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Abstract

Purpose
Rock outcrops (ROCs) are common structures in terrestrial ecosystems, especially in karst regions.
However, their effects on adjacent soil patches and plants are rarely studied. In this study, the effects of
ROCs on surrounding soils and plants were investigated.

Methods
Thirty isolated ROCs were randomly selected in a typical semi-humid karst grassland in Southwest China.
Rainfall and ROC runoff were collected for chemical analyses. Soil physical and chemical properties and
herb above- and belowground biomass were determined at 0 to 30, 31 to 60, 61 to 90, 91 to 190, and 191
to 290 cm from the ROC rock–soil interface.

Results
The pH and total organic carbon and Ca2+ contents were higher in ROC runoff than in rainfall. Some soil
physical and chemical properties were signi�cantly higher in samples at 0 to 30 cm, and above- and
belowground plant biomass were both signi�cantly higher from 0 to 30 cm and from 31 to 60 cm than at
greater distances. The ROC effect zone, as estimated by logistic equation, was approximately 75 cm.
When the area covered by an ROC was between 0.7 and 1.3 m2, herb biomass increased sharply from 0 to
30 cm and from 31 to 60 cm.

Conclusions
Karst ROCs affected soils and plants close to their bases, and the effects increased sharply when the
area covered by an ROC was of intermediate size.

Introduction
Rock outcrops (ROCs), either connected to the bedrock or independent, are very common structures
associated with patches of soil and plants, especially in karst (Ford and Williams 2013; Waele et al.
2011). The outcrops collect and redistribute precipitation and atmospheric deposition, provide habitat for
organisms, and release chemicals after dissolution, among other effects. The surface runoff and the
chemicals it contains are then funneled to the rock–soil interface and likely in�uence adjacent soils and
plants. However, the effects of ROCs on soils and plants have received little attention, especially in karst
areas.
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Karst ecosystems develop particularly on soluble rocks such as limestone, marble, and gypsum and
account for approximately 12–15% of the ice-free continental area (Ford and Williams 2013). Soils are
formed from particles of rock resulting from dissolution processes, and the remaining ROCs give the
landscape a “rocky” appearance (Yan et al. 2019). In China, karst land in which ROCs occupy ≥ 30% of
the area and the forest is removed is de�ned as rocky deserti�cation land. Rocky deserti�ed land
accounted for 26.5% of the total karst area in southern China (120,020 km2) in 2011 (State Forestry of
China 2012), which is an enormous challenge when considering ecological restoration. Much effort has
been directed to the reconstruction of forests in these lands, but major di�culties have been encountered.
Soils and soil–plant relations are key limiting factors that need to be studied (Liu et al. 2020). However,
only a few studies have documented differences in soil moisture surrounding ROCs (Li et al. 2014) and
water leakage and nutrient loss (Peng et al. 2019). The possible positive effects of ROCs on adjacent
soils and plants have rarely been explored.

Rock outcrops collect rainfall in the open, through fall in forests, and dry and wet deposition under
different climates. The water and material inputs contribute to the dissolution of rocks (Viles 1995),
support the biological activities of microbes and cryptogams dwelling on ROCs (Viles 1995), and even
support some vascular communities (Shen et al. 2011; Zhu et al. 2017). The water, materials, and
chemicals received and produced on the surface of an ROC are funneled to rock–soil interfaces and
redistributed to soil patches (Goransson et al. 2014) or may be leaked from soil to the groundwater
system (Liu et al. 2020; Peng et al. 2019). Wang et al. (2016a and 2016b) calculated the percentage of
water funneled to the rock–soil interface by measuring rock surface runoff and also compared the
chemical contents of runoff and rainfall. Approximate 50% of the rainfall (through fall in a forest)
received by ROCs was redistributed to the rock–soil interface (Wang et al. 2016a), and in the semi-humid
climate region of SW China, the runoff was enriched in organic material and nutrients (Wang et al.
2016b). Thus, the important question is whether the runoff from ROCs enriched in nutrients in�uences
adjacent soil patches and soil–plant relations. Unfortunately, this question has not been answered.

