
water

Article

Assessing Hydrological Connectivity Mitigated by
Reservoirs, Vegetation Cover, and Climate in
Yan River Watershed on the Loess Plateau, China:
The Network Approach

Liang Zhao 1, Yu Liu 1,2,3,* and Yong Luo 4

1 Key Laboratory of Ecosystem Network Observation and Modeling, Institute of Geographical Sciences and
Natural Resources Research, Chinese Academy of Sciences, Beijing 100101, China; zhaoliangcdut@163.com

2 College of Resources and Environment, University of Chinese Academy of Sciences, Beijing 100049, China
3 Hunan Province Cooperative Innovation Center for the Construction & Development of Dongting Lake

Ecological Economic Zone, Hunan University of Art and Sciences, Changde 415000, China
4 College of Earth Sciences, Chengdu University of Technology, Chengdu 610059, China; luoy@cdut.edu.cn
* Correspondence: liuyu@igsnrr.ac.cn

Received: 6 May 2020; Accepted: 16 June 2020; Published: 18 June 2020
����������
�������

Abstract: Hydrologic connectivity is related to the water-mediated transport of matter, energy,
and organisms within or between elements of the hydrologic cycle. It reflects the hydrological
consequences caused by topographic, land cover, and climatic factors, and is an important tool to
characterize and predict the hydrological responses to climate and landscape change. In the Loess
Plateau region, a large number of reservoirs have been constructed to trap sediment and storage water
for drinking, irrigation, and industries. The land cover has been significantly reshaped in the past
decades. These changes may alter the watershed hydrological connectivity. In this study, we mapped
the spatial pattern of hydrological connectivity with consideration of reservoir impedances, mitigation
of climate, and land cover in the Yan River watershed on the Loess Plateau by using the network
index (NI) approach that is based on topographical wetness index. Three wetness indices were
used, i.e., topographical wetness index (TWI), SAGA (System for Automated Geoscientific Analyses)
wetness index (WIS), and wetness index adopted aridity index (AI) determined by precipitation and
evapotranspiration (WIPE). In addition, the effective catchment area (ECA) was also employed to
reveal the connectivity of reservoirs and river networks to water source areas. Results show that
ECA of reservoirs and rivers account for 35% and 65%, respectively; the hydrological connectivity to
the reservoir was lower than that to the river networks. The normalized hydrological connectivity
revealed that the connectivity to river channels maintained the same distribution pattern but with
a decreased range after construction of reservoirs. As revealed by comparing the spatial patterns of
hydrological connectivity quantified by NI based on WIS and WIPE respectively, vegetation cover
patterns had significantly alternated watershed hydrological connectivity. These results imply
a decreased volume of flow in river channels after reservoir construction, but with same temporal
period of flow dynamic. It is illustrated that the network index (NI) is suitable to quantify the
hydrological connectivity and it is dynamic in the context of human intervention and climate change.

Keywords: hydrological connectivity; wetness index; network index; dry

1. Introduction

Hydrological connectivity is related to the water-mediated transport of matter, energy, and
organisms within or between elements of the hydrologic cycle [1,2]. It relates to the ease of water
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movement across the landscape, is affected by landscape attributes [3], and is a key indicator to
characterize and predict hydrological responses to climatic and landscape changes [2,4]. Hydrological
connectivity may be described structurally by the physical adjacency of landscape features, or
functionally by describing water-driven transmission of materials [5–8]. Structural connectivity is
a constraint for functional connectivity [9,10]. Structural hydrologic connectivity indicates potential
water movement, while functional hydrologic connectivity quantifies actual delivery of water-driven
materials [2,11]. Hydrological connectivity reflects the coupling between hillslopes and channels, and
indicates ease of runoff or sediment transmission in hillslope–channel systems [3,12–15]. Climate,
hillslope runoff potential, topography, and land cover are key factors in quantifying hydrological
connectivity [3,16,17]. The effective catchment area (ECA) defined by Fryirs, Brierley, Preston and
Spencer [15] is a simple indicator of catchment hydrology connectivity. It is defined as the areas
that directly transport water and sediment to the river network, and potentially quantifies the
impact of natural or human-made obstacles on runoff and sediment discharge to the target landscape
parcels [12]. The hydrological connectivity may be controlled by locations or landscape patches that
plays a “switch” role [13,18], such as topographical ponds, reservoirs, and patches with low soil water
content. Lane, et al. [19] and Lane, et al. [16] developed the network index (NI) approach to quantify
the hydrological connectivity of a location by identifying the driest point on the flow path to river
network. NI indicates the tendency to produce saturated overland flow (SOLF) that is discharged
into river networks based on the topographic wetness index (TWI) originally defined in Topographic
Hydrologic Model (TOPMODEL) [20]. TWI represents the potential of a location to accumulate soil
moisture. Hence its spatial distribution pattern reflects the spatial pattern of saturated soil water
content in a catchment under the influence of surface runoff [21]. The NI approach supposes the point
with lowest TWI on the flow path that connects a point on a hillslope to the drainage network controls
the connectivity of this point to the drainage network by surface overland flow [19]. However, the TWI
approach also presumes that there are no drivers on soil moisture creation and connectivity other than
topographic forcing, which has been identified as an unsatisfactory aspect to understand hydrological
connectivity in all environments [2,3].

