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ARTICLE INFO ABSTRACT

Southwest China receives abundant rainfall with a mean annual precipitation of 1450 mm (1960-2013) but
surface runoff is small, whereas subsurface runoff is relatively large on karst hillslopes. However, not enough
studies have been done to investigate the mechanisms of surface and subsurface runoff generation in subtropical
karst landscapes. Here we report the dynamics of soil water content (SWC), instantaneous water levels at the
soil-epikarst interface (SEI), and runoff characteristics related to the mechanisms of near-surface runoff gen-
eration at the slope scale (5 m x 20 m). Four field rainfall simulation experiments were conducted with rainfall
intensities ranging from 35 to 136 mm h™!. Subsurface saturation started first at the relatively flat lower slope,
and then extended up slope. Subsurface runoff began after subsurface saturated areas connected to each other,
representing a “fill-and-spill” mechanism. Surface runoff, which mainly developed after instantaneous water
levels reached near the surface, represents an “infiltration-excess and saturation-excess” runoff mechanism, where
two thresholds must be attained: rainfall amount and intensity. The rainfall amount threshold is dependent on
soil water deficit, water capacity of the epikarst-surface depression at the SEI, and deep percolation from SEI.
The rainfall intensity threshold must be larger than the steady infiltration rate of SEI, which is the prerequisite
for the saturation of the epikarst-surface depression and soil layer. Steady SEI infiltration rate was estimated
(40 mm h™!) according to the surface runoff generation mechanism. This parameter is important as it represents
the lower boundary condition in modeling hillslope hydrological processes. Rainfall-runoff thresholds for surface
and subsurface runoff decrease with increasing rainfall intensity. Overall, our results show that epikarst per-
meability along karst hillslopes is relatively high, being the main factor controlling surface and subsurface runoff
generation. Therefore, epikarst permeability significantly affects near-surface hydrological processes in karst
landscapes. Our data contribute to a more comprehensive understanding of runoff generation processes and
water cycle in the critical zone.
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1. Introduction

Karst landscapes cover approximately 7-12% of the Earth’s con-
tinental area, and about one quarter of the global population is com-
pletely or partially dependent on drinking water from karst aquifers
(Hartmann et al., 2014). The karst region of southwest China is one of
the world’s largest areas exposed to subtropical climates with a nearly
continuous karst terrain, covering a total area of 5.4 x 10° km? (Fu
et al., 2015c). Cockpit karst is the most typical landscape style present
in southwest China and is locally known as “fengcong”, which is
characterized by enclosed depressions of similar size surrounded by

overlapping hills and ridges. The regional bedrock geology is primarily
composed of dolomitic carbonatites, limestone, and intermediate types.
These rocks have a dense structure, low porosity (< 3%), and low hy-
drochloric acid (HCI) insoluble matter (< 4%) (Yuan, 1994). Previous
studies on karst slope hydrological processes were conducted in either
sub-humid, semi-arid, or Mediterranean karst areas (Wilcox et al.,
2008; Leh et al., 2008; Li et al., 2011). The results from these studies
cannot represent humid subtropical karst near-surface hydrological
regimes (Fu et al., 2015d). This region is characterized by fragile eco-
systems controlled by geological (carbonate bedrock) and hydrocli-
matic (rainfall and temperature pattern) conditions as well as
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anthropogenic activities. Thus, the region is subject to severe soil ero-
sion and karst rocky desertification (refers to the processes and human
activities that transform a karst area covered by vegetation and soil into
a rocky landscape, which has had tremendous negative impacts to the
environment and social and economic conditions at local and regional
scales) (Jiang et al., 2014). The region is also subject to natural hazards,
such as frequent floods and droughts. An analysis from Liu et al. (2014)
revealed significantly enhanced precipitation extremes and flood se-
verity across southwestern China over the past 60 years. Therefore,
knowledge of the mechanisms that generate hillslope runoff in this
region is fundamental to combat rocky desertification, effectively
manage water resources and forecast flood disasters (Fleury et al.,
2013).

Hillslopes are a fundamental landscape unit for hydrological re-
sponses and also serve as a basic building block for many watershed
models (Tromp-van Meerveld and McDonnell, 2006b). Hillslope hy-
drology research can provide parameters for and can help to design the
structure of watershed models. Integration of the hillslope structures
into earth system models (ESMs) can improve ESM grid-level water,
energy, and biogeochemical fluxes prediction ability (Fan et al., 2019).
Moreover, despite the importance of the integrated soil-epikarst sys-
tems for karst water resources, previous research mostly focused on
karst groundwater. Only a few studies that directly characterized the
shallow subsurface processes of karst systems have been conducted
(Berthelin and Hartmann, 2020).

In the karst region of southwest China, slopes are characterized by a
thin soil layer that overlays a highly weathered bedrock surface (epi-
karst), which is formed by soil-filled grikes. This is similar to other
landforms where irregular bedrock surface underlays a shallow soil
layer (Tromp-van and McDonnell, 2006a; Graham et al., 2010). This
region experiences a high mean annual precipitation (> 1450 mm) but
the surface runoff (SR) coefficient on karst hillslopes consistently re-
mains less than 5% regardless of the amount of annual rainfall (Chen
et al., 2012; Peng and Wang, 2012; Qin et al., 2015). We found that
deep percolation and subsurface runoff (SSR) are the dominant runoff
components, accounting for 71% and 9% of the total rainfall amount,
respectively (Zhu et al., 2017). In contrast, SR occupies less than 2% on
karst hillslopes in southwest China in the rainy season (from July 30th
to September 30th, 2015) (Zhu et al., 2017). Therefore, the area’s hy-
drological processes mainly occur at the subsurface level. Previous
studies have shown that SSR is a dominant runoff-producing me-
chanism in humid environments and steep terrain around the world
(Weiler et al., 2005; McDonnell, 2003; Tromp-van Meerveld and
McDonnell, 2006b). Although Wilcox et al. (2008) and Fu et al.
(2015a,¢) conducted valuable research on subsurface runoff along karst
hillslopes, SR or SSR on certain karst hillslope plots have seldom been
monitored through long-term natural rainfall-runoff observations (Zhu
et al., 2017). Thus, the mechanisms of SR and SSR generation on karst
hillslopes merit further research. This common response among various
catchments may be empirically more meaningful than the particular
characteristics of an experimental watershed (McDonnell, 2003).

