families, 21 genera, and 21 species in desertified
areas, 15 families, 25 genera, and 25 species in plantations, and 28 families, 39
genera, and 41 species in natural forests within 60 rock outcrop quadrats (2 m
× 2 m each) in Yunnan’s Stone Forest.

The humid tropical and subtropical karst regions of southwestern China repre-
sent the world’s largest and most intensively developed karst area and constitute
one of China’s four major ecologically fragile zones (Li et al., 2002; Wang et al.,
2019). The relationship between habitat and plants is fundamental for explain-
ing biodiversity formation and maintenance mechanisms in karst regions and
for exploring desertification control strategies (Ge, 2008; Cao et al., 2022). En-
vironmental characteristics of karst regions—such as drought, thin and infertile
soils, and calcium enrichment—become further extreme on rock outcrop surface
microhabitats, imposing stricter requirements for karst adaptation in colonizing
plants (Chen et al., 2018).

Small-scale differences within plant habitats, known as habitat heterogeneity,
constitute an important foundation determining plant diversity within local
ecosystems (Heidrich et al., 2020). The diverse combinations of morphologi-
cal characteristics and environmental factors of rock outcrop microhabitats cre-
ate high horizontal spatial heterogeneity (Guo et al., 2011; Chen et al., 2013),
presumably affecting the growth and survival of colonizing plants and thereby
influencing species composition and distribution (Shen et al., 2018). However,
few studies have examined the relationship between habitat heterogeneity and
colonizing plants within local karst systems.

This study investigated rock outcrop surface microhabitats in a tropical karst
forest in Xishuangbanna, using plot survey methods to obtain species data of
colonizing plants. Pearson correlation analysis and redundancy analysis were
employed to explore how external environmental factors (canopy density, al-
titude, slope position, aspect, slope gradient, height, rock-habitat ratio) and
microhabitat morphological characteristics (area, depth, depth-width ratio, and
circular coincidence) affect colonizing plant species composition and diversity.
We addressed two questions: (1) To what extent do external environmental
factors and intrinsic morphological characteristics of rock outcrop surface mi-
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crohabitats influence colonizing plant species richness? (2) How do responses
of species richness to these factors vary among different life forms and karst
adaptability groups? This research aims to provide data support for revealing
biodiversity patterns and maintenance mechanisms in karst regions.

1.1 Study Area Overview

The study area is located within the Menglun Subreserve of Xishuangbanna
National Nature Reserve, covering approximately 300 hm2 of Permian carbonate
rocks at 600–800 m elevation, with bedrock exposure exceeding 90% in some
areas. The region experiences a northern tropical monsoon climate with an
annual average temperature of 21.5 °C, annual precipitation of 1,557 mm, and
annual relative humidity of 86%, featuring distinct wet and dry seasons (Wu,
2019).

The forest community experiences minimal anthropogenic disturbance, with
forest coverage exceeding 95%. The vegetation type is tropical seasonal humid
forest. The lower tree layer has >80% coverage, dominated by Cleistanthus
sumatranus, followed by Lasiococca comberi var. pseudoverticillata, accompa-
nied by Celtis philippensis and others. In the understory shrub layer, Cleistan-
thus sumatranus saplings dominate. The forest contains abundant woody lianas
and common thick-leaved vascular epiphytes (Zhu et al., 2015).

In the study area, rock outcrops and plants coexist harmoniously, forming a
typical “rock-soil-plant” karst forest ecosystem (Shen et al., 2018). The soil
is leached humus carbonate soil developed on limestone substrates (Yang et
al., 2018), neutral to slightly acidic, with thin and discontinuous horizons. In
contrast, the lithic humus in microhabitats consists primarily of black and brown
limestone soils, neutral to slightly alkaline.

1.2 Survey Methods

The study region has distinct rainy and dry seasons with intense karstification.
To avoid interference from excessively high moisture and temperature condi-
tions during the rainy season, fieldwork was conducted during the dry season
(November–December). Surveys were performed in two phases: first locating
and marking microhabitats, then recording habitat and plant information two
weeks later. We selected areas with concentrated rock outcrops and minimal
anthropogenic disturbance to reduce variations in topography, microgeomor-
phology, forest canopy density, and surrounding plant community composition
caused by human activity. A total of 586 microhabitats were surveyed [Figure
1: see original paper]A, all selected as closed habitats with plant growth and
root systems confined within them [Figure 1: see original paper]B,C. Microhab-
itats with root systems extending beyond boundaries or with unclear borders
were excluded. Additionally, control plots (5 m × 5 m) without rock outcrops
were established in concentrated microhabitat areas to survey environmental
characteristics and species composition.
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Habitat heterogeneity can be assessed through two approaches: estimating the
types and quantities of habitats within a given area (Triantis et al., 2006; Sfen-
thourakis & Triantis, 2009), or using environmental factor proxies since they
affect plant spatial distribution (Sheng et al., 2018). Commonly used proxies
include altitude and slope gradient for topographic heterogeneity, and normal-
ized difference vegetation index (NDVI) for heterogeneity formed by plant com-
munity differences (Yan et al., 2023). This study focused exclusively on rock
outcrop surface microhabitats within a single tropical karst forest with uniform
and stable vegetation. Therefore, we defined habitat heterogeneity using the mi-
crohabitats’ intrinsic characteristics and their environmental indicators within
the forest.