Regional climate factors (e.g., precipitation, evapotranspiration) and vegetation cover greatly
affect the spatial pattern of soil moisture content [3,22]. Therefore, it is necessary to integrate relevant
parameters into indicators of hydrological connectivity. The Loess Plateau in China is a hotspot of
landscape change driven by human intervention recently [23]. Additionally, the climate has also
significantly changed in the past decades [24]. Consequently, the runoff and sediment discharge into
the Yellow River have been decreasing [25,26]. Climate change and human activities each contribute
half, respectively, to the decrease of runoff [25]. Human activities are the main cause of the decrease in
sediment transport [26]. On the Loess Plateau, revegetation and dam construction are considered the
two critical measures to control the hydrological and sedimentological connectivity [14]. Thousands
of reservoirs were constructed [27], and vegetation cover was rapidly improved [24]. Therefore,
quantifying the hydrological connectivity by integrating landscape attributes and climate is helpful to
understand the impact of human activities.

In this study, we try to assess the alternation on hydrological connectivity pattern by reservoir
construction, precipitation, and land cover in the Yan River watershed on the Loess Plateau. The
hydrological connectivity is quantified by using NI that based on TWI, the SAGA (System for Automated
Geoscientific Analyses) wetness index (WIS), and a new wetness index incorporating precipitation and
evapotranspiration (WIPE), respectively. Also, the ECA was adopted to indicate the impact of reservoir
construction on connectivity of water source area to river network.
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2. Methodology

2.1. Regional Setting

The Yan River is a first-order tributary to the Yellow River (Figure 1). The Yan River watershed is
located in the middle of the Loess Plateau. It covers an area of 7687 km2 with a main river channel length
of 289.9 km. The Yan River watershed has a temperate semi-arid climate with average annual rainfall
of 520 mm, and average annual temperature ranging from 8.8–11.2 ◦C. Rainfall is strongly seasonal,
of which 69% occurs during June and September. The mean annual runoff volume in the watershed
is 2.89 × 108 m3 (36 mm in runoff depth), which transports sediment 7.8 × 104 t km−2 yr−1 [28]. The
watershed was described as “hilly and gully,” with a minimum elevation of 495 m in the south-east
and a maximum of 1795 m in the north-west. The dominated soil type is silty loess and alluvial
soil. Land use in the watershed is composed of residential land, terrace construction land, dam
farmland, forestland, shrub, grassland, arable land, and waterbodies etc. Check dam construction and
revegetation are the two principal soil-loss controls in the Yan River watershed. In decades before
2010, a total of 721 reservoirs were constructed in this watershed (Figure 1). Physical cascading from
hill slopes to reservoirs and dam farmlands is the primary mode of landscape connectivity. After the
launch of the Grain for Green Project in 1999, vast vegetation restoration has dramatically reduced
runoff discharge and sediment export from hillslopes [29].
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Figure 1. Location and land cover map of the Yan River watershed. (a) The location of the Loess Plateau
in China; (b) the location of the Yan River watershed on the Loess Plateau; (c) elevation and locations
of the 721 reservoirs in the Yan River watershed; and (d) land cover map of the Yan River watershed
in 2015.