Infiltrated water (the process by which water enters the soil pore
spaces and becomes soil water) that moves laterally down a hillslope
through soil layers or on the soil-bedrock interface (SBI) produces lat-
eral subsurface runoff, which contributes to a stream (Weiler et al.,
2005). Studies in the early 1990s indicated that pre-event water stored
in a watershed before a rainfall event is the largest contributor (ap-
proximately 75% worldwide) to runoff in a stream. Furthermore, ver-
tical and lateral preferential flows are common in natural soils, parti-
cularly in steep terrain (Buttle, 2005). A transient water table is rapidly
generated at the SBI after the onset of a precipitation event, where this
response controls the initial stage of lateral subsurface runoff due to the
combined impact of three factors: (i) an increase in the hydraulic gra-
dient, (ii) an increase in the cross-sectional flow area, and (iii) the
formation of transient saturation areas across the hillslope (Weiler
et al.,, 2005). Thus, Tromp-van Meerveld and McDonnell (2006b)
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proposed the “fill and spill” theory to understand the development of
SSR and explain the observed threshold behavior of the Panola hill-
slope. Du et al. (2016) found that low angle slopes exhibit thresholds
and a fill-and-spill behavior similar to steeper hillslopes. In previous
studies, we discovered that SSR is an important mechanism that gen-
erates runoff through field rainfall simulation experiments in sub-tro-
pical cockpit karst landscapes (Fu et al., 2015c,d). SSR also fluctuates
considerably with the permeability and topography of the soil-epikarst
interface (SEI), initial soil moisture, and rainfall intensity (Fu et al.,
2015d). We also demonstrated the influence that the soil-epikarst ar-
chitecture has on near-surface hydrological processes on karst hillslopes
(Fu et al., 2015c). However, our previous studies were mainly focused
on runoff hydrographs. In other words, our observations of SR and SSR
generation mechanisms were limited due to a lack of essential mon-
itoring equipments (Fu et al., 2015c,d), such as soil moisture or in-
stantaneous water table monitors. In this study, we aim to determine
whether our previous observations justify the fill-and-spill theory.

Fu et al. (2015d) found that SR develops only under extremely high
rainfall events, and revealed that karst hillslopes produce SR from a
saturation excess runoff mechanism. However, most karst slopes are
characterized by a thin soil layer that overlays an epikarst surface (e.g.,
a soil depth of merely 10-30 cm on the hillslope) (Fu et al., 2015b). In
this case, the soil layer becomes easily saturated, which should easily
generate significant SR. However, in reality, the SR coefficient con-
sistently remains below 5% during natural rainfall events (Chen et al.,
2012), thus, no SR occurs during relatively small rainfall intensities,
such as those in sprinkling experiments (Fu et al., 2015c,d). Therefore,
the saturation excess runoff mechanism is not fully applicable to karst
slope SR. Gan et al. (2016) also found that SR does not occur under a
relatively small rainfall intensity on bare karst slopes. Once the rainfall
intensity is large enough, however, the SR amount increases with an
increase in the rainfall intensity. Therefore, numerous studies have
suggested the existence of a rainfall amount threshold that, at a certain
point, generates runoff (McDonnell, 2003; Tromp-van Meerveld and
McDonnell, 2006b; Tromp-van and McDonnell, 2006a; Graham et al.,
2010; Fu et al., 2015d). We, however, propose that there is another
rainfall intensity threshold that produces SR. Moreover, Chen et al.
(2012) found that the local substrate structure, rather than land use,
affects SR generation (Yang et al., 2016). Several other studies have
also shown that the permeability of the SBI has a significant impact on
hydrological processes at the hillslope scale (Freer et al., 2002; Weiler
et al., 2005; Tromp-van and McDonnell, 2006a; Graham et al., 2010; Fu
et al., 2015d). Based on virtual numerical experiments, Ameli et al.
(2015) suggested that the physical mechanisms associated with SSR,
which derive from infiltration excess at the SBI, are similar to SR due to
infiltration excess at the soil surface. Both occur on slopes characterized
by a highly permeable layer with high infiltration capabilities that
overlies (parallel) a low-permeability layer (e.g., bedrock). For SR, the
air layer serves as the high-permeability layer and the soil layer as the
low-permeable layer. Thus, the prerequisite for SSR generation is in-
filtration water perched at the SBI, i.e.,—the soil infiltration rate must
exceed the SBI infiltration rate. Karst slope soils have a high infiltration
capacity with steady infiltration rates ranging from 40 to 130 mm h™!
(Chen et al., 2011), allowing the infiltrated water to easily reach the
SEI, which then acts as an infiltration barrier for the accumulation of
water (Fu et al., 2015d). Thus, we hypothesize that the rainfall intensity
threshold to yield runoff is related to the permeability of the SEI on the
karst slope. Fu et al. (2015d) found that the SEI has a near-steady in-
filtration rate of approximately 35 mm h~!. Due to the sufficiently large
soil infiltration rate in karst regions, the rainfall intensity should be
extremely high (larger than the SEI infiltration rate) for formation of
transient saturation area, through which the subsurface saturation area
can form and expand, which ultimately leads to SSR and SR. Based on
these previous results, we propose a hypothesis where a rainfall in-
tensity threshold exists, in addition to the rainfall amount threshold, to
generate both SSR and SR. Moreover, the rainfall intensity threshold is
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Runoff plots

Fig. 1. The Mulian catchment (a) and runoff plots (b) in southwest China.

related to the SEI infiltration rate.
Then, the following questions guided this study:

(1) Does the fill-and-spill theory apply to the SSR generation me-
chanism on karst hillslopes?

(2) Does a rainfall intensity threshold exist that will generate sig-
nificant SSR and SR? If so, is there a relationship between this value
and the steady SEI infiltration rate?

2. Materials and methods
2.1. Experimental site description

This study was conducted in a typical karst catchment
(24°43'58.9"—24°44'48.8" N, 108°18'56.9"—108°19'58.4" E) in Huanjiang
county, which lies in northwest Guangxi (southwest China). The topo-
graphic catchment has an area of 1.46 km? (Fig. 1a and 2b) and andthe
elevation ranges from 272 to 647 m 647 m above sea level. The wa-
tershed is representative of cockpit karst and characterized by a flat
depression (30% of the watershed) surrounded by hills on three sides

with an outlet in the northeast (Fig. 1a). Approximately 60% of the
hillslope land has a slope greater than 25°. The near-surface karst slope
soil-epikarst architecture system consists of a thin soil layer (0-50 cm)
(0-50 cm) underlain by a highly irregular epikarst surface. Shallow and
discontinuous soils derive from dolomite (which account for about one
third in karst region of southwest China) and contain significant
amounts of rock fragments. The soil type is rendzina, which has a
texture between clay and clay-loam (25-50% (25-50% silt and 30-60%
30-60% clay). Soils are well-drained, gravelly, and calcareous, with
stable infiltration rates ranging from 40 to 130 mm h~! (Chen et al.,
2012). The epikarst surface has a near-steady infiltration rate of ap-
proximately 35 mm h~!, where the subsurface runoff occurs along the
SEI and is dominated by preferential flow (Fu et al., 2015d). The region
has a subtropical mountainous monsoon climate, with an average an-
nual temperature and rainfall of 19.9 °C and 1,455.6 mm (1980-2013),
respectively. Approximately 74% of a given year’s precipitation falls
during the wet season between May and September. Our previous study
(Hu et al., 2015) reports more detailed information on the geohy-
drological conditions of this region.
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Fig. 2. (a) Location of Guangxi; (b) topographic map of Mulian catchment; (c) photograph of the slope and plot; (d) the 5-m width of the trench, which was divided

into five equal sections to monitor subsurface flow.

