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A B S T R A C T   

The hydrological connectivity of hillslope-riparian-stream (HRS) continuums is crucial for runoff generation and 
solute transport. The achievement of water resource protection and water quality improvement requires a sys-
tematic understanding of the structure and rainfall controls on HRS connectivity. Herein, two HRS continuums 
with different soil depths and slopes (HRS-1: thin soil depth and steep slope; HRS-2: thick soil depth and gentle 
slope) were established. We monitored the soil moisture from the surface to the soil-bedrock interface at 15 min 
intervals from March to June 2021. The HRS connectivity was analyzed based on soil saturation conditions, and 
partial least squares regression (PLSR) was used to reveal the relationships between rainfall and HRS connec-
tivity. The results showed that the time required to establish hydrological connectivity in HRS-1 was shorter than 
that in HRS-2, which indicated that the contribution to runoff of the HRS continuum with a thin soil depth and 
steep slope was dominant during the early stage of rainstorm. As rainfall intensity increased, the required time 
was shortened exponentially due to the changes in hydrological connectivity patterns. In addition, the higher 
connectivity strength (i.e., the magnitude of HRS connectivity) was observed in the HRS-2 than that in the HRS-1 
during heavy rainfall events. The PLSR analysis showed that rainfall amount, 30 min maximum rainfall intensity, 
15 min maximum rainfall intensity, and rainfall duration were important controls affecting connectivity strength. 
Rainfall amount and peak rainfall intensity exerted more important effects than did antecedent soil moisture on 
the connectivity strength. Furthermore, there was a clear rainfall threshold for HRS connectivity, from 14.8 mm 
in HRS-1 to 21.1 mm in HRS-2. The increased soil depth and reduced slope enhanced the rainfall threshold of 
HRS connectivity. Our results indicate that the physical structure of the HRS continuum exerts a primary control 
on the rainfall threshold.   

1. Introduction 

The hydrological connectivity of the hillslope-riparian-stream (HRS) 
continuum provides a linkage between the catchment upland and the 
aquatic environment, and this link is critical for the transport of runoff 
and solutes from terrestrial landscapes to streams (Detty and McGuire, 
2010; Hagedorn et al., 2000; Outram et al., 2016). The HRS connectivity 
can be established by surface runoff and subsurface flow. Saturated 
overland flow occurs in only a small part of the forested catchment due 
to the high soil water infiltration and storage capacity (Rinderer et al., 
2019), and shallow subsurface flow is the main runoff contributor 
(Cartwright and Morgenstern, 2018; Onda et al., 2001). Subsurface flow 
generally results from the development of saturation above an impeding 

layer (e.g., the interface of soil and bedrock) and the lateral transport of 
water through this saturated layer (Fiori and Russo, 2007). This onset of 
lateral subsurface flow from the hillslope to the stream results in hy-
drological connectivity between the hillslope and the stream (Blume and 
van Meerveld, 2015). Thus, an improved understanding of how sub-
surface saturated flow develops and evolves in time and space is key to 
elucidating the dynamics of HRS connectivity. 

In recent decades, many efforts have been made to describe the 
subsurface hydrological process (Garvelmann et al., 2012; Stieglitz 
et al., 2003), while the determination of subsurface saturated flow re-
mains a challenging task due to its unobservability and high spatio-
temporal variability. Hillslope trenches (van Verseveld et al., 2009), soil 
moisture measurements (Han et al., 2020; Nanda et al., 2019), 
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groundwater level monitoring (Ocampo et al., 2006), plot-scale tracer 
experiments (McGuire and McDonnell, 2010; Weiler and Naef, 2003), 
and streamflow and chemistry measurements (Burns et al., 2016) have 
been applied in different contexts to determine subsurface flow or 
connectivity conditions. Hillslope trench may be one of the most direct 
ways to measure the subsurface flow, while its installation and main-
tenance are time-consuming (Blume and van Meerveld, 2015). 
Furthermore, flow monitoring at a trench may only clarify the hydro-
logical process of a localized region, which makes it difficult to identify 
the expansion and contraction of runoff source areas (Han et al., 2020; 
Hopp and McDonnell, 2009). In contrast, distributed soil moisture 
monitoring can reflect the spatial pattern of soil saturation, which pro-
vides the opportunity to observe and quantify subsurface flow pathways 
(Gish et al., 2005). Furthermore, with the development of field moni-
toring technology, we can implement the real-time monitoring of soil 
moisture on scales of minutes or even seconds (Strohmeier et al., 2013). 
High-frequency and distributed monitoring of soil moisture is therefore 
regarded as an acceptable and promising method to identify HRS con-
nectivity (Blume and van Meerveld, 2015). 

The establishment and extent of HRS connectivity are controlled by 
physical structures (e.g., soil type, soil depth, and surface and bedrock 
topography), watershed antecedent conditions (e.g., antecedent soil 
moisture), and driving forces (e.g., rainfall) (Detty and McGuire, 2010; 
Han et al., 2020; Hopp and McDonnell, 2009). Over the past decades, 
extensive progress has been made in identifying the physical structure 
and rainfall controls on HRS connectivity (Detty and McGuire, 2010; 
Jencso et al., 2009). For instance, Jencso et al. (2009) found the 
persistence time of HRS connectivity was positively correlated with the 
upslope accumulated area. van Meerveld et al. (2015) emphasized the 
role of bedrock topography on the subsurface flow pathway. The authors 
concluded that the direction of the subsurface flow path followed the 
bedrock topography when the groundwater level was low and the 
overall surface topography when the water level was high. However, 
Hopp and McDonnell (2009) argued that, except for bedrock topog-
raphy, researchers should pay more attention to the slope gradient and 