2.2. Quantifying Hydrological Connectivity Based on Wetness Index

The network index (NI) approach proposed by Lane, Reaney and Heathwaite [16] is employed
to quantify the hydrological connectivity of a location to destinations including river network and
reservoirs. NI of a location equals to the lowest value of the wetness index encountered along the
runoff flow path to destinations. Topographic wetness index (TWI) proposed by Beven and Kirkby [20],
SAGA (System for Automated Geoscientific Analyses) wetness index (WIS) described by Böhner and
Selige [22], and wetness index integrating precipitation and evapotranspiration (WIPE) proposed in
this study were employed in deriving NI value. The effective catchment area (ECA) [13,15] was also
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modified by taking NI as weight before being applied to quantify the connectivity of river network
and reservoirs to the upper catchments.

2.2.1. Wetness Indices

TWI was proposed by Beven and Kirkby [20] to relate the topographic structure of the basin to
average soil moisture storage. It is a representation of divergent and convergent flow patterns in hilly
terrains [22], and quantifies the tendency of soil water distribution affected by topography. The local
upslope area that indicates the over-flow availability. The local slope gradient reveals the drainage
potential. According to Beven and Kirkby [20], TWI assumes that a large fraction of hillslope flow
occurs as slope-parallel lateral flow, thus flow accumulation should increase with local contributing
areas and decrease with local slopes. The upper slope area and local slope, which indicate the wetness
of a location, are integrated to determine TWI. Structurally, TWI is suitable to delineate the soil wetness
pattern. It also is highly correlated with measured soil moisture [30,31]. Though developed in a more
humid climate than this study, TWI is potentially a suitable indicator to reflect the static soil moisture
pattern in this semi-arid environment of this study, where annual precipitation is over 500 mm. The
loess soil in this region has a rather uniform soil texture that evolved on very thick loess with the depth
maximum over 300 m. Besides, the quick subsurface runoff on the Loess Plateau is not the dominant
water drainage path due to the weak aggregated soil [32]. On the Loess Plateau, the topography
controls the spatial pattern of shallow-layer soil moisture content, as reported by Yang et al. [33] and
Wang et al. [34]. In a small watershed located in the studied watershed in this work, Wang, et al. [35]
reported a correlation of soil moisture to TWI, which increased along with soil depth as the relative
impacts of solar radiation and land cover decreased. Based on the field observation on the south-west
Loess Plateau with lower precipitation than Yan River watershed, Yang, Chen and Wei [33] also
demonstrated that the TWI positively correlates to soil moisture in soil surface (0–1 m). Studies in
other semi-arid regions also revealed a significant correlation between TWI and soil moisture, such as
Gómez-Plaza et al. [36] in a semi-arid area of southeast Spain, and Kaiser et al. [37] in central Montana,
USA. Therefore, the hydrological connectivity index is calculated based on TWI and its decedent
version. TWI is calculated by following equation:

TWI = In
(
α

tan β

)
(1)

where α is the specific catchment area (SCA) defined as the local upslope area draining through a unit
contour length, which equals to grid cell width in this study; and β is the local slope gradient [20].

However, in rather flat areas, such as broad river valleys, small differences in elevation lead to
random flow patterns, which distinctly limit the predictive capacity of all relevant secondary terrain
indices. Böhner and Selige [22] proposed a modified calculation of specific catchment area for the flat
terrain. This method applies the iteration form to modify the specific catchment area (SCAM) of each
grid cell [38]. The calculation of SCAM is given by Equations (2) and (3).

SCAM = SCAmax

( 1
15

)β exp (15β)
f or SCA < SCAmax

( 1
15

)β exp (15β)
(2)

WIS = In
(

SCAM

tan β

)
(3)

where WIS is the wetness index and is computed by using a tangent function of slope angle β and SCAM.
Mapping the spatial distribution of the wetness index on a large scale should consider the spatial

heterogeneity of climatic conditions [39]. Since climate variations at a microscale are closely related
to the terrain, local terrain variables (such as slope, aspect, or altitude), to a certain extent, are found
to be a suitable substitute for topographic climate variations [40]. In the wet season, soil moisture
saturation has low variability, whereas in the dry season, the vertical water movement caused by
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evapotranspiration will bias the moisture estimated by the TWI approach [30,41]. We attempt to
extend the predictive power of wetness index by integrating climate variables (WIPE). The aridity
index (AI) determined by precipitation (P) and evapotranspiration (E) is adopted to calculate WIPE, see
Equation (4).