2.2. Experimental plots

The hillslope used in this study is located on the western side of the
watershed (Figs. 1 and 2). The general approach to studying subsurface
runoff generation and movement in response to precipitation and
snowmelt involves excavation to the SBI at the lower boundary of the
experimental hillslope to expose the subsurface runoff (Tromp-van
Meerveld and McDonnell, 2006b; Fu et al., 2015d). Twelve hillslope
runoff plots (5 m X 20 m) were established at the lower part of the slope
(Fig. 2b), each with a trench of 5 m in width (the total width of the
trench was 80 m), where material was removed completely down to the
unweathered bedrock (an average vertical depth of 4 m) using a
backhoe. The trench site epikarst was moderately weathered with a
shallow soil mantle (the mean soil thickness of the 12 plots was 50 cm
based on a survey of the trenches among the 12 runoff plots). Concrete
walls were installed deep into the epikarst surface on three sides of the
plots (the left, right, and upper edges) to prevent SR exchange between
adjacent plots.

The 12 plots were divided into four groups (corn, forage, walnut,
and natural grassland) with three replicates to quantify the effects that
vegetation types on water, sediments, and nutrient loss. A grassland
plot (Figs. 1b and 2), which experienced very little SR and SSR, was
selected for rainfall simulation experiments in this study to discern
water pathway characteristics. The grassland plot soil depth was sur-
veyed on a 1-m grid using a 10.0 mm hand auger that was vertically
forced through the soil profile to the epikarst. The soil depths of the
study plot range from O to 1.18 m with a mean value of 0.66 m and
coefficient of variation of 0.60. The surface topography is planar apart
from a bedrock outcrop at the lower-left corner of the plot (Fig. 2),
whereas the bedrock topography is highly irregular. There are some
areas of deep soils of the plot between 4-14 m upslope from the trench
(Fig. 3), which are caused by large depression in the epikarst. These
areas of deep soils are defined as epikarst-surface depression. Our
previous study (Fu et al., 2015d) provide detailed descriptions of the
trench characteristics.

Nine soil samples were collected from up, middle, and down slope
positions in replicates of three to measure the soil properties. Soil
particle size distributions were measured using a Mastersizer 2000
(Malvern Instruments, Malvern, England). The soil bulk density of un-
disturbed soil samples (BD, g cm~3) was measured using steel columns
(5 cm diameter, 100 cm® volume) via the excavation method. The rock
fragment content (RFC, %) was determined as the ratio between the

rock weight and dry soil weight. Soil saturated hydraulic conductivity
(mm h™!) was measured using the constant-head method while soil
organic carbon (SOC, g kg~!) was determined using the dichromate
oxidation method (Fu et al., 2015d). Table 1 lists the soil and epikarst
characteristics.

2.3. Rainfall simulations and data collection

Four portable rainfall simulators were used to simulate rainfall with
approximately 80% uniformity. The structure of the portable rainfall
simulators is described in detail by Fu et al. (2015d). Four rainfall si-
mulation experiments were conducted between October 28 and No-
vember 4, 2016, to understand rainfall-infiltration-runoff processes.
Rainfall intensity (R;) was set to 35, 73, 100, and 136 mm h™! to si-
mulate medium to high intensity rainstorms in the region (Fu et al.,
2015d). To conduct the experiments under uniform initial soil water
conditions, the plot was sprinkled with 200 mm of water once daily
prior to each experiment. All four rainfall simulation experiments
consumed 200 mm of water and near steady runoff rates were reached
at the end of the experiments. Table 2 lists the rainfall and runoff
characteristics.

Eight observation points were selected to monitor the soil water
content (SWC) at 10 cm, 30 cm, and the SEI based on the soil depth
distribution. Six of the eight locations were monitored for the in-
stantaneous water table at the SEI. Fig. 3 shows the locations for SWC
and water level monitoring. The SWC was measured every 5 min using
frequency domain decomposition (Stevens Hydra Probe Soil Sensor,
Stevens, USA). Water tables at the SEI were monitored every 5 min
using the water level logger (U20-001-04, ONSET, America).

The 5-m trench was divided into five equal sections and the SSR
from each section was measured and recorded as subsurface runoff 1
(SSF1)-5 (SSF5) from left to right. A water pipe was fixed at the middle
of the trench to collect SR. Another pipe was installed at the bottom of
the trench face to measure epikarst seepage runoff (ESR), which oc-
curred at the epikarst-bedrock interface (EBI). SR, SSR, and ESR were
measured by routing the runoff through a tipping bucket flow gauge
with a resolution of 100 mL (SSR) and 1 L (SR and ESR) (TBI1L,
Hydrological Services, USA). The lower edges of the experiment plot
were covered in plastic film to prevent rainfall from dripping directly
into the SR gutter (Fig. 2c).
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Fig. 3. The expanded saturation area at the soil-epikarst interface with rainfall intensity at 100 mm h™!. (The black squares represent the locations that produced the
transient subsurface saturation. 1-8 represents the equipment locations for monitoring soil water content. Locations 3, 4, and 7 are regarded as up slope, locations 1,
2, and 6 are regarded as middle slope, and locations 5 and 8 are regarded as down slope. Water levels were observed at all locations except at locations 1 and 7.).