We measured canopy density above each rock outcrop microhabitat, topographic
factors (altitude, slope position, aspect, slope gradient, height, rock-habitat
ratio), and morphological characteristics (area, depth, depth-width ratio, and
circular coincidence). Canopy density was calculated by comparing average
photosynthetically active radiation between 12:00–14:00 at survey sites and open
areas without shade. Portable GPS was used to measure latitude, longitude, and
altitude. Slope position was classified as lower, middle, upper, or summit based
on mountain profiles. Aspect was measured with a compass and categorized as
shady (337.5°–67.5°), semi-shady (67.5°–112.5° and 292.5°–337.5°), semi-sunny
(112.5°–157.5° and 247.5°–292.5°), and sunny (157.5°–247.5°). Slope gradient
was measured with a clinometer. Rock outcrop height was measured with a
tape, and the ratio of microhabitat position height to outcrop height (rock-
habitat ratio) was calculated to determine relative position on the outcrop.

Microhabitat morphological characteristics were evaluated using ImageJ soft-
ware (Liu et al., 2018). Each microhabitat was photographed vertically with
a scale bar [Figure 1: see original paper]C. Photographs were imported into
the software, and unit length was calibrated using pixel counts of the scale
bar. The microhabitat outline was selected with the lasso tool to obtain length,
width, area, and circular coincidence (the degree of shape similarity to a stan-
dard circle). To reduce human error, each image was processed three times and
averaged. Soil depth was measured at 3–5 points with a graduated rod and
averaged. The depth-width ratio was calculated as average soil depth divided
by the microhabitat’s long axis length, and volume was the product of area and
soil depth.

Vascular plant species and individuals colonizing each microhabitat were identi-
fied and recorded, classified into three life forms: tree, shrub, and herb. Species
were categorized by karst adaptability through literature review and consulta-
tion with experts at Xishuangbanna Tropical Botanical Garden. Colonizing
plants were divided into three groups: exclusive species (restricted to carbon-
ate substrates, not growing in other habitats), preferent species (showing high
selectivity for carbonate substrates, thriving in karst habitats but poorly devel-
oped in acidic or other substrates), and indifferent species (showing no substrate
preference with no clear geographic boundaries in phytogeographic terms) (Tu,
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1995; Zhu et al., 2003; Zhu et al., 2007).

1.3 Data Processing

Species count represented species richness; individual count represented abun-
dance. Based on life form and karst adaptability classifications, we counted
microhabitats containing each plant type and calculated their colonization rate
as the percentage of total microhabitats. Preliminary data organization and
analysis were conducted using Excel. Due to non-normal distribution of envi-
ronmental factor data between microhabitats and control plots and the small
control dataset, Mann-Whitney variance analysis was performed using Origin
2023’s non-parametric test function to assess significant differences (Yuan et
al., 2014). Pearson correlation analysis in Origin 2023 was used to create corre-
lation matrices between environmental/morphological factors and species com-
position/richness. Constrained ordination was applied to explore karst habitat
heterogeneity effects on colonizing plant distribution patterns.

Using R package vegan, detrended correspondence analysis (DCA) of species
composition and richness matrices yielded first-axis gradient lengths of 1.23 for
life forms and 1.27 for karst adaptability groups, indicating linear relationships
rather than unimodal models suitable for canonical correspondence analysis
(CCA). Therefore, redundancy analysis (RDA) based on linear models was se-
lected to analyze relationships between microhabitat environmental factors and
species composition/richness, test significance of each factor’s influence, con-
duct hierarchical analysis of effect sizes to determine model explanatory power,
and generate RDA ordination diagrams (Long et al., 2012). The species-area
relationship (SAR) curve for rock outcrop microhabitats was fitted using Origin
2023’s exponential fitting function, and SAR scatter plots were generated.