soil depth when analyzing the subsurface hydrological responses. The 
changes in slope gradient and soil depth may have significant impacts on 
the connectivity strength (i.e., the magnitude of HRS connectivity) and 
the time required to establish hydrological connectivity by altering 
rainfall infiltration, water storage, and subsurface flow transport. Except 
for physical structure, rainfall defined as a key driving force also exert 
significant influences on HRS connectivity. Han et al. (2020) found that 
rainfall intensity determined the initiation of connectivity and that the 
time required to establish HRS connectivity decreased exponentially 
with increasing rainfall intensity. Hillslopes are generally not connected 
to the streams during rainfall events with a limited rainfall intensity and 
amount, while runoff-contributing areas can expand upslope with in-
creases in rainfall amount and soil water storage (Han et al., 2020). 
Numerous studies indicated that the response of subsurface runoff to 
rainfall was nonlinear in hillslopes (Farrick and Branfireun, 2014; 
McGuire and McDonnell, 2010), and an obvious threshold behavior was 
observed in subsurface flow (Tromp-Van Meerveld and McDonnell, 
2006). Then, is there a clear rainfall threshold for HRS connectivity? 
How does this threshold value change with HRS physical structure? 
These questions need to be further explored. 

To clarify the influences of physical structures on HRS connectivity 
and quantify the relationships between HRS connectivity and rainfall, 
high-frequency soil moisture monitoring was conducted on two HRS 
continuums with different soil depths and slopes. A total of 252,000 
pieces of soil moisture data were obtained, and 24 rainfall events were 
recorded from March to June 2021. The time required to establish HRS 
connectivity and the connectivity strength were analyzed for each 
rainfall event. The following hypotheses were tested: (1) hydrological 
connectivity can be established quickly in the HRS continuum with a 
steeper slope and thinner soil depth; and (2) the HRS connectivity has a 
clear rainfall threshold which changes with the HRS physical structure. 
This study provides a better understanding of runoff generation and 
solute transport by revealing the structure and rainfall controls affecting 
HRS connectivity. 

Fig. 1. The location of the study site.  
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2. Materials and methods 

2.1. Site description 

Qianyanzhou Ecology Station is located in the Jitai Basin, Taihe 
County, Jiangxi Province (115◦04′13′′ E, 26◦44′48′′ N) and is one of the 
basic stations of the Chinese Ecosystem Research Network (CERN). This 
area is influenced by the subtropical monsoon climate, which can be 
divided into a warm and wet summer monsoon and a cold and dry 
winter monsoon. The mean annual precipitation is approximately 1540 
mm, and approximately 80% is concentrated between April and 
September (Zhao et al., 2019). The annual evapotranspiration is 
approximately 1114.8 mm. The temperature varies between − 5.9 ℃ 
and 36.8 ℃, with a mean annual temperature of 16.5 ℃. 

The study site is a subcatchment of the Xiangxi River watershed 
(Fig. 1), which is located near the Qianyanzhou Ecology Station. The 
area of the subcatchment is approximately 4.74 ha, and the riparian 
zone accounts for 12.1% of the total watershed area. The digital eleva-
tion model (DEM) of the subcatchment (0.3 m resolution) was generated 
using airborne LiDAR data (Digital Green Earth Technology Co., Ltd., 
Beijing, China). The elevation ranges between 82.3 m and 127.3 m 
above sea level, with an average elevation of 102.2 m. Land-use types 
include forestland and orchard. Orchard planted with navel orange is 
mainly distributed in the riparian zone, and the planting density and tree 
age are 1250 stems ha− 1 and 15 years, respectively. P. massoniana Lamb. 
and C. bodinieri Levl. planted in 1985 are the dominant tree species of the 
forestland. The soil parent material consists of sandstone, sandy 
conglomerate, and mudstone (Jia and Gao, 2017). The soil type is 
mainly red loam, classified as oxisol according to the USDA Soil 

Taxonomy. 

2.2. Hillslope-riparian-stream continuums 

To clarify the impacts of physical structure on HRS connectivity, two 
HRS continuums (HRS-1 and HRS-2) were established in the subcatch-
ment with directions nearly perpendicular to the stream (Fig. 1). The 
HRS continuums were similar in terms of vegetation, parent material, 
and slope length whereas different in terms of slope gradient and soil 
depth. Each continuum contains a riparian zone and a planar hillslope, 
of which the hillslope was further divided into three zones of equal 
length, including upslope, midslope, and downslope. The slope gradient 
of the HRS continuums was measured using a geological compass. In 
HRS-1, the slope gradient of hillslope ranges from 9.5◦ to 14.5◦, with an 
average value of 11.5◦ (Table 1). In HRS-2, the slope gradient of hill-
slope varies between 6.7◦ and 9.2◦ and the average slope is 8.3◦

(Table 1). Pinus massoniana Lamb. and Michelia maudiae Dunn are the 
dominant vegetation types on the hillslope of HRS-1. Pinus massoniana 
Lamb. and Cinnamomum camphora (L.) Presl are the main vegetation 
types on the hillslope of HRS-2. Citrus sinensis Osbeck was dominated in 
the riparian zone of both HRS continuums. 