Table 2
Rainfall, subsurface runoff, surface runoff, and epikarst seepage runoff char-

Table 1

Soil and epikarst properties of the experimental plot.
Variables Depth (cm)

0-10  10-20  20-30  30-50

Soil properties
Rock fragment content (%) 7.4 12.8 4.1 2.3
Sand (%) 28.1 27.2 28.1 29.2
Silt (%) 43.7 39.3 35.8 36.6
Clay (%) 28.3 33.5 36.2 34.3
Bulk density (g cm™3) 1.0 1.1 1.1 1.0
Total porosity (%) 62.3 58.1 59.6 61.1
Capillary porosity (%) 48.4 41.5 41.7 41.9
Non-capillary porosity (%) 9.5 8.1 9.6 8.1
Saturated hydraulic conductivity (mm h™1) 174.2 60.4 42.0 51.2
pH 7.7 7.8 8.0 8.5
Soil organic matter content (%) 5.2 3.5 3.4 3.8
Epikarst rock properties
Bulk density (g cm™) 2.5 — — —
Total porosity (%) 7 8 4 3
Saturated hydraulic conductivity (mm 1) 16 — — —

3. Results

3.1. Temporal and spatial variations in SWC patterns

acteristics for each experimental treatment.

Variable Rain-1 Rain-2 Rain-3 Rain-4
Date Nov. 3 Oct. 30 Nov. 4 Oct. 28
Rainfall characteristics

Total rainfall (mm) 200 200 200 200
Rainfall intensity (mm h™1) 35 73 100 136
Rainfall duration (min) 345 164 120 88
Subsurface runoff characteristics

Threshold rainfall (mm) 41.2 51.2 48.3 34.1
Time to outlet (min) 71 42 29 15
Time to peak (min) 342 152 69 44
Rate of peak flow (mm h™1) 2.2 6.8 6.1 14.5
Runoff coefficients (%) 3.5 6.1 4.7 6.3
Surface runoff characteristics

Threshold rainfall (mm) — 72.0 51.7 40.9
Time to outlet (min) — 57 31 18
Time to peak (min) — 117 114 84
Rate of peak flow (mm h™1) — 10.6 26.9 43.7
Runoff coefficients (%) —_ 6.3 12.3 19.2
Epikarst seepage runoff characteristics

Time to outlet (min) 117 67 49 34
Time to peak (min) 332 162 104 54
Rate of peak flow (mm h™1) 1.9 3.6 3.5 5.0
Runoff coefficients (%) 4.4 5.2 4.6 5.6
Total runoff coefficients (%) 7.9 17.6 21.6 31.1

Table 3 lists the initial SWC at different positions and depths in the
four experiments. All SWCs increased with soil depth among the three
slope positions. The initial SWCs among the four experiments were
compared and analyzed with a one-way analysis of variance (One-way
ANOVA), which indicated that there were no statistical differences
among the four experiments (P < 0.01). Thus, the differences in hy-
drological processes among the four rainfall simulation experiments are
attributable to different rainfall intensities.

Rainfall intensity significantly affected variations in the SWC.
Table 4 lists the SWC response times, showing that it decreased with
rainfall intensity at three depths and different locations, with significant
differences at certain locations. The slope position influenced the SWC
response times at the SEI (Table 5) from the down slope to middle slope,
and, finally, to the upper slope. These differences were not significant at

the highest rainfall intensity (136 mm h™!).

Figs. 4a—c and 5a—c, respectively, show the SWC characteristics for
rainfall intensity at 35 and 100 mm h~!. At different depths and slope
positions, the SWC changed rapidly, i.e., rapid increase during the onset
of precipitation and rapid decline quickly after the rain had stopped, at
which point they returned to the original levels prior to precipitation
within 24 h. These observations indicate a low soil water storage ca-
pacity and rapid hydrological processes on karst hillslopes. In the SEI,
the SWC was sustained longer than at the top soil layers and sig-
nificantly longer at middle and down slope areas compared with the up
slope area. This may be attributed to the lateral movement of infiltrated
water and finer soil textures at deeper soil layers, which are char-
acterized by higher water holding capacities at greater depths below
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Table 3
Initial soil water content of the four rainfall simulation experiments.
Rainfall-1 Rainfall-2 Rainfall-3 Rainfall-4
10 cm 30 cm Int 10 cm 30 cm Int 10 cm 30 cm Int 10 cm 30 cm Int

Up-3 0.223 0.355 0.328 0.223 0.362 0.343 0.226 0.361 0.340 0.222 0.362 0.343
Up-4 0.336 0.360 0.342 0.341 0.367 0.359 0.347 0.364 0.357 0.349 0.371 0.359
Up-7 0.312 0.390 0.268 0.318 0.398 0.279 0.318 0.397 0.278 0.325 0.404 0.282
Mid-1 0.333 0.404 0.452 0.342 0.413 0.466 0.341 0.410 0.468 0.338 0.412 0.464
Mid-2 0.271 0.348 0.513 0.277 0.355 0.529 0.276 0.353 0.530 0.272 0.356 0.535
Mid-6 0.293 0.432 0.446 0.300 0.444 0.474 0.305 0.440 0.468 0.296 0.441 0.475
Down-5 0.348 0.443 0.535 0.354 0.448 0.542 0.356 0.448 0.544 0.352 0.447 0.539
Down-8 0.294 0.481 0.554 0.300 0.486 0.563 0.300 0.485 0.564 0.293 0.490 0.564

Int: the soil-epikarst interface; Up-3, Up-4, and Up-7 represent the soil water contents monitored at three up slope positions; Mid-1, Mid-2, and Mid-6 represent the
soil water contents monitored at three middle slope positions; Down-5 and Down-8 represent the soil water contents monitored at two down slope positions, which

are presented in Fig. 2.

Table 4
The effects of rainfall intensity on the response time of the soil water content
(min).

Position 35 mmh! 73 mm h! 100 mm bt 136 mm h!
Upper slope

10 cm 20.3 a 17.0 a 14.0 a 9.0 a
30 cm 28.7 a 23.7 ab 19.0 ab 12.3b
SEI 79.5 a 52.0 b 42.3b 240c
Middle slope

10 cm 22.0a 15.3 ab 17.3 ab 10.7 b
30 cm 40.3 a 25.3b 20.7 be 15.7 ¢
SEI 70.3 a 35.3b 29.0 be 223 ¢
Down slope

10 cm 22.0a 145b 14.0b 9.0c
30 cm 445 a 245D 16.5b 16.5b
SEI 49.5 a 27.0b 21.5 be 19.0 ¢

Different letters denote the significant difference at P < 0.05 (LSD test).

Table 5
Response times of the soil water content at the soil-epikarst interface at dif-
ferent slope positions (min).

Position Upper slope Middle slope Down slope
35 mm h! 79.5 a 70.3 a 49.5b
73 mm h! 52.0 a 35.3b 27.0 ¢
100 mm h! 42.3 a 29.0 b 21.5¢
136 mm h! 24 a 223 a 19.0 a

Different letters denote significant difference at P < 0.05 (LSD test).

the surface.