Rock fragments (stones > 2 mm) on both the surface and in the soil are characteristic of arid and
semiarid regions (Tetegan et al. 2015), and they collectively affect soil hydrological processes and
chemical transformations (Zhang et al. 2016). Soil erosion and runoff generation decrease when the
coverage of rock fragments is from zero to a benchmark percent, after which they decrease (Smets et al.
2011). Rock outcrops in humid and semi-humid areas, such as in karst in SW China, are larger than
typical fragments in arid and semiarid zones (Li et al. 2014; Shen et al. 2019). Therefore, they may have
larger effects individually and collectively than those of small rock outcrops. In this study, 1) rainfall and
ROC runoff were collected and their chemical concentrations determined, and 2) soil properties and plant
above- and belowground biomass were determined at different distances from different sized ROCs in a
karst site in SW China. The objectives of the study were 1) to analyze the chemicals in ROC runoff that
could affect adjacent soil patches; 2) to determine whether soil properties improved in areas close to
ROCs; 3) to determine whether plant growth increased in areas close to ROCs; and 4) to ultimately
evaluate the overall effect of ROCs on soils and plants in karst.
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Materials And Methods

Study site and selection of rock outcrops
The study was conducted in a typical semi-humid karst grassland in Shilin County (24°38′ to 24°58′N,
103°11′ to 103°29′E; 1,776 to 1,789 m a. s. l.), Yunnan Province, Southwest China (Fig. 1a, b). The area
climate is subtropical plateau monsoon with a mean annual temperature of 16.2°C, which �uctuates
from a mean maximum of 20.7°C (July) to a mean minimum of 8.2°C (January). The mean annual
rainfall is 967.9 mm, with 80–88% falling between May and October. The zonal vegetation is semi-humid
evergreen broadleaved forest. Because trees and shrubs were removed by human activity, rocky
deserti�cation characterizes the study site. The site included perennial herbs, primarily Imperata
cylindrica and Heteropogon contortus, as well as annual herbs, such as Arthraxon hispidus. Shrubs and
small trees seldom occurred in the area. The karst landforms are primarily composed of Carboniferous,
Devonian, and Permian carbonate rocks (Sebela et al. 2004). The soils in the region are shallow, and
ROCs rise above the ground along with the surrounding soil patches to form a mosaic structure.

Thirty isolated ROCs were randomly selected. To minimize the possibility of interaction between ROCs, a
distance greater than or equal to 6 m separated them. The coordinates and morphological parameters of
each ROC were recorded at the beginning of the dry season. Five sampling areas were established based
on their distance to each ROC (Fig. 1c): A, 0 to 30 cm; B, 31 to 60 cm; C, 61 to 90 cm; D, 91 to 190 cm; and
E, 191 to 290 cm. Soil physical and chemical properties and aboveground and belowground plant
biomass were determined in the areas.

Morphological parameters of rock outcrops
A self-made pro�lometer was �xed along the vertical direction of each ROC to measure the surface
roughness (Du and Ge, 1999). When a contactor of the pro�lometer moved, a 20-cm sampling length
curve was drawn on a paper. The difference between the highest point of the curve and the reference
plane was the roughness value of the sample. Three replicates were taken on the surface of each ROC
along horizontal and vertical directions, and their average value was the �nal roughness value of an ROC.
Because there were no signi�cant differences in the roughness of the ROCs (F = 0.162, P < 0.01), the
physical and chemical properties of the ROCs in the study area were assumed to be similar.

A leveling staff was used to measure the height of each ROC, and a gradiometer was used to measure
their slopes. A Nikon D7200 digital camera was �xed above a sampling subplot at a height of
approximately 3.5 m to obtain a photograph. A ruler was placed on the ground to provide a reference
scale. Then, the coverage area and perimeter of the rocks were calculated using Image J software.