One monitoring point was selected in the riparian zone at a distance 
of approximately 3 m from the stream. Furthermore, a monitoring point 
was selected near the middle position of each zone in hillslopes (Yang 
et al., 2014). The selected monitoring points were at least 1 m away from 
the trees, and the surface topography of monitoring points did not 
exhibit obvious convex and concave characteristics. In HRS-1, the dis-
tances from the monitoring point in the upslope, midslope, downslope, 
and riparian zones to the stream were 56 m, 39 m, 26 m, and 3 m, 

Table 1 
The installation depth of TDR prober in eight soil pits.  

Pits Installed depth 
(cm) 

HRS Zones Vegetation Soil depth 
(cm) 

Elevation 
(m) 

Slope 
(◦) 

WSC 
(mm) 

P1 20 40 60 90 – HRS-1 Upslope P. massoniana Lamb. and Michelia L. 90  117.1  14.5  314.7 
P2 10 20 40 – – HRS-1 Midslope 40  115.3  10.4  106.2 
P3 10 35 55 90 – HRS-1 Downslope 103  103.5  9.5  276.8 
P4 20 50 95 160 – HRS-1 Riparian C. sinensis Osb. 182  101.7  6.5  406.3 
P5 20 40 60 100 – HRS-2 Upslope C. bodinieri Levl. and P. massoniana Lamb. 105  111.2  8.9  395.9 
P6 20 55 80 110 – HRS-2 Midslope 180  108.3  9.2  504.3 
P7 20 50 80 150 – HRS-2 Downslope 181  105.6  6.7  545.8 
P8 20 50 80 130 150 HRS-2 Riparian C. sinensis Osb. 212  102.5  6.4  576.6 

WSC represents water storage capacity. 

Fig. 2. The schematic diagram of subsurface flow in HRS continuum.  
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respectively. In HRS-2, the distances from the monitoring point in the 
upslope, midslope, downslope, and riparian zones to the stream were 54 
m, 38 m, 25 m, and 3 m, respectively. The HRS continuum was 
simplified as a point-line topology (Zuecco et al., 2019), in which the 
point represented the monitoring point and the line between the points 
indicated the potential flow path (Fig. 1). A soil pit (1.5 m length × 1.5 
m width) was excavated in each monitoring point (P1-P8), and soil 
depth data was acquired by both excavating soil pits (n = 8) and manual 
drilling (n = 46). The soil depth in the HRS-1 ranged from 40 cm to 182 
cm, with an average value of 103.8 cm. In HRS-2, the soil depth varied 
between 105 cm and 212 cm and the average soil depth is 169.5 cm 
across the continuum. Soil depth increased sharply in the areas adjacent 
to the riparian zone. According to the soil color, gravel content, and 
weathering degree, each soil profile was divided into the following ho-
rizons: an upper organic horizon (O, together with humus horizon Ah), a 
strongly weathered eluvial horizon (E), an enriched illuvial horizon (B), 
parent material (C), and bedrock (D). In the riparian zone, the B horizon 
was further divided into an upper strongly illuvial B1 and a lower 
partially illuvial B2. One or two soil cores (5 cm in height, 5 cm in 
diameter, and 100 cm3 in volume) were collected from each soil horizon. 
A total of 78 undisturbed soil cores were obtained from the eight 
excavated soil pits. The soil hydraulic conductivity (Ks) of the soil cores 
was measured with a falling head device using the method of Yu et al. 
(2014), and the bulk density and saturated moisture content were 
measured by the drying method. Soil texture was measured using a laser 
diffraction particle size analyzer (MS-3000, Malvern, UK), and water 
storage capacity (WSC) was estimated according to Ilek et al. (2017). 

The soil texture of the HRS continuums can be classified as sandy 
clay loam and clay loam (Table S1). The bulk density increased with soil 
depth at the P3-P8 pits, while the maximum bulk density was observed 
in the surface soil (0–20 cm) at the P1-P2 pits. The saturated moisture 
content ranged from 22.44% to 44.88%, showing a decreasing trend 
with soil depth. Furthermore, the Ks varied between 8.47 × 10-6 mm s− 1 

and 3.95 × 10-2 mm s− 1, and the Ks of surface soil (0–20 cm) was almost 
an order of magnitude larger than that of the deep soil (20–150 cm). The 
higher Ks was observed in the riparian zone than that in the upslope, 
midslope, and downslope zones (Table S1). The WSC in the riparian 
zone was 1.06–3.83 times higher than that in the upslope, midslope, and 

downslope zones, and the WSC observed in the HRS-2 was higher than 
that observed in the HRS-1 (Table 1). 

2.3. Hydrometric monitoring 

The soil volumetric water content was measured in the eight pits (P1- 
P8) using time domain reflectometry sensors (TDR, S-SMC-M005, Onset 
Computer Corporation, Bourne, MA, USA) (Fig. 2). The installation 
depths of the TDR sensors were at the interfaces of adjacent soil hori-
zons. In the P2 pit with a thin soil depth, the installation depth of 40 cm 
represented the soil–bedrock interface. In the P4, P7, and P8 pits near 
the stream, the excavated soil depth did not reach the bedrock due to the 
appearance of shallow groundwater. The soil moisture was monitored at 
15 min intervals from March to June 2021. A total of 252,000 pieces of 
soil moisture data were obtained from 32 TDR sensors. 