3.2. Water levels at the soil-epikarst interface

The transient water levels at the SEI represented the temporal and
spatial patterns of transient saturation at the SEI while the Water levels
(WLs) at the SEI relate to SSR initiation and generation at the trench
face (Tromp-van Meerveld and McDonnell, 2006b) (Fig. 3). Similar to
the SWC, the WL response times decreased with rainfall intensity
(Table 6), indicating that the subsurface saturation areas formed ra-
pidly under high rainfall intensity. The WL response times had the
following orders: w6 (88 cm), w5 (120 cm), w8 (141 cm), w2 (138 cm),
w4 (145 cm), and w3 (139 cm) (Fig. 3). Subsurface saturation areas
were generated from the down slope to upper slope. Response time w6
responded first because it had the shallowest depth (88 cm).

The WLs began to decline after rainfall had stopped and disappeared
within 18 h (Fig. 5d). The disappearing times had the following order:
w3, w4, wé, w5, w8, and w2. The subsurface saturation areas vanished
from the upper slope to down slope.

3.3. Surface and subsurface runoff hydrographs

Fig. 6a shows the time for runoff to occur (SR, SSR and ESR plotted
against the rainfall intensity for different treatments. A negative ex-
ponential function was used to fit the curves (Zhao et al., 2014). Both
regression equations passed the test of significance (p < 0.05), in-
dicating that they precisely capture the negative relationship between
these two parameters. In other words, the time to runoff decreases with
rainfall intensity. The relationship between the time to peak discharge
(SSR, SR, and ESR) and rainfall intensity is similar to the relationship
between time to runoff and rainfall intensity, which can also be de-
scribed using the negative exponential function (Fig. 6b). Runoff coef-
ficients (R.) of SR increased with rainfall intensity (R;)
(R. = 0.203 X R; — 8.377, R> = 0.998, P < 0.05, F = 447.9). These ob-
servations suggest that more rainfall was converted to SR under high
rainfall intensity. The increase in SR with increasing rainfall intensity
was concordant with previous observations (Chaplot and Bissonnais,
2003; Zhao et al., 2014).

Figs. 4e, f and 5e, f show runoff hydrographs for relatively low
(35 mm h™') and high (100 mm h™!) levels of rainfall intensity, re-
spectively, consisting of SR, SSR, and ESR. SSR and ESR dominated
runoff processes under low rainfall intensity. SR was not observed in the
lowest rainfall intensity event (35 mm h™') but did occur with in-
creasing amounts as rainfall intensity increased (Table 2, Figs. 4 and 5).
SR occurred later than SSR in all rainfall events (Table 2).

Rainfall intensity exerted a significant effect on the hydrograph
shapes of SR, SSR, and ESR (Figs. 4f and 5f). The hydrograph was flat
for lower rainfall intensity but fairly steep for high rainfall intensity.
The peak SSR rates were 2.2, 6.8, 6.1, and 14.5 mm h~! while the ESR
rates were 1.9, 3.6, 3.5, and 5.0 mm h~! with rainfall intensities of 35,
73, 100, and 136 mm h~!, respectively. The individual SSR character-
istics were similar to those of the total SSR as discussed above.

Table 7 summarizes the negative relationship between time to
runoff and time to peak runoff for each individual SSR and rainfall
intensity, which can also be described using a negative exponential
function. Both time to runoff and time to peak runoff followed a similar
order regardless of rainfall intensity, i.e., SSF5, SSF4, SSF3, and SSF1.

4. Discussion
4.1. Variations in the SWC and water table at the SEI

The soil water content at a depth of 10 cm was less than that at
30 cm and the SEI, which can be attributed to differences in the soil
texture and saturated hydraulic conductivity between the soil at 10 cm
and that at 30 cm and the SEI. As summarized in Table 1, the soil sand
contents were identical at 10 (28.1%) and 30 cm (28.1%) but the soils
at 30 cm had increased clay contents, with an average of 36.2% com-
pared with the clay content at 10 cm that had an average of 28.3%.
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Fig. 4. Rainfall intensity of 35 mm h™. Soil water contents at different slope positions (a—c), water levels at the soil-epikarst interface (d), subsurface runoff (e), and

epikarst seepage runoff (f).

Moreover, the soils at 10 cm had a greater saturated hydraulic con-
ductivity, with an average of 174.2 mm h™!, compared with that at
30 cm, with an average of 42.0 mm h™'. Finally, the saturated hydraulic
conductivity of the SEI was the lowest (16.0 mm h™') compared with
the soils at 10 and 30 cm. Therefore, the infiltration water perched at
the SEI while lateral subsurface runoff contributed to the delay in soil
water depletion at the SEI. All of these reasons caused the soil water
content at 10 cm to be less than that at 30 cm and the SEIL

SWC response times showed a positive correlation with rainfall in-
tensity, indicating that the infiltration rate increased with rainfall in-
tensity in our experiments. However, the effect that rainfall intensity
had on the infiltration rate was inconsistent. On certain soils, surface
seals decreased the infiltration rates with increases in the rainfall in-
tensity (Dunne et al., 1991). Nevertheless, a larger soil infiltration ca-
pacity than the rainfall intensity was maintained during most rainfall
events due to the higher mean soil saturated hydraulic conductivity
(54.9 cm h™!) in the karst area of our experiment site compared with
non-karst areas (2.55 cm h™! for loess soil and 0.03 cm h™! for glacial till
soil) (Wang et al., 2016). Thus, the SWC response times decreased with
rainfall intensity. The upslope region in the study area is steeper than
the down slope region. Therefore, infiltration water moved laterally
from the up slope to the down slope, where the SWC at the SEI first
changed at the down slope and, subsequently, at the up slope.

The SWC and transient water level at the SEI rapidly changed
throughout our experiments (Figs. 4a—c and 5). The thin soil layer,
relatively high hydraulic conductivity, and presence of several fissures,
gaps, channels, and sinkholes lead to a poor water holding capacity and
rapid hydrological processes in the karst area. Although the region has
a subtropical mountainous monsoon climate with a large amount of
annual precipitation (more than 1,200 mm), the karst terrain lacks
sufficient soil water for vegetation growth (Fu et al., 2015; Wang et al.,
2016, 2017). This unique drought phenomenon, which is not induced
by climatic, but rather, geological conditions, is defined as “karst
drought” (Chen and Wang, 2004). We note that all experiments were
conducted in November 2016, during which rapid hydrological pro-
cesses resulted in fairly similar initial SWCs at different layers and slope
positions (Table 3), providing further evidence that the soil has a low
water retention capacity.