Rainfall and rock outcrop runoff collection and chemical
analyses
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The collection system for ROC runoff water was a PVC plastic frame approximately 1 m2 in coverage and
approximately 6 cm in height that was inserted into grooves cut by cutting machines on the surface of
the rocks and �xed with glue, following Wang et al. (2016a). Rock runoff was the water that collected in
the frame and drained into a barrel through a plastic pipe. A 22-cm diameter funnel connected to a barrel
was placed next to each rock to collect the precipitation received by a ROC. The water in the barrels was
collected and measured monthly.

Water samples were collected from ROC runoff and precipitation in June, August, and October 2019. The
samples were analyzed for pH and total N (TN), total P (TP), K+, Ca2+, and total organic carbon (TOC)
concentrations to determine their values at different times in the rainy season. The pH was measured
using a pH meter (FE28, Mettler Toledo, Shanghai, China). Total N was determined via the alkaline
potassium persulfate digestion ultraviolet (UV) spectrophotometric method, and TP was determined
using the ammonium molybdate spectrophotometric method. A Shimadzu UV–visible spectrophotometer
(UV-2450, Shimadzu Corporation, Tokyo, Japan) was used in the analyses. The K+ and Ca2+

concentrations were determined using inductively coupled plasma atomic emission spectroscopy (iCAP
6300, Thermo Electron Corporation, Waltham, MA, USA).

Soil samples at different distances from rock outcrops and
their physical and chemical properties
Six ROCs were randomly selected for soil sampling. Excavations 0 to 30-cm deep were made next to each
of the six ROCs, and bulk density was determined with a cutting ring. A soil drill was taken for each
sample, and soil was sealed in bags and returned to the laboratory for physical and chemical analyses.
The methods described by Danielson and Sutherland (1986) were used to determine soil density, total
porosity, initial gravimetric water content, capillary porosity, noncapillary porosity, and capillary holding
capacity. The following formulas were used to determine the properties.
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where WCR (g) is the weight of the cutting ring (inner diameter 50.46 mm; height 50.0 mm; volume 100

cm3), WCRWS (g) is the weight of the cutting ring �lled with natural wet soil, WWD2h (g) is the weight of the
cutting ring saturated with distilled water for 24 h and then drained by gravity for 2 h, and WCRDS (g) is the
weight of the cutting ring oven-dried at 105°C for 24 h. To calculate total soil porosity, the particle density
of the soil was 2.65 g/cm− 3.

The Biogeochemistry Laboratory at the Xishuangbanna Tropical Botanical Garden measured the soil
chemical properties. The soil pH values were measured at 1:5 soil:deionized water. The TOC was
measured using the potassium dichromate oxidation heating method, the TN by an elemental analyzer
(Vario MAX CN, Elementar Analysensysteme GmbH, Hanau, Germany), and the TP, total potassium (TK),
available K (AK), and Ca by inductively coupled plasma atomic emission spectrometry (iCAP 7400,
Thermo Fisher Scienti�c, Waltham, MA, US) after digestion in HClO4–HF. The available N (AN) was
determined using the alkaline hydrolysis diffusion method, and the available P (AP) was determined
using colorimetric analysis.

Aboveground and belowground plant biomass
To obtain biomass samples, a 30 cm × 30 cm frame was used to sample areas A, B, and C at each of the
30 ROCs, and a 100 cm × 100 cm frame was used to sample areas E and F (Fig. 1c). All plants in the
framed area were cut and oven-dried at 80°C to a constant weight to determine aboveground biomass
(AGB). Drills, 6.8 cm in diameter and 10.0 cm in height, were collected at three layers: shallow (0 to 10
cm), middle (10 to 20 cm), and deep (20 to 30 cm). Roots were carefully washed and collected on a 0.25-
mm sieve. After removal of debris, roots were oven-dried at 80°C to a constant weight to determine
belowground biomass (BGB). There were three replicates for each layer at the same site.

Statistical analyses
All data were tested for normality and homogeneity of variances. Paired t-tests were used to compare the
chemical properties between ROC runoff and rainfall. A one-way ANOVA followed by multiple
comparisons was used to test differences between biomass and soil properties among different
sampling areas. Correlation analyses were used to test for correlations between the morphological
parameters of the ROCs and plant biomass.