2.1 Rock Outcrop Surface Microhabitats and Their Environmental
Characteristics

Non-parametric comparison of 586 rock outcrop microhabitats and control plots
revealed no significant differences in altitude, slope position, aspect, slope gradi-
ent, or canopy density , with low coefficients of variation for these environmental
characteristics. In contrast, morphological characteristics showed high variabil-
ity, with coefficients of variation exceeding 100% for area, volume, length, and
depth-width ratio. Volume showed the highest variability (611.89%), followed
by area (295.92%), ranging from 0.14 to 20,154.41 cm2. Overall, rock surface mi-
crohabitats were relatively small, resembling “flower pots” with average depth
of only 4.92 cm, average length of 24.02 cm, average area of 532.28 cm2, and av-
erage circular coincidence of 0.52. Pearson correlation analysis between morpho-
logical and environmental factors showed strong correlations between altitude
and slope position, area and volume, and area and length [Figure 2: see original
paper], with moderate or weak correlations among other characteristics.
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2.2 Characteristics of Colonizing Plants

In the 586 rock outcrop microhabitats, 1,545 vascular plant individuals were
surveyed (average 2.6 per microhabitat). Twenty-seven seedlings that could not
be identified were excluded, leaving 1,518 individuals belonging to 90 species,
82 genera, and 44 families. Herb species richness (36 species) exceeded shrubs
(31) and trees (23), but tree abundance (763 individuals) > shrubs (494) >
herbs (261), with tree abundance approximately double that of shrubs. Colo-
nization rates were highest for shrubs (66.0%), followed by trees (55.3%) and
herbs (30.5%) . Only one exclusive karst species was found: Ornithoboea henryi
(1 individual). Indifferent species (34 families, 54 genera, 57 species) exceeded
preferent species (20 families, 30 genera, 32 species) in taxonomic diversity, but
preferent species abundance (986 individuals) was approximately double that
of indifferent species (531), with preferent species colonization rate (86.0%) ex-
ceeding indifferent species (65.5%) . Trees were dominated by preferent species,
shrubs by indifferent species, and herbs showed relatively greater indifferent
species dominance .

Among colonizing plants, Euphorbiaceae and Urticaceae had the highest species
richness (6 species each). The three most abundant species were Cleistan-
thus sumatranus (33.5%, tree, preferent), Pseuderanthemum polyanthum (7.4%,
shrub, indifferent), and Lasiococca comberi var. pseudoverticillata (7.3%, tree,
preferent). The three species with highest colonization rates were Cleistan-
thus sumatranus (29.4%, tree, preferent), Pseuderanthemum polyanthum (15.5%,
shrub, indifferent), and Reissantia arborea (9.2%, shrub, preferent).

2.3 Relationship Between Rock Outcrop Microhabitats and Coloniz-
ing Plants

Pearson correlation results showed that microhabitat morphological character-
istics (soil depth, area, volume, length, depth-width ratio, circular coincidence)
had more significant effects on species richness across life forms and karst adapt-
ability groups than external environmental factors (altitude, slope position, as-
pect, slope gradient, canopy density, height, rock-habitat ratio) [Figure 3: see
original paper], with area, length, volume, and soil depth showing strong posi-
tive correlations with species richness.

High collinearity was observed between length and area, volume and area, and
slope position and altitude. After sequentially excluding length, volume, and
slope position, RDA of microhabitat environmental factors and species compo-
sition/richness was performed [Figure 4: see original paper]. The first RDA
axis explained over 90% of variation, with area contributing most to RDA1 .
Area showed the highest model explanatory power (approximately 50%), fol-
lowed by soil depth (>20%), with both factors far exceeding other microhabitat
characteristics and showing highly significant effects.

Optimal model fitting revealed a decreasing exponential species-area relation-
ship for microhabitats (e^{96}.7, R2 = 0.56), where species richness increased
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rapidly at first, then slowly, and finally stabilized with increasing area [Figure 5:
see original paper]. The maximum colonizing species number on rock outcrop
microhabitats was 10, similar to the average 9.6 species in control plots (5 m ×
5 m). Approximately 88% of data points clustered at species richness values of
1 and 2, while about 93% of data fell within areas <2,000 cm2, and 70% within
areas <200 cm2.