4.2. Subsurface runoff generation mechanism

SSR is the primary runoff components in humid environments with
steep terrain (Weiler et al., 2005; Fu et al., 2015c,d). Tables 5 and 6 list
the response time of the SWC and water tables, respectively, at the SEI.
Previous studies have shown that the development of the lateral tran-
sient water level at the SEI controls the onset of lateral SSR due to the
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Table 6
The response times of the water level at the soil-epikarst interface at different
rainfall intensities (min).

Water levels w2 w3 w4 w5 w6 w8
35 mm h! 77 142 97 47 47 47
73 mm h! 37 62 42 22 22 22
100 mm h! 29 44 33 19 14 24
136 mm h! 24 24 14 14 14 14

The water level monitoring locations are listed in Fig. 3.

combined effect of several factors: an increase in hydraulic gradient,
increase in the cross-sectional flow area, and the accumulation of
subsurface saturation areas across the SEI (Weiler et al., 2005; Tromp-
van Meerveld and McDonnell, 2006b). Based on our observations of the
transient subsurface water tables when exposed to rainfall intensities of
100 mm h™! (Fig. 3 and Table 6), we found that the subsurface sa-
turation area first formed at the down slope and then expanded upward.
When the subsurface saturation area at the middle and down slopes
connected with each other 29 min after the onset of rainfall, this in-
stantaneously generated an individual SSR (SSF4 and SSF5). All ob-
served individual SSR began 39 min after the subsurface saturation area
expanded to the up slope. The time to peak SSR occurred 69 min after
the onset of rainfall, suggesting that all subsurface saturation areas

were connected across the entire slope at that time. The expansion of
the subsurface saturation area from the down slope to the up slope is
inconsistent with the conclusion of Tromp-van Meerveld and
McDonnell (2006b), who observed the opposite. This can be explained
where the down slope is gentler than the up slope in our study area,
which allowed infiltrated water at the down slope to perch at the SEI,
expanding the saturation area up slope. Tromp-van Meerveld and
McDonnell (2006b), obtained a contrary result because the up slope
was gentler than the down slope. The relative gradient position of the
slope controls the direction in which the saturation area expands. The
observed development of SSR agrees with the “fill and spill” theory
proposed by Tromp-van Meerveld and McDonnell (2006b): infiltration
water perches at the depression area of SEI, after which water tables
reach the edge of the depression (filling process) and spill downslope
over the epikarst surface towards the trench face (spilling process) as
SSR continues until the disparate subsurface saturation areas accumu-
late into one area. The rapid increase in the runoff rate (Figs. 4d and 5d)
indicates that spilling processes were triggered immediately after most
epikarst-surface depressions filled. The sharp decrease in the flow rate
suggests that spilling processes ceased when rainfall ceased (Figs. 4d
and 5d). Thus, the fill and spill theory reflects the mechanism that
generates SSR and corresponding threshold phenomenon on karst
hillslopes in this area.

Our calculated SSR coefficients were quite small even when rainfall
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The time to runoff and time to peak of each individual subsurface runoff at
different rainfall intensities (min).

Rainfall 35 mm h! 73 mm h! 100 mm h! 136 mm h!
SSF1 192 (342) 57 (157) 39 (69) 24 (44)
SSF2 — — — —

SSF3 192 (322) 47 (157) 34 (64) 14 (44)
SSF4 97 (312) 47 (122) 29 (89) 19 (44)
SSF5 67 (300) 42 (117) 29 (59) 14 (44)

The values within parentheses are the times to the peak of each individual
subsurface runoff.

intensity was high (Table 2), particularly in comparison with the results
of Fu et al. (2015d). This is due to the fact that we observed significant
SSR discharge from the adjoining runoff plots during the experiments,
which had not been counted, inducing the low total runoff coefficients.
Accordingly, the concrete walls did not affect the downslope movement
of SSR, proving that the underground hydrological connectivity of the
plots was not affected by the facility. This can be attributed to an in-
herent characteristic of karst slopes, i.e.,—the abundance of fissures,
conduits, caves, and sinkholes (Qin et al., 2015), suggesting that the
concrete walls were unable to restrict SSR. However, no concrete walls
were installed in the study plot analyzed in Fu et al. (2015d). Fur-
thermore, Fu et al. (2015d) monitored SSR at a trench face with a width
greater than 7 m, which encompassed the entire SSR.

Direct observation of subsurface saturation area expansion is diffi-
cult. Therefore, a secondary technique is required to validate the fill
and spill behavior in our study area. A potential method is the use of
ground penetrating radar (GPR), which is a fast, nondestructive, and
efficient geophysical measurement technique. GPR has been widely
used to map subsurface features. For example, Guo et al. (2014) re-
vealed a subsurface lateral preferential flow network via GPR in a
hillslope fairly similar to our study area. We hope to verify the fill-and-
spill hypothesis using GPR in the future.

4.3. Surface runoff characteristics on karst hillslopes and implications

Several studies have shown that the SR coefficient increases with
rainfall intensity, such that a linear relationship exists between them
(Zhao et al., 2014, 2015). According to our regression analysis of the SR
coefficients (R.) and rainfall intensity (R)
(R, = 0.203 X R; — 8.377, R?> = 0.998, P < 0.05, F = 447.9), the intercept
of the trend curve at the horizontal coordinate is 41.3 mm h™!, which
represents the rainfall intensity threshold that generates SR at the ex-
periment plot. This value is consistent with the previous results (Fu
et al., 2015¢,d; Peng et al., 2019). We infer that this value tends to
exceed the rainfall intensity of most precipitation events in this region.
Therefore, most studies in this region (Chen et al., 2012; Peng and
Wang, 2012; Qin et al., 2015) have reported SR coefficients of less than
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5% at hillslope scale regardless of annual precipitation, which is much
lower than that in non-karst areas. Peng et al. (2019) found that SR
requires rainfall intensities between 30 mm h™! and 50 mm h™!. Our
previous study (Fu et al., 2015d) investigated the same site as this study
found no observable SR with a rainfall intensity of 46 mm h~'. We also
found that the epikarst surface has a near-steady infiltration rates of
approximately 35 mm h!. The relatively high hydraulic conductivity of
the overlying soil (stable infiltration rate varying from 42 to
126 mm h~! and mean surface soil saturated hydraulic conductivity of
552 mm h™!), the existence of karst fissures and bedrock outcrops, and
the thin soil layer (Wang et al., 2016) all enabled rainfall percolated
into the underlying bedrock when the rainfall intensity was lower than
the SEI infiltration rate. As rainfall intensity increased and ultimately
exceeded the SEI infiltration rate, infiltrated water accumulated at the
SEI, which led to the formation of the subsurface saturation area and
generation of SR after soil layer saturation. Thus, three distinct re-
quirements should be fulfilled for the development of SR on karst
hillslopes: rainfall intensity larger than the infiltration rate of the epi-
karst surface, rainfall amounts exceeding the threshold (including the
soil layer water capacity, water storage via epikarst-surface depres-
sions, and deep percolation), and a slope that is not too steep to allow
ponding of infiltrated water at the SBI to fill the soil layer. Similarly,
when these conditions were not met, previous studies did not observe
SR even during high rainfall intensity or laterally generated SSR (Fu
et al., 2015c,d; Peng et al., 2017). The limited water storage capacity of
the thin soil layer when exposed to sufficient rainfall, high rainfall in-
tensity, and gentle terrain slopes all contributed to the generation of SR
in our experiments, as well as during our previous studies Fu et al.
(2015¢,d). On the other hand, at the catchment scale, we conclude that
less SR yield and flow concentration on karst slopes, which causes rapid
water transit from the surface to aquifers, produces fast, localized
vertical water movement, thereby enhancing groundwater recharge
(Hartmann et al., 2017) and possibly inducing waterlogging.