The rainfall was measured by a tipping bucket rain gauge with an 
automatic recorder (Texas Electronics TR-525 M), which was installed at 
the open area approximately 500 m from the catchment outlet. The 
rainfall monitoring resolution was 0.1 mm, and the monitoring time 
interval was 5 min. During the monitoring period, a total of 24 rainfall 
events were recorded, and the total rainfall amount was 568.8 mm 
(Fig. S1, Table 2). According to the method of Han et al. (2020), we 
adopted a two-digit ranking method to identify rainfall events (Table 2). 
The first digit is the ranking of rainfall amount, and the second digit is 
the ranking of the 30 min maximum rainfall intensity (I30). For example, 
event 2–1 had the second highest total rainfall amount and the highest 
rainfall intensity. For each rainfall event, we calculated the rainfall 
amount, duration, average rainfall intensity (Imean), 15 min maximum 
rainfall intensity (I15), I30, and antecedent precipitation index (API) 
(Moreno-de-las-Heras et al., 2020). The antecedent soil moisture index 
(ASI) was calculated according to Fu et al. 2013: 

ASI =
∑N

i
[smi × (depi − depi− 1) ] (1) 

where N is the number of soil layers, and smi is the measured soil 
moisture at depth i (m3/m3); depi and depi− 1 are the different soil depths 
(mm). For example, in the P3 pit, dep1 to dep4 represent 100, 350, 550, 
and 900 mm, respectively (dep0 = 0). 

Table 2 
The descriptions of rainfall events during the monitoring period.  

Events Date Rainfall amount 
(mm) 

Duration 
(h) 

Imean 

(mm/h) 
I30 

(mm/30 min) 
ASI-P3 
(mm) 

ASI-P7 
(mm) 

API-3 
(mm) 

API-5 
(mm) 

1–4 5/18  114.4  66.17  1.73  12.10  237.6  512.2 30.8  31.5 
2–1 6/3  61.5  22.17  2.77  18.80  239.2  510.6 0  13.8 
3–2 5/7  57.7  24.00  2.40  13.10  212.9  477.0 5.3  22.4 
4–5 5/27  44.5  14.67  3.03  8.20  236.0  504.5 5.9  10.3 
5–3 5/4  32.4  16.25  1.99  12.9  207.6  469.2 0.2  0.2 
6–10 5/11  27.6  24.75  1.12  5.70  224.1  496.8 9.0  9.8 
7–13 4/14  27.1  14.33  1.89  4.70  199.0  429.3 4.8  14.6 
8–14 5/29  21.3  18.33  1.16  4.30  227.6  511.2 33.5  34.4 
9–16 4/18  21.1  41.18  0.51  2.70  209.3  440.4 0.9  20.4 
10–15 4/27  19.6  33.00  0.59  3.10  213.4  468.0 9.6  9.6 
11–7 5/11  18.8  9.67  1.94  6.50  216.5  497.8 16.3  39.9 
12–22 5/24  14.8  22.83  0.65  0.90  225.4  509.2 18.2  66.6 
13–18 4/10  14.3  19.66  0.73  1.90  186.7  416.9 10.0  10.3 
14–9 6/11  13.8  35.75  0.39  6.10  219.7  498.1 0.4  0.4 
15–6 4/7  10.2  5.25  1.94  7.50  180.2  414.1 1.0  1.8 
16–8 5/6  9.2  7.08  1.30  6.30  217.4  494.5 0.8  9.4 
17–12 4/24  9.1  8.50  1.07  5.00  208.4  465.4 0  4.9 
18–11 6/1  5.5  0.67  8.21  5.40  244.7  509.5 16.1  17.9 
19–21 4/12  3.6  3.00  1.20  1.10  201.3  425.8 13.8  21.4 
20–17 4/28  3.5  1.50  2.33  2.10  218.6  477.0 18.0  24.0 
21–23 4/15  2.9  2.83  1.02  0.90  221.5  433.6 27.5  37.1 
22–20 5/31  2.7  5.83  0.46  1.30  235.5  518.2 18.2  47.6 
23–19 4/11  1.9  1.00  1.90  1.80  200.5  425.4 14.7  21.7 
24–24 4/16  1.1  5.75  0.19  0.40  213.0  433.4 23.1  25.6 

Imean is the mean rainfall intensity; I30 is the 30 min maximum rainfall intensity; ASI-P3 and ASI-P7 are the antecedent soil moisture index in the P3 and P7 pits, 
respectively. Furthermore, API-3 and API-5 are the antecedent precipitation index for 3 and 5 days, respectively. 
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2.4. Hydrological connectivity analysis 

A highly permeable soil surface contributes to a large amount of 
rainfall infiltration, which allows for the development of saturation 
above an impeding layer (e.g., the interface of soil and bedrock). The 
lateral transport of free water in the saturated layer forms the subsurface 
flow. Thus, the existence of a saturated soil was generally regarded as an 
indication of subsurface flow (van Meerveld et al., 2015). In this study, 
the hydrological connectivity was analyzed based on the following as-
sumptions: (1) As long as the soil moisture in any soil layer of a zone 
exceeds its saturation value, we consider subsurface flow has occurred in 
this zone. (2) When a subsurface flow is established from a zone to the 
stream, this zone is hydrologically connected to the stream at this 

moment. However, for example, the midslope and the stream are 
disconnected when the downslope is not saturated even if subsurface 
flows are generated in the midslope and riparian zones. (3) We consider 
that HRS connectivity is established when the downslope is connected to 
the stream. (4) Preferential flow pathways have the same impacts on the 
hydrological connectivity of both HRS continuums. The specific HRS 
connectivity scenarios can be referred to Fig. S2. In this study, the time 
required to establish hydrological connectivity was calculated according 
to the difference between the rainfall starting time and the initiation 
time of HRS connectivity. The connectivity strength characterizing the 
magnitude of HRS connectivity in rainfall events was estimated as 
follows: 

Fig. 3. The time series curve of soil moisture content in soil pits (P1-P4) of HRS-1. The shaded parts indicate rainfall events.  
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Connectivity strength =
∑

wi(connected time/duration)i (2) 

where i indicates the different zones of the hillslope (upslope, mid-
slope and downslope zones); wi indicates the weight (here, the value is 
1/3); duration is the time from rain starting to base flow recovery; and 
connected time is the time that a zone is connected to the stream during 
the duration. The value of connectivity strength varies between 0 and 1. 
The larger the value is, the higher the magnitude of HRS connectivity is. 