3.1 High Heterogeneity of Karst Rock Outcrop Surface Microhabitats

Habitat heterogeneity is a key factor for rich species formation in karst regions
(Ben-Hur & Kadmon, 2020). Most studies have qualitatively or quantitatively
explored habitat heterogeneity-plant diversity relationships at macroscales us-
ing quadrats (Tan, 2021), neglecting rock outcrops as extreme habitats that
host rich plant communities (Shen et al., 2018). Zhu et al. (2002) first classi-
fied karst microhabitat types based on external morphological characteristics
of karst surfaces, a framework widely applied in southwestern subtropical karst
microhabitat research. This study used small-area rock outcrop surface micro-
habitats in karst forests as a model to explore relationships between habitat
heterogeneity and species richness.

Previous research has revealed relationships between karst surface microhabitat
heterogeneity and differences in topographic, soil, and climatic factors among
microhabitats (Wang et al., 2007; Liao et al., 2010; Liu et al., 2016; Wu et al.,
2018). In summary, heterogeneity of karst rock outcrop microhabitats mani-
fests in high variability of intrinsic characteristics (depth, length, area, volume,
shape parameters like depth-width ratio and circular coincidence) and environ-
mental differences among microhabitats. Our microhabitats were located in a
tropical karst forest with only ~100 m altitude difference, mature stable cli-
max communities, and >95% forest coverage, resulting in minimal local-scale
differences in hydrothermal conditions and relatively small contributions of en-
vironmental factors to microhabitat heterogeneity. Consequently, no significant
differences were found in environmental factors between control plots and micro-
habitats. Therefore, heterogeneity of rock outcrop surface microhabitats in this
study was primarily determined by intrinsic characteristics, especially area and
depth. When spanning different vegetation types, environmental factor differ-
ences among rock outcrop microhabitats might increase, potentially enhancing
their contribution to heterogeneity.

3.2 Species Composition Characteristics of Colonizing Vascular Plants

In this study, the genus-to-species ratio of colonizing vascular plants on rock
outcrop microhabitats was 1.1, compared to 2.2 for vascular plants in the same
region’s tropical karst forest (Zhu et al., 2007) and 2.2 in Guangxi’s Nonggang
northern tropical karst forest (Huang et al., 2013). This indicates that colonizing
vascular plants on rock outcrops show significantly lower genus-to-species ratios
and pronounced oligotypic genus characteristics.
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In terms of life form composition, forest-dominant tree and shrub species and
lianas showed colonization advantages on microhabitats. This composition re-
sembles that on zonal soils, where Cleistanthus sumatranus and Lasiococca
comberi var. pseudoverticillata saplings dominate the understory (Zhu et al.,
2015). Seeds of forest-dominant species appear well-adapted to karst environ-
mental stresses (Ye et al., 2023), enabling successful germination and seedling
establishment even in soil-poor rock outcrop microhabitats, providing abundant
seed sources for forest regeneration. Although herb species richness was highest,
colonization rates and abundance proportions were far lower than for trees and
shrubs, likely due to high forest canopy density limiting light and heat resources
for low-growing herbs. Trees and shrubs dominated microhabitats, possibly be-
cause woody plants in tropical karst forests have well-developed root systems
that can penetrate rock crevices to absorb nutrients and water (Xu et al., 1997).
Lianas were widespread both regionally and within microhabitats, comprising
nearly 58% of colonizing shrubs. These climbing species can tenaciously grow
on steeply sloped microhabitats (Wei et al., 2014). Studies indicate that dur-
ing early stages of desertification restoration, lianas can effectively cover rock
surfaces, crevices, and grooves, maximizing utilization of limited microhabitat
resources (Wu et al., 2015).

Karst habitats are harsh, and plants have developed unique water and nutrient
absorption and utilization strategies to adapt (Huang et al., 2011), achieving
coexistence by occupying specific resources and spaces (Nakashizuka, 2001) and
developing distinct environmental preferences (Hu et al., 2017). This study
found that karst characteristic species better adapted to and dominated rock out-
crop microhabitats. Although exclusive karst species proportion was very low
(1.1%), possibly due to historical anthropogenic disturbance, preferent species
proportion was high (35.6%). For example, on outcrops at higher elevations
in karst hills, numerous karst preferent species such as Paraboea rufescens and
Pilea plataniflora occurred. The proportion of karst characteristic species in our
rock outcrop microhabitats was significantly higher than in other floristic stud-
ies: Zhu et al. (2003) reported 10.1% exclusive and 12.2% preferent karst species
in Xishuangbanna, while Zhu et al. (2007) reported karst characteristic species
(exclusive + preferent) comprising 20–30% of southern China’s karst flora. This
higher proportion may relate to the extreme environmental constraints of rock
outcrop microhabitats, where karst characteristics like drought, rocky thin soils,
and calcium enrichment become further extreme, intensifying plant selection so
that only species and individuals adapted to these conditions can establish and
grow normally (Su & Li, 2003).