Regressions were used to test relations between AGB or BGB and the distance to an ROC. Then, the
critical value of the 95% con�dence lower limit of the �tted curve to the lower limit of the function was
taken as the maximum distance of the effect of an ROC on biomass (A). Logistic regression was used to
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test relations between AGB or BGB and the coverage area of ROCs. Then, the maximal and average size
of an ROC (C) that affected biomass was calculated.

Results

Chemical concentrations in rainfall and rock outcrop runoff
The pH of rainfall was signi�cantly (P < 0.01) lower than that of ROC runoff. The concentrations of
nutrients in rainfall and runoff were different (Table 1). The concentrations of TOC and Ca2+ in runoff
(both greater than 10 mg/L) were signi�cantly higher than those in rainfall, but the concentration of K+ in
runoff (ca. 0.196 mg/L) was signi�cantly lower. Concentrations of N and P in runoff were not
signi�cantly compared with those in rainfall.

Table 1
pH and nutrient concentrations (mg/L) in rainfall and rock outcrop (ROC) runoff in Shilin karst, SW China

  Rainfall ROC runoff

pH 6.31 ± 0.13 b 6.68 ± 0.11 a

TOC 7.36 ± 0.73 b 11.77 ± 1.29 a

TN 1.203 ± 0.25 a 1.179 ± 0.24 a

TP 0.142 ± 0.02 a 0.124 ± 0.01 a

K+ 0.503 ± 0.137 a 0.196 ± 0.100 b

Ca2+ 4.586 ± 1.549 b 10.765 ± 1.356 a

Note: Different lowercase letters within a row indicate a signi�cant difference at P < 0.01 (paired t-
test).

Soil physical and chemical properties with distance from
rock outcrops
Soil physical and chemical properties were signi�cantly different between sampling areas A (0 to 30 cm)
and B (31 to 60 cm) (Tables 2 and 3). The initial soil moisture, total porosity, and non-capillary porosity
were signi�cantly higher in sampling area A than in the other sampling areas (P < 0.05, Table 2). The
results were similar for the soil TOC, TN, AN, and Ca, with contents higher in sample area A than in the
other sample areas (Table 3). Soil pH decreased signi�cantly from sampling area A to sampling area B
and from sampling area B to sampling area C (P < 0.05). Soil capillary porosity, TP, AP, TK, and AK were
not signi�cantly different among sampling areas.
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Table 2
Soil physical properties at different distances from the base of rock outcrops

Sampling area A B C D E

Bulk density (g cm− 3) 1.24 ± 0.03
b

1.36 ± 0.02
a

1.37 ± 0.02
a

1.37 ± 0.01
a

1.38 ± 0.01
a

Initial gravimetric water
content (%)

19.07 ± 
1.28 a

9.27 ± 1.44
b

9.12 ± 1.51
b

9.31 ± 1.37
b

9.25 ± 1.43
b

Total porosity (%) 52.65 ± 
0.71 a

48.17 ± 
0.39 b

48.26 ± 
0.57 b

48.09 ± 
0.36 b

48.13 ± 
0.42 b

Capillary porosity (%) 44.34 ± 
0.77 a

45.16 ± 
0.74 a

45.21 ± 
0.71 a

45.10 ± 
0.85 a

45.02 ± 
0.93 a

Non-capillary porosity (%) 8.31 ± 1.09
a

3.01 ± 0.81
b

3.05 ± 0.87
b

2.99 ± 0.72
b

3.11 ± 0.93
b

Note: Values are the mean ± standard error (n = 6). Distances of sampling areas from the base of rock
outcrops: A, 0 to 30 cm; B, 31 to 60 cm; C, 61 to 90 cm; D, 91 to 190 cm; E, 191 to 290 cm. Different
lowercase letters in a row indicate a signi�cant difference at P < 0.05 (one-way ANOVA).