2.5. Statistical analysis 

Partial least squares regression (PLSR) was used to determine the 
main influencing factors of connectivity strength (dependent variable). 

The main advantage of this technique is to avoid collinearity problems, 
permitting working with a number of variables that is greater than the 
number of samples. To overcome overfitting, the appropriate number of 
components for the PLSR model was determined by root-mean-square 
error estimated by cross-validation (RMSECV) to achieve an optimal 
balance between the explained variation in the response (R2) and the 
predictive ability (goodness of prediction, Q2) (Shi et al., 2014; Iqbal 
et al., 2013). In the PLSR model, the variable importance of projection 
(VIP) values were calculated to estimate the importance of the inde-
pendent variables. The terms with high VIP values were the most rele-
vant in terms of explaining the dependent variable. Detailed information 
on PLSR algorithms can be found in the relevant literatures (Abdi, 2010; 
Wu et al., 2010). 

Fig. 4. The time series curve of soil moisture content in different soil pits (P5-P8). The shaded parts indicate rainfall events.  
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A clear threshold response of subsurface flow was observed in hill-
slopes by Tromp-Van Meerveld and McDonnell (2006), and a fill and 
spill theory was proposed to clarify the threshold behavior. The theory 

states that subsurface flow is established when bedrock depressions are 
filled and the water level in these depressions are high enough to start 
spilling over the bedrock ridges. In this study, the establishment of HRS 
connectivity was based on subsurface flow, thus we assumed that there 
is also a threshold response for HRS connectivity. The threshold analysis 
was conducted between connectivity strength and rainfall amount. The 
nonlinear relationship between the time required to establish connec-
tivity and I30 was analyzed. 

3. Results 

3.1. The variation in soil moisture 

In the HRS-1 continuum, the soil moisture content ranged from 
11.14% to 48.55% and showed various response patterns to rainfall in 
different zones. In the riparian zone (P4), the soil moisture content of the 
160 cm soil layer was the largest, followed by that of the 95 cm, 50 cm, 
and 20 cm soil layers during the non-rainfall period (Fig. 3). A strong 
increase in soil moisture was observed in the 20 cm, 50 cm, and 95 cm 
soil layers during rainfall, while no obvious response was observed in 
the 160 cm soil layer. In the midslope (P2) and downslope (P3) zones, 
the surface soil moisture (10 cm) was usually higher than that in the 
deep soil layers (40–90 cm) during the non-rainfall period, and the 
strongest response of soil moisture to rainfall was observed at the 
interface of soil and bedrock (at the 40 and 90 cm soil, respectively). For 
instance, the soil moisture content in the 40 cm soil of the midslope 
rapidly increased from 17.82% to 48.11% during the rainfall event 3–2. 
In the upslope zone (P1), the soil moisture varied in a relatively narrow 
range (from 22.04% to 37.22%), and the response of soil moisture to 
rainfall in different soil layers was almost consistent (Fig. 3). 

Compared with the HRS-1 continuum, the variation range of soil 
moisture in HRS-2 was relatively narrow, within the range of 22.69% to 
43.97%. Similar to the riparian zone of HRS-1 (P4), a stable time series 
curve for soil moisture was observed in the deep soil layers (130 and 
150 cm) in the riparian zone of HRS-2 (P8) (Fig. 4). Furthermore, a 
weaker response of soil moisture to rainfall was observed in the 

Fig. 5. The spatial and temporal variation of hydrological connectivity in HRS 
continuums. The yellow color indicates there is no subsurface flow, and the blue 
color indicates the subsurface flow has been generated. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web 
version of this article.) 

Table 3 
The characteristics of HRS connectivity under different rainfall events.  

Events HRS-1 HRS-2 

Time (h) a Upslope connected b Connectivity strength c Time (h) Upslope connected Connectivity strength 

1–4 0.42 yes 0.175 1.67 yes 0.476 
2–1 1.25 yes 0.102 9.17 yes 0.402 
3–2 7.50 no 0.044 17.25 yes 0.060 
4–5 1.25 no 0.121 4.75 yes 0.323 
5–3 1.58 no 0.009 − no 0 
6–10 3.17 no 0.094 14.92 yes 0.031 
7–13 10.13 no 0.078 − no 0 
8–14 4.33 no 0.104 6.08 yes 0.526 
9–16 − no 0 − no 0 
10–15 18.58 no 0.020 − no 0 
11–7 1.75 no 0.024 − no 0 
12–22 − no 0 − no 0 
13–18 − no 0 − no 0 
14–9 − no 0 − no 0 
15–6 − no 0 − no 0 
16–8 − no 0 − no 0 
17–12 − no 0 − no 0 
18–11 − no 0 − no 0 
19–21 − no 0 − no 0 
20–17 − no 0 − no 0 
21–23 − no 0 − no 0 
22–20 − no 0 − no 0 
23–19 − no 0 − no 0 
24–24 − no 0 − no 0 

− indicates no data. 
a The time required to establish hydrological connectivity. 
b Whether upslope is connected to the stream. 
c The hydrological connectivity strength. 
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midslope and downslope zones of HRS-2 (P6 and P7) than those in the 
HRS-1. At the upslope of HRS-2 (P5), the soil moisture varied in the 
range of 26.4% to 38.6% and the overall variation trend was as follows: 
100 cm > 40 cm > 20 cm > 60 cm. Furthermore, a stable time series 
curve of soil moisture was observed in the 100 cm soil layer since the 
rainfall event 7–14 (Fig. 4). 