4.4. Steady SEI infiltration rate

SR was generated 31 min after the subsurface saturation area ex-
panded upslope, where the transient water tables at the middle and
down slope areas were nearly consistent with the soil depth. These
observations correspond to the saturation-excess mechanism of SR
(Table 6, Figs. 4 and 5) Fu et al., 2015d).

A Spearman’s rank correlation analysis was conducted to determine the
response time patterns of the SWC, water tables at the SEI, and SSR in the
four rainfall simulation experiments (Table 8), which indicated that soil
water at different depths, transient water tables at the SEI, and SSR re-
sponded in an identical order, confirming that the previous analysis (such as
the saturated area expanded pattern presented in Fig. 2) was universal.

We used the results discussed above to develop a method to estimate
the steady SEI infiltration rate. The time frames necessary to generate
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Table 8
Spearman’s rank correlation between the response time of soil water content,
water levels at the SEI, and subsurface runoff at different rainfall intensities.

Rainfall 35 mm h! 73 mm h! 100 mm bt 136 mm h!

10 cm 0.664* 0.684* 0.752* 0.408

30 cm 0.485 0.586* 0.537* 0.491

SEI 0.862* 0.796** 0.776* 0.609

Water-level 0.900%* 0.900%* 0.876%* 0.735

Runoff 0.606 0.777* 0.798* 0.667*
*:P < 0.01, * : P < 0.05.
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SR were 57, 31, and 18 min, while the times to generate SSR were 42,
29, and 15 min under rainfall intensities of 73, 100, and 136 mm h~!,
respectively. The time required to generate SR was nearly identical to
that required to generate SSR (i.e., all individual trenches began to
yield SSR 57 min after the onset of rainfall for a rainfall intensity of
73 mm h™'). The initial SWC was the same for the four rainfall ex-
periments (Table 3). Therefore, the soil layer required an identical level
of water deficit to generate the SR. The second and third rainfall si-
mulation experiments were used to estimate the infiltration rate while
the fourth was used to validate it. The steady SEI infiltration rate can be
expressed as “x” (mm h~!). We derived the following expression ac-
cording to the uniform water deficit:

KL % Dry soil Wet soil
Roo”gur " sk »
.
J Dry epikarst > Wet epikarst

- N
‘% Bedrock - Saturated area
. 1 __— =3
;: g “ Soil l i Water filled soil
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> wl Fissures or
l iy~ ‘~_
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Water filled fissures
or conduits

Fig. 7. Slope scale conceptual hydrological models for the integrated soil-epikarst system during no-rain periods (a) and during rainy periods, when R; < Kgg; (b),
when R; > Ksg; and P < B_gsg (c), when R; > Ksg; and B_sgr < P < B_sr (d), and when R; > Kgg; and P > B_gg (e). SWD: soil water deficit (estimated from field
capacity, wilting point, and mean soil depth); EWD: epikarst water deficit (estimated from mean effective porosity of epikarst and mean epikarst depth); ET:
evapotranspiration; R;: rainfall intensity; SR: surface runoff; SSR: subsurface runoff; ESR: epikarst seepage runoff. B_ggg and F_gr are depend on initial soil-epikart
system water content and R;. Size of arrows reflects relative magnitude of fluxes.
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We estimated the steady SEI infiltration rate to be 41 mm h™! with a
soil water deficit of 30.4 mm. We then used these values to estimate the
time necessary to produce SR under a rainfall intensity of 136 mm h1,
i.e., 19 min, which is nearly identical to the observed value (18 min).
Moreover, this value was nearly equal to the rainfall intensity threshold
(41.3 mm h™!) required to produce SR, described in subSection 4.3.
Therefore, this estimated value is reasonable. The value is slightly
larger than that reported in our previous study (Fu et al.,, 2015c)
(38 mm h1), which is likely due to the different scales used (point scale
in our previous study versus a plot scale in this study). Furthermore,
although the rainfall intensity in the first experiment (35 mm h™!) was
less than the SEI infiltration rate, the runoff coefficient of SSR was
minimal but not zero (3.5%). This is because the estimated infiltration
rate was the mean value of the experiment plot and depended on the
weathering degree of the bedrock with a certain degree of spatial
variability (Yang et al., 2016), which allowed for only a small amount
of SSR. We also note that this value is useful in developing hillslope
hydrological models as it represents the bottom boundary condition.

The relatively high infiltration capacity of the SEI (41 mm h™!)
decreases the likelihood of infiltrated water ponding at the interface to
produce subsurface saturation areas. This does not readily generate SR
and SSR on certain karst hillslopes (Chen et al., 2012; Fu et al., 2015d;
Zhu et al., 2017). The mechanism of SR generation is an “infiltration-
excess and saturation- excess” mechanism, where the “infiltration ex-
cess” reflects rainfall intensity larger than the infiltration capacity of
the SEI; “saturation excess” implies that rainfall exceeds the soil water
deficit, water capacity of epikarst-surface depression, and deep perco-
lation from the interface. This mechanism corresponds to two thresh-
olds for SR generation: rainfall amount and intensity. This could be
generalized to the entire karst slopes of Southwest China, as it is con-
sistent with the lower SR coefficients reported by many studies (Chen
et al., 2012; Peng and Wang, 2012; Qin et al., 2015; Gan et al., 2016;
Zhu et al., 2017).