Table 3
Soil chemical properties at different distances from the base of rock outcrops

Sampling
area

A B C D E

pH 6.84 ± 0.07 a 6.55 ± 0.05 b 6.44 ± 0.05 c 6.36 ± 0.06 c 6.37 ± 0.08 c

TOC (g/kg) 24.58 ± 0.05 a 20.76 ± 8.40 b 19.10 ± 6.26 b 17.74 ± 6.91 b 18.36 ± 8.08 b

TN (g/kg) 1.53 ± 0.55 a 1.23 ± 0.31 b 1.12 ± 0.19 b 1.05 ± 0.18 b 1.177 ± 0.39 b

AN (g/kg) 0.18 ± 0.05 a 0.15 ± 0.04 b 0.14 ± 0.04 b 0.13 ± 0.04 b 0.14 ± 0.04 b

TP (g/kg) 0.71 ± 0.09 a 0.67 ± 0.08 a 0.68 ± 0.04 a 0.65 ± 0.04 a 0.66 ± 0.09 a

AP (mg/kg) 0.52 ± 0.34 a 0.51 ± 0.22 a 0.47 ± 0.22 a 0.40 ± 0.18 a 0.52 ± 0.38 a

TK (g/kg) 4.61 ± 0.46 a 4.68 ± 0.69 a 4.72 ± 0.61 a 4.78 ± 0.48 a 4.72 ± 0.39 a

AK (mg/kg) 114.92 ± 
25.63 a

116.16 ± 
26.08 a

109.91 ± 
10.91 a

118.75 ± 
30.26 a

106.40 ± 
35.77 a

Ca (g/kg) 4.99 ± 1.49 a 4.02 ± 0.53 b 3.96 ± 0.39 b 3.65 ± 0.58 b 3.55 ± 0.71 b

Note: Values are the mean ± standard error (n = 6). Distances of sampling areas from the base of rock
outcrops: A, 0 to 30 cm; B, 31 to 60 cm; C, 61 to 90 cm; D, 91 to 190 cm; E, 191 to 290 cm. Different
lowercase letters in a row indicate a signi�cant difference at P < 0.05 (paired t-test).

Biomass with distance from rock outcrops
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Both AGB and BGB were signi�cantly different among different sampling areas (F = 56.04, P < 0.01). All
values decreased with increasing distance from the ROCs before stabilizing (Fig. 2). However, for both
AGB and BGB, signi�cant differences were only detected between sampling areas A and B and between
sampling areas B and C (P < 0.05). A four-parameter logistic curve described the relation of biomass with
distance (Fig. 2). Then, the lower 95% con�dence limit of the �tted curve to the lower limit of the function
was used as the maximum distance of the effect of an ROC, which was approximately 75 cm for both
AGB and BGB.

Correlations between rock outcrop characteristics and plant
biomass
The coverage area, perimeter, and height of the ROCs were correlated with the biomass of sampling areas
A and B and the total biomass (P < 0.05, Fig. 3). However, these morphological parameters were weakly
correlated with the biomass of sampling areas C, D, and E. In addition, the slope and roughness of the
ROCs were weakly correlated with biomass. The highest degree of correlation was between the coverage
area of the ROCs and biomass (r = 0.87 for AGB, r = 0.85 for BGB, P < 0.05), and therefore, the coverage
area was used an indicator to represent the size of the ROCs indetermining the relation between biomass
and ROC.

There was little change in AGB and BGB in sampling areas A and B with an increase in ROC size when the
ROC was smaller than approximately 0.7 m2 (Fig. 4). However, biomass then increased sharply as ROC
size increased to approximately 1.3 m2. Further increases in ROC size had little effect on biomass. The
relations between AGB and BGB in sampling areas A and B and the coverage area of the ROCs were
described by a four-parameter logistic curve (P < 0.05):

AGB in area A and coverage area: y = 0.442+(0.264–0.442)/[1+(x/0.896)^6.25]

AGB in area B and coverage area: y = 0.374+(0.243–0.374)/[1+(x/1.092)^21.56]

BGB in area A and coverage area: y = 0.657+(0.391–0.657)/[1+(x/0.906)^5.72]