3.2. The structure influences of HRS connectivity 

In the HRS-1 continuum, the riparian zone was connected to the 
stream during 87% of the monitoring time, while the connection time of 
the upslope, midslope, and downslope zones accounted for only 0.1%, 
3.3%, and 3.3%, respectively, of the monitoring time (Fig. 5). In the 
HRS-2 continuum, the connection times of the upslope, midslope, 
downslope, and riparian zones accounted for 4.5%, 4.5%, 7.8%, and 
100% of the monitoring time, respectively. Compared with HRS-1, HRS- 
2 had a longer connectivity time (Fig. 5). HRS connectivity was observed 
only in 10 and 6 of the 24 rainfall events for the HRS-1 and HRS-2 
continuums, respectively. There were only 2 rainfall events (1–4 and 
2–1) that connected the upslope of HRS-1 to the stream (Fig. 5 and 
Table 2). The time required to establish hydrological connectivity in 
HRS-1 and HRS-2 ranged from 0.42 h to 18.58 h and 1.67 h to 17.25 h, 
respectively. The required time in HRS-2 was greater than that in HRS-1 
in all rainfall events during which HRS-2 established connectivity 
(Table 3). The connectivity strength of HRS-1 and HRS-2 varied in the 
range of 0–0.175 and 0–0.526, respectively. In the events with the top 
four rainfall amounts (1–4, 2–1, 3–2, and 4–5), the connectivity strength 
in HRS-2 was strongly higher than that in HRS-1. However, in the 
rainfall event 6–10, lower connectivity strength was observed in HRS-2 
(Table 3). 

We further elucidated the HRS connectivity in detail through two 
rainfall events (1–4 and 6–10). Event 1–4 was a heavy-intensity, high- 
size (114.4 mm) event with a wet antecedent condition. Fig. 6 shows 
that HRS-1 quickly established hydrological connectivity between the 
hillslope and stream during the event (the time required to establish HRS 
connectivity was 0.42 h) and could be disconnected rapidly when the 
rainfall stopped (approximately 0.5 h). In contrast, the required time in 
HRS-2 was relatively long (1.67 h), while the subsurface flow could be 
maintained for a long time after the rainfall cessation (approximately 
10.5 h). Event 6–10 was a moderate-intensity, median-size (27.6 mm) 
event with a dry antecedent condition. In this event, the time required to 
establish hydrological connectivity in HRS-2 (14.92 h) was also higher 
than that in HRS-1 (3.16 h) (Fig. 7). However, the hydrological con-
nectivity was maintained for only 2.5 h in HRS-2. The connectivity 
strength in HRS-2 (0.03) was lower than that in HRS-1 (0.09), which was 
contrary to event 1–4. 

3.3. The rainfall controls of HRS connectivity 

A summary of the PLSR model constructed for connectivity strength 
is presented in Table 4. The minimum RMSECV value (0.032) and the 
highest Q2

cum value (0.60) were obtained in the first two components of 
the PLSR model, suggesting that the subsequent components were not 
strongly correlated with the residuals of the predicted variable. The 
optimal PLSR model showed that the first component accounted for 
64.1% of the variance in connectivity strength. When a second compo-
nent was added, the model explained 70.5% of the variance (Table 4). 
However, no improvement in variance was recorded when more com-
ponents were added to the model. In the PLSR model, only some factors 
had VIP > 1, including rainfall amount (VIP = 1.60), I30 (VIP = 1.27), I15 

Fig. 6. The subsurface flow and connectivity characteristics of HRS continuums in the rainfall event 1–4. The colored lines indicate subsurface flow has been 
generated. The shaded parts indicate hydrological connectivity has been established between downslope and the stream. (Time: the time required to establish 
hydrological connectivity; Strength: the connectivity strength). 
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(VIP = 1.21), and rainfall duration (VIP = 1.12) (Fig. 8). The lower VIP 
values for Imean, ASI, and API suggested that the contribution of these 
factors to connectivity strength was not significant compared to 
contribution of the others. Furthermore, there was a clear rainfall 
threshold for HRS connectivity. When the rainfall amount was less than 
14.8 mm, HRS-1 did not establish hydrological connectivity during any 
rainfall event. Conversely, when the rainfall amount exceeded this 
threshold, the connectivity strength increased with rainfall amount 
(Fig. 9). In comparison, the rainfall threshold was increased to 21.1 mm 
in HRS-2. Furthermore, there was a power function relationship be-
tween the time required to establish hydrological connectivity and I30 in 
HRS-1. As I30 increased, the required time declined remarkably (Fig. 9). 
However, it is difficult to analyze the relationship between them in HRS- 
2 as fewer events established HRS connectivity. 