3.3 Tropical Karst Rock Outcrop Surface Microhabitats and Plant
Colonization

Formation of microhabitats with colonizing plants on rock outcrop surfaces is a
challenging process, requiring sufficient karstification to create grooves that can
effectively intercept water, soil, and nutrient resources, followed by arrival of vi-
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able seeds/spores from nearby sources that can adapt to the harsh microhabitat
conditions (Li et al., 2007). For such fragile microhabitats, even minor external
disturbances could cause collapse, suggesting they should be highly sensitive to
environmental differences.

However, this study found low explanatory power of external environmental
factors for colonizing plant species composition and richness on rock outcrop
surfaces. Commonly, factors like altitude, aspect, slope gradient, canopy density,
and height indirectly affect plant composition and distribution by influencing
redistribution of light, water, and soil nutrients (Huang et al., 2016; Zhu et
al., 2016; Zhang et al., 2023). Because our study area lies within a tropical
karst forest with favorable hydrothermal conditions, even microhabitats with
poor site conditions can support seed germination and seedling survival. The
massive and seasonally indistinct seed rain supply (Dou et al., 2018) ensures
effective seed replenishment, greatly enhancing plant colonization survival rates
and buffering against environmental factor differences.

Microhabitat intrinsic characteristics (area, soil depth, depth-width ratio, circu-
lar coincidence) showed more significant effects and higher explanatory power for
colonizing plant composition and distribution. Area overwhelmingly explained
more variation in species richness than other environmental factors, followed by
soil depth, indicating these are the primary determinants of species diversity on
rock outcrop microhabitats. Larger area and greater soil depth enhance water
and mineral nutrient retention capacity (Belcher et al., 1995; Li et al., 2012),
support richer soil microbial communities and higher soil quality (Zhou et al.,
2018), and provide more space for root growth (Liu, 2020), thereby supporting
more plant colonization, consistent with our results.

Further simulation revealed a species-area relationship following island biogeog-
raphy theory (MacArthur & Wilson, 1967; Lomolino & Weiser, 2001). Thus,
rock outcrops and their surface microhabitats can be viewed as habitat is-
lands embedded in karst soil matrices, with each island being isolated. The
species-area relationship implies complex ecological processes related to specia-
tion, extinction, and dispersal (Chave et al., 2002; Zurlini et al., 2002; Ricklefs
& Bermingham, 2004). Our results demonstrate that area serves as a good
indicator of colonizing vascular plant species richness in microhabitats. As in-
ternal and external forces enlarge microhabitat area, they gradually connect
with surrounding soil patches, and colonizing species richness stabilizes. Ad-
ditionally, most data points clustered at low species richness (1–2) and small
areas (<2,000 cm2), primarily because selection was limited to microhabitats
that could be clearly delineated. As area increases, microhabitats more easily
connect with surrounding soil patches, and colonizing plants become larger with
roots penetrating rock crevices, making it difficult to identify the microhabitat
area supporting their growth, so such cases were excluded.

Most habitat heterogeneity studies are landscape-scale, using altitude and slope
gradient as heterogeneity metrics (Yan et al., 2022). Our results suggest that
for small-scale karst rock outcrop microhabitats, morphological characteristics
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should be considered as heterogeneity proxies, with area and soil depth as pri-
mary evaluation indicators. However, this study did not quantify spatiotem-
poral variability of nutrients and water in microhabitats, various carrying ca-
pacities, seed rain supply and effectiveness variations within forests, or include
surveys across different vegetation types. Future research incorporating these
aspects and linking them more comprehensively to colonizing plant biomass,
richness, and density will provide more robust evidence for unraveling relation-
ships between karst plant diversity and habitat heterogeneity.

Based on surveys and correlation analyses of 586 rock outcrop surface micro-
habitats and their colonizing plants in a tropical karst forest, we conclude: (1)
Rock outcrop surface microhabitats in tropical karst forests exhibit high habitat
heterogeneity, particularly in morphological characteristics with extremely high
variability in volume and area. (2) Colonizing plants on rock outcrop surfaces
show rich tree, shrub, and herb species richness, characterized by oligotypic gen-
era and numerous karst characteristic species, with forest-dominant and karst-
preferent species occupying dominant positions. (3) Area and soil depth on rock
outcrop surfaces have extremely significant effects with high explanatory power
for colonizing plant species composition and richness. (4) A clear decreasing ex-
ponential relationship exists between species richness and area, indicating that
microhabitat area serves as a good indicator of species richness.
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