BGB in area B and coverage area: y = 0.547+(0.358–0.547)/[1+(x/1.056)^17.23]

Discussion
Rock outcrops are very common morphological structures in terrestrial ecosystems that affect
surrounding soil patches and plant growth, especially in karst. However, few studies have examined the
effects of ROCs on soils and plants or soil–plant relations. In this study, ROC runoff was chemically
enriched compared with rainfall, and soil physical and chemical properties and grass AGB and BGB were
higher in samples closer to ROCs than in those at greater distances. Thus, ROCs in�uenced soils and
plant growth, as well as soil–plant relations, within a certain range of the karst rock–soil interface.
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The effects of rock fragments (> 2 mm) on soil hydrological processes (e.g., erosion, in�ltration, runoff
generation, solute transport, and water �ow) are a hot topic among soil scientists, especially in arid and
semiarid areas (see review by Zhang et al. 2016). Although karst ROCs have received only limited
attention (Li et al. 2014; Peng et al. 2019), they are now being studied because of the recent
environmental problems associated with karst, such as the rocky deserti�cation in SW China (Jiang et al.
2014; Waele et al. 2011). Rock outcrops in karst in SW China are larger than typical fragments (Li et al.
2014; Shen et al. 2019). They capture enormous amounts of rainfall (through fall in forests) in humid and
semi-humid areas and then funnel and redistribute the water to adjacent soil patches (Wang et al. 2016a;
Wang et al. 2016b). In this study, the ROC runoff water contained higher nutrient concentrations than
those in rainfall (Table 1). When water and nutrients reach the rock–soil interface, they either diffuse into
soil (Li et al. 2014) or leak via the rock–soil interface (Zhao et al. 2018) (ignoring losses to evaporation)
and thus affect nearby soils and plants. In this study, some soil physical and chemical properties in the
area 0 to 30 cm from an ROC were higher than those in areas farther than 30 cm (Tables 2 and 3),
demonstrating the effects of ROCs on soil properties. However, the distances diffused by water and
chemicals in soil are limited by the chemical characteristics (Goransson et al. 2014). Distance from an
ROC did not signi�cantly affect P and K concentrations (Table 3). Rock outcrops also signi�cantly
affected plant AGB and BGB, as indicated by the decrease in biomass beyond 60 cm from an ROC
(Fig. 2).

The range and strength of ROC effects are controlled by many factors. Equations were used to determine
the following two important parameters: 1) 75 cm was the maximum distance of the effect of an ROC on
plant biomass (both aboveground and belowground) (Fig. 2); and 2) when the area covered by an ROC
was between 0.7 m2 and 1.3 m2 (Fig. 4), biomass increased sharply, but when the coverage was less than
0.7 m2 or greater than 1.3 m2, an increase in coverage did not affect biomass. Thus, 75 cm was the
maximum distance of water and nutrient diffusion in the study site. Rock outcrops less than 0.7 m2 in
coverage did not collect and generate su�cient water and nutrients to in�uence the surrounding soil.
When ROCs were greater than 1.3 m2 in coverage, the water and nutrients funneled and redistributed
diffused to more surrounding areas within the diffusion maximum of 75 cm. This study is the �rst to use
these values to describe the effects of ROCs.