4. Discussion 

In this study, we monitored soil moisture from the soil surface to the 
soil–bedrock interface in two HRS continuums with different physical 
structures (HRS-1: thin soil depth and steep slope; HRS-2: thick soil 

depth and gentle slope, see Table 1) to reveal the variation in HRS 
connectivity and its structure and rainfall controls. Similar to the study 
of Kim (2014), we assumed that the existence of a saturated soil is an 
indication of subsurface flow. A zone was considered to be hydrologi-
cally connected to the stream when subsurface flow was established 
from that zone to the stream (Stieglitz et al., 2003). We found that the 
connectivity time accounted for 87% and 100% of the monitoring time 
for the riparian zone in HRS-1 and HRS-2, respectively. Even in the non- 
rainfall period, the riparian zone was hydrologically connected to the 
stream. This result was further verified by our field runoff monitoring, 
that is, runoff could be always observed at the outlet of the subcatch-
ment during non-rainfall periods (Fig. S3). In contrast, the hydrological 
connectivity of upslope, midslope, and downslope zones to the stream 
was observed only during the rainfall period, indicating that rainfall was 
the prerequisite to establish hydrological connectivity between the 
hillslope and stream. Furthermore, our analysis revealed that the hy-
drological connectivity between the hillslope and stream could be 
established for a longer time for the HRS continuum with a thicker soil 
depth and gentler slope. Changes in physical structure had a strong 
impact on the HRS connectivity time. 

Fig. 7. The subsurface flow and connectivity characteristics of HRS continuums in the rainfall event 6–10. The colored lines indicate subsurface flow has been 
generated. The shaded parts indicate hydrological connectivity has been established between downslope and the stream. (Time: the time required to establish 
hydrological connectivity; Strength: the connectivity strength). 

Table 4 
Summary of the partial least squares regression (PLSR) model for connectivity strength.  

Response variable R2 Q2 Component Explained variability (%) Cumulative explained variability (%) RMSECV Q2
cum 

Connectivity strength  0.71  0.60 1  64.1  64.1  0.038  0.581    
2  6.3  70.5  0.032  0.603    
3  2.2  72.7  0.034  0.563    
4  0.9  73.6  0.039  0.520 

R2 indicates the determination coefficient; Q2 represents the goodness of prediction; RMSECV is root-mean-square error estimated by cross-validation. 
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A total of 24 rainfall events were recorded during the monitoring 
period, while hydrological connectivity between the hillslope and 
stream was observed only in 10 and 6 rainfall events for the HRS-1 and 
HRS-2 continuums, respectively. This result indicated that there indeed 
exist a rainfall threshold for HRS connectivity, and the rainfall threshold 
in HRS-2 is likely higher than that in HRS-1. By analyzing the time 
required to establish hydrological connectivity for each rainfall event, 
we found that the required time for connectivity initiation in HRS-1 was 
lower than that in HRS-2, which supported our first hypothesis (H1) that 
hydrological connectivity could be established quickly in the HRS con-
tinuum with a steeper slope and thinner soil depth. According to the 
study of Han et al. (2020), approximately 90% HRS connectivity were 
established through saturation connectivity initiating at the 
soil–bedrock interface. The infiltration of rainfall from the surface to the 
bedrock has strong impact on the required time (Miyata et al., 2019). 
Thin soil depths generally have limited water storage capacity (Peter-
man et al., 2014), and rainfall can quickly infiltrate from the surface to 
the bedrock (Ocampo et al., 2006). A steep slope can accelerate the 
lateral transport of water in the saturated layer, forming continuous 
subsurface flow (Blume et al., 2009). Thus, the time required to establish 
connectivity was decreased in the HRS-1 continuum. Based on the above 
findings, we can infer that the contribution of various HRS continuums 
to runoff may be different during a rainfall event. At the early stage of a 
rainstorm, the runoff and solutes in the stream may mainly come from 
the HRS continuums with thin soil depths and steep slopes as they are 

Fig. 8. Variable importance of the projection (VIP) of each predictor of con-
nectivity strength. The red dotted line indicates the threshold above which 
predictors are considered to be important for interpretation. The abbreviations 
for the rainfall-related variables are listed in Table 2. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 9. The relationships between connectivity strength and rainfall amount (a, c), and between the time required to establish hydrological connectivity and 30 min 
maximum rainfall intensity (I30) (b, d). 
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the first to establish connection with stream. Then, the runoff source 
area gradually expands to the HRS continuums with thick soil and gentle 
slopes. By analyzing the HRS connectivity in detail in event 1–4, we 
found that the downslope of HRS-1 was disconnected with stream 
quickly after rainfall cessation, while the connectivity was maintained 
for a long time between them in HRS-2. For heavy rainfall events, thus, 
hillslopes with thick soil and gentle slopes may be the main contributors 
to runoff during the period from rainfall cessation to base flow recovery. 
In contrast, the connectivity of HRS-2 was maintained for only 2.5 h in 
the event 6–10. The short connectivity time of HRS-2 indicated that the 
contribution of an HRS continuum with a deep soil and gentle slope to 
runoff may be limited in moderate rainfall events. 