The rainfall-runoff thresholds were 69.5, 51.7, and 40.9 mm for SR
and 51.2, 48.3, and 34.1 mm for SSR at rainfall intensities of 73, 100,
and 136 mm h™!, respectively, showing decreases with rainfall in-
tensity. This is because differences between rainfall intensity and the
steady SEI infiltration rate (41 mm h™!) increased as rainfall intensity
increased. Thus, there was a decrease in the time required for the in-
filtrated water to fill the epikarst-surface depressions at the SEI (to
produce SSR) and exceed the soil water deficit (both necessary for SR
production). This reduced the amount of deep percolation, whereas
water stored in the soil and epikart surface depressions remained con-
stant.

4.5. Slope scale conceptual hydrological models for the soil-epikarst system

Finally, we propose a conceptual hydrological model to describe the
particular surface-underground ’double layer’ and three-dimensional
hydrogeological structures and runoff components (SR, SSR, and ESR)
generation mechanisms for karst hillslopes (Fig. 7). There are three
layers from top to bottom: the uppermost horizon b is usually the thin
soil layer (that sometimes contains rock outcrops). It is discontinuous
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and has a high hydraulic conductivity (26-255 mm h~!). The middle
horizon is the epikarst layer, having a highly irregular surface topo-
graphy. Its depression area has water holding capacity, and the layer
contains various water leakage structures (e.g., fissures, conduits, and
sinkholes). The bottom layer is the bedrock layer and is unweathered.
SR occurs at the soil surface (Fig. 7: SR), SSR occurs at the SEI (Fig. 7:
SSR), and ESR occurs at the EBI (Fig. 7: ESR). Because the hydraulic
conductivity of soil (26-255 mm h™!) is higher than that of the epikarst
(Kepikarst> 30-50 mm h?), rainfall rapidly infiltrates and reaches the SEI,
accumulates in the depression area of the SEIL, until instantaneous water
tables at the depression area reach the edge of the depression (filling
process) (Fig. 7c: Infiltrating and filling). It spills downslope over the
epikarst surface towards the trench face (spilling process) (Fig. 7d: Fill-
and-spill), and SSR at the SEI continues until the isolated subsurface
saturation areas coalesce into one and reach the SSR rainfall amount
threshold, B_gssz. When the instantaneous water tables reach the soil
surface (indicating soil layer saturation, reaching the SR rainfall
amount threshold, F_sg), SR occurs. When the rainfall is large enough
(no matter the R;), and percolates into epikarst fissures or conduits, ESR
may occur (at EBI), as we observed that ESR occurs earlier than SSR
(Fig. 4f and 5f). Soil water deficit (estimated from field capacity, wilting
point, and mean soil depth) and epikarst water deficit (estimated from
mean effective porosity of epikarst and mean epikarst depth) are also
provided in Fig. 7a.

The conceptual hydrological model is divided into no-rain (Fig. 7a)
and rainy day (Fig. 7b—e), and the rain events are characterized by their
intensities (R;) and amounts:

No-rain periods:soil-epikarst-system water storage decreases due to
evapotranspiration (Fig. 7a);

Rain periods:

R; < Kepikars: When the R; is smaller than the SEI infiltration
rate—regardless of the rainfall amount—no subsurface saturation
areas can be generated in this case (ESR may be generated if the
rainfall amount is large enough and percolates into epikarst fissures
and conduits, Fig. 7b);

R; > Kepirarse and P < B_gsg: when the R; is larger than the SEI in-
filtration rate, and the rainfall amount is smaller than the SSR
rainfall threshold, subsurface saturated areas will occur but cannot
connect with each other, thus no SSR is generated (Fig. 7c);

R; > Kepikars: and B_sgr < P < B_gg: when the R; is larger than the
SEI infiltration rate, and the rainfall amount is larger than the SSR
rainfall threshold and smaller than the SR rainfall threshold, the
subsurface saturated areas will occur and connect with each other,
generating significant SSR, which agrees with the fill-and-spill
theory (Fig. 7d);

R; > Kepirars and P > B_gz: when the R; is larger than the SEI in-
filtration rate, and the rainfall amount is larger than the SR rainfall
threshold, then SSR and SR will occur (Fig. 7e).

5. Conclusions

The SR coefficient consistently remains less than 5% on karst hill-
slopes in southwest China, regardless of the amount of annual rainfall
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and vegetation types. From the hillslope hydrology perspective how-
ever, steep and thin soil mantled karst hillslopes are typically readily
saturated and generate surface runoff consisting of saturated overland
flow. This produces a logical paradox with the objective reality.
Therefore, in order to solve this paradox, plot-scale field rainfall si-
mulation experiments were conducted on a karst hillslope in a humid,
sub-tropical, cockpit karst region of southwest China. The results in-
dicated that SSR was generated after subsurface saturation areas (at the
SEI) connected with each other. Then the “fill and spill” theory explains
this process reasonably well. SR mainly developed after instantaneous
water levels reached near the surface, representing an “infiltration-ex-
cess and saturation-excess” runoff mechanism. (This verified our hy-
pothesis that a R; threshold exists, in addition to the rainfall amount
threshold, which generate SR. The rainfall amount threshold consists of
three components: filling of the epikarst-surface depressions at the SEI,
eliminating the soil water deficit, and the amount of deep percolated
water during the process. The R; threshold must exceed the steady SEI
infiltration rate, which is the prerequisite for the saturation of epikarst-
surface depression and soil layers. The steady SEI infiltration rate in this
study was 41 mm h™!, which mostly exceeded the natural R; in this
region. It is the main factor responsible for the lower SR and SSR
coefficients. The steady SEI infiltration rate may vary with hillslopes
because of the high spatial variability; however, we believe that the
value is large enough among karst regions, because the low SR coeffi-
cient has been observed at different slopes in karst region of southwest
China.

Furthermore, a conceptual hydrological model was presented to
describe the generation mechanisms of runoff components (SR, SSR,
and ESR) for this complex and integrated soil-epikarst system.

These findings are based only on four rainfall simulation experi-
ments on the foot slope of a dolomite karst hillslope. Therefore, a strict
generalization, that runoff characterizes all different karst hillslopes or
different hillslope positions, cannot be made. Further research should
focus on the quantification of soil-epikarst architectures and associated
hydrological functions along this cockpit karst hillslope. We believe
that these results contribute to a more comprehensive understanding of
runoff generation characteristics for karst hillslopes, and will be useful
in improving the prediction ability of the earth system models.
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