Collectively, the effects of ROCs are complex. The concept of marginal effect was introduced early in
ecology (Friedmann and Beecher 1942). This effect is found in the transitional zone between different
landscape types, patch shapes, and study organisms and can be indicated by the structure of the
biological community, biodiversity, productivity, and even the behavior of organisms (Friedmann and
Beecher 1942; Vanak et al. 2010; Wang and Ma 1985). The effects of ROC as indicated by soil properties
and plant biomass in adjacent soil patches are also a type of marginal effect. The small range
(maximum 75 cm) is signi�cant in comparison with other “ecological marginal effects”. Rock outcrops in
karst as a group have large effects on soil–plant interactions and thereby affect ecosystem processes. In
China, karst land with ROC coverage greater than 30% and with the forest removed is de�ned as being
affected by rocky deserti�cation. In 2011, 120,020 km2 was de�ned as rocky deserti�ed land, accounting
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for 26.5% of the total karst area in southern China (State Forestry of China 2012). In those lands, ROCs
are numerous, and because each one may have different coverage, the range of effects will differ in
surrounding areas. If the land surface is put on a map and the ranges are colored, the effect range of
individual ROCs may be circular, resulting in many “effect circles” on the map. The higher the percentage
of ROCs is, the greater the amount of colored soil area. When the shape of ROCs, e.g., circular or
polygonal, and other factors that in�uence the effect range are considered, as well as the elements under
ROC in�uence, the “effect circles” will be complex and diverse. The map will need different colors to show
different strengths or elements for an effect. If the effects on soils and plants are mapped together, the
colorful map might identify the diverse plant–soil interactions affected by ROCs. The multiple effects of
ROCs can contribute to the heterogeneity of soil patches and plant diversity in karst (Clements et al.
2006).

Karst ecosystems account for approximately 12–15% of ice-free continental areas and are an important
type of terrestrial ecosystem (Ford and Williams 2007). Differences in rainfall patterns, carbonate content,
and climate determine the size of ROCs as well as the runoff and the diffusion of runoff water and
chemicals. Thus, the effects of ROCs, including both the range and type and concentration of chemicals,
can vary greatly. Further studies are needed to �ll the gaps in understanding. Vegetation restoration in
rocky deserti�ed karst areas has been very di�cult in China, raising alarms. To improve restoration
practices, the �ndings of this study suggest that planting seedlings close to ROCs (approximately 0 to 75
cm) can increase survival and growth by obtaining additional water and nutrient inputs from ROC runoff.

Conclusion
Rock outcrops are widespread surface features in terrestrial ecosystems. They have various edge effects
on the karst plant matrix via the export of water and nutrients in runoff. In this study, ROCs improved
nearby soil physical and chemical properties and consequently increased plant growth. The effect zone
as quanti�ed by plant biomass had an approximate width of 75 cm and was primarily regulated by
coverage area and other morphological characteristics of ROCs. When coverage of an ROC was between
0.7 m2 and 1.3 m2, plant biomass adjacent to an ROC increased sharply. These results indicate a strong
edge effect of ROCs, which could be used to support ecological restoration. Future studies of the edge
effect at small scales in rocky deserti�cation areas are also needed.
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Figure 1

(a) Location of the study site in Yunnan Province, SW China, (b) karst grassland site with emerging rock
outcrops, and (c) schematic of the �ve areas sampled for soil properties and plant biomass Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.
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Figure 2

Variation in (a) aboveground and (b) belowground biomass in each sampling area, and the �tted
equations between biomass and distance to ROCs. Distances of sampling areas from the base of rock
outcrops: A, 0 to 30 cm; B, 31 to 60 cm; C, 61 to 90 cm; D, 91 to 190 cm; E, 191 to 290 cm. Different
lowercase letters within the bars indicate signi�cant differences among sampling areas (P < 0.05)
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Figure 3

Correlations between morphological parameters of rock outcrops (ROCs) and the biomass of herbs.
Correlation coe�cient matrix between morphological parameters of the ROCs and (a) aboveground
biomass (AGB) and (b) belowground biomass (BGB). The numbers in the diagrams are correlation
coe�cients (r, Pearson correlation test; P < 0.05). Distances of sampling areas from the base of rock
outcrops: A, 0 to 30 cm; B, 31 to 60 cm; C, 61 to 90 cm; D, 91 to 190 cm; E, 191 to 290 cm

Figure 4

Regressions between the coverage area of rock outcrops (ROCs) and plant (a) aboveground biomass and
(b) belowground biomass. In sampling areas A and B, logistic regression was used (P < 0.05); in sampling
areas C, D, and E, linear regression was used. Distances of sampling areas from the base of rock
outcrops: A, 0 to 30 cm; B, 31 to 60 cm; C, 61 to 90 cm; D, 91 to 190 cm; E, 191 to 290 cm