Our analysis also revealed that the peak rainfall intensity was the 
main control affecting the time required to establish hydrological con-
nectivity in the HRS-1 continuum. As rainfall intensified, the time 
required to generate connectivity shortened exponentially. This finding 
was consistent with the study of Han et al. (2020) who examined 
different HRS connectivity patterns in a steep forested catchment and 
indicated that peak rainfall intensity determined the initiation of con-
nectivity. In high-intensity rainfall events, the saturation connectivity 
between soil horizons (SCSH) can be established by rapidly generating 
perched water tables. However, saturation connectivity that initiates at 
the soil–bedrock interface (SCSB) is likely the main connectivity pattern 
for moderate-intensity rainfall events, and the time required to establish 
the SCSH is generally shorter than that of the SCSB (Han et al., 2020). 
Thus, the variations in connectivity patterns induced by peak rainfall 
intensity have a strong impact on the time required to establish HRS 
connectivity, and the required time is markedly reduced with the in-
crease in peak rainfall intensity. In addition, variation in the required 
time with peak rainfall intensity can be further explained by the fill and 
spill theory (Bracken et al., 2013), which states that subsurface storm-
flow is established when bedrock depressions are filled and the water 
level in these depressions are high enough to start spilling over the 
bedrock ridges (Tromp-Van Meerveld and McDonnell, 2006). Increase in 
rainfall intensity can decrease the filling time of bedrock depressions 
rapidly, thus the required time for initiating connectivity is shortened. 

The variations in HRS physical structure strongly influenced the 
connectivity strength, and the HRS continuum with a thicker soil depth 
and gentler slope exhibited higher connectivity strength during heavy 
rainfall events (1–4, 2–1, 3–2 and 4–5). The differences in connectivity 
time and spatial expansion extent may be the main reasons for the large 
discrepancy in the connectivity strength between HRS continuums 
(Wang et al., 2014). In heavy rainfall events, the high connectivity time 
and subsurface flow expansion extent led to increased connectivity 
strength in the HRS-2 continuum. For instance, in event 1–4, the con-
nectivity time of the midslope accounted for 25.6% and 35.0% of the 
duration from rainfall starting to base flow recovery for the HRS-1 and 
HRS-2 continuums, respectively. The results of the PLSR model indi-
cated that rainfall amount, I30, I15, and duration were the important 
influencing factors for connectivity strength. Compared with the ASI and 
API, the rainfall amount and peak rainfall intensity exerted stronger 
influences on the connectivity strength, which was inconsistent with the 
studies of Kampf (2011) and Moreno-de-las-Heras et al. (2020). For 
instance, Moreno-de-las-Heras et al. (2020) examined the structural and 
functional controls of surface-patch to hillslope-scale runoff and sedi-
ment connectivity and indicated that event-based runoff connectivity 
was dramatically controlled by antecedent wet conditions and rainfall 
intensity. Castillo et al. (2003) noted that antecedent soil water was an 
important factor in controlling runoff during medium- and low-intensity 
storms. In our study, the hydrometric monitoring was mainly concen-
trated in the rainy season (from March to June). The intensive rainfall 
events during the monitoring period resulted in the antecedent soil 
moisture keeping a steady high value (see ASI-P3 and ASI-P7 in Table 2), 
which might mask the effect of antecedent soil moisture (Penna et al., 
2011; Tromp-Van Meerveld and McDonnell, 2006). In future studies, it 
is necessary to compare the variations in HRS connectivity between 

rainy and dry seasons to further reveal the influence mechanisms of 
antecedent soil moisture on hydrological connectivity. 

By further analyzing the relationship between connectivity strength 
and rainfall amount, we found that the rainfall amount had a clear 
threshold effect on connectivity strength, which was consistent with our 
second hypothesis (H2). When the rainfall amount was less than 14.8 
mm, HRS-1 did not establish hydrological connectivity during any 
rainfall event. However, a positive relationship was observed between 
them when the rainfall exceeded this threshold. In the HRS-2, the 
threshold was increased to 21.1 mm. These results revealed that the 
rainfall threshold was closely related to the HRS physical structure. As 
the soil depth increased and the slope decreased, the rainfall threshold 
for HRS connectivity increased. Based on these findings, it can be 
inferred that the main runoff source area of the catchment may exhibit a 
strong discrepancy among different rainfall events. In slight and mod-
erate rainfall events, such as the event 10–15, runoff may mainly come 
from HRS continuums with lower rainfall thresholds. With the increase 
in rainfall amount, the runoff source area of the watershed further ex-
pands to the hillslopes of HRS continuums with high rainfall thresholds. 
These findings further confirmed the theory of variable runoff sources 
(Costa et al., 2020; Kuo et al., 1999; Lee and Delleur, 1976). We believe 
that the physical structure and rainfall controls on HRS connectivity 
revealed in this study will provide a better understanding of runoff 
generation and solute transport. 

5. Conclusion 

This study revealed that changes in physical structure and rainfall 
could strongly influence HRS connectivity. The time required to estab-
lish hydrological connectivity was lower in the HRS continuum with a 
thinner soil depth and steeper slope, which indicated that the contri-
bution to runoff of these HRS continuums was dominant at the early 
stage of the rainstorm. As rainfall intensified, the required time was 
shortened exponentially due to the changes in connectivity patterns. 
Higher connectivity strength was observed in the HRS continuums with 
a thicker soil depth and gentler slope during heavy rainfall events, and 
these HRS continuums were the main runoff source areas during the 
period from rain cessation to base flow recovery. The PLSR analysis 
showed that rainfall amount, I30, I15, and rainfall duration were the 
dominant rainfall controls affecting connectivity strength. Compared 
with antecedent soil moisture, the rainfall amount and peak rainfall 
intensity exerted more important regulatory effects on the connectivity 
strength during the rainy season. Furthermore, there was a clear rainfall 
threshold for HRS connectivity. When the rainfall amount exceeded the 
threshold, a positive relationship was observed between connectivity 
strength and rainfall amount. Furthermore, the threshold varied from 
14.8 mm in HRS-1 to 21.1 mm in HRS-2. Our results suggested that the 
physical structure of the HRS exerts a primary control on the rainfall 
threshold. 
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