WIPE = In

SCAM

n∑
i=1

Pi

n∑
i=1

Ei

1
tan β

 = In
(

SCAM

tan β

)
− In


n∑

i=1
Pi

n∑
i=1

Ei

 (4)

where WIPE is modified wetness index by adopting AI; Pi is the mean annual precipitation and Ei is the
evapotranspiration of grid cell i, and n is the number of grid cells in upslope area. AI expresses the
ratio of precipitation to evapotranspiration, see Equation (5).

AI = In


n∑

i=1
Ei

n∑
i=1

Pi

 (5)

A high AI value indicates a drier climate, and a low AI value expresses a moister climate.
Combining Equations (4) and (5), WIPE can be expressed as following:

WIPE = WIs + AI (6)

2.2.2. Network Index-Based Hydrological Connectivity

The network index (NI) approach, based on topographical wetness indices, is adopted to quantify
the hydrological connectivity. It assumes that the lowest value of the topographic wetness index on the
flow path connecting a point on a hillslope to the drainage network controls the surface overland flow
connectivity of that point to the sinks. Calculation of NI is illustrated by Figure 2. The procedure of
calculation is similar to that described by Liu and Fu [14] for the sedimentological connectivity. NI is
assigned as the minimum value of wetness indices on the flow path connecting the target grid to the
sinks (drainage network and reservoir in this study).
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For comparative analysis, the original values of NI were normalized into the range (0, 1) by using
Equation (7), and thus generated normalized hydrological connectivity indices.
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HC =
NI −NImin

NImax −NImin
(7)

where HC is the normalized hydrological connectivity index, NImin and NImax are the minimum NI
and the maximum NI in the watershed, respectively.

The normalized hydrological connectivity indices (HC_TWI, HC_WIS) calculated based on TWI
and WIS describes the static hydrological connectivity determined by the topography. When using
WIPE to calculate the NI, we can get a semi-dynamic description of watershed hydrological connectivity
(HC_WIPE). HC_WIPE partly represents the functional aspect of hydrological connectivity. Therefore,
the difference between HC_WIPE and HC_WIS (HCdif) can represent the dominance of the structural or
functional connectivity in certain degree. If HC_ WIPE is greater than HC_WIS (HCdif > 0), the area is
dominated by functional connectivity. If HC_WIPE is less than HC_WIS (HCdif < 0), it means that the
functional connectivity of the area is weak and is mainly dominated by structural connectivity.

HCdi f = HC_WIPE −HC_WIS (8)

2.2.3. Effective Catchment Area

The effective catchment area (ECA) is defined as the area that contributes sediment or water
from hillslope to the sinks [13,15]. A reservoir directly controls water discharged into rivers [25], and
results in a reduced ECA of drainage network. When identifying the ECA for rivers, a reservoir was
considered as a sink to runoff flow. Since the connectivity to sinks of a location on hillslopes potentially
determines the possibility of water discharge, the hydrological connectivity weighted ECA (ECAHC)
given by Equation (9) was proposed.

ECAHC =
n∑

i=1

(HCi ×A) (9)

where, HCi is normalized hydrological connectivity of the grid cell i, and A is pixel acreage. ECAHC
equals ECA if all points are connected to the river with HC equals 1.

2.3. Data Sources and Analysis

The Advanced Land Observing Satellite (ALOS) World 3D Digital Elevation Model (DEM) with
a spatial resolution 30 m was freely obtained from Japan Aerospace Exploration Agency (JAXA),
Tsukuba, Ibaraki, Japan (https://www.eorc.jaxa.jp/ALOS/en/aw3d30/). The annual precipitation data of
52 rainfall stations in the Yan River watershed and surrounding areas are derived from the hydrological
data of the Yellow River basin. Then the precipitation of stations was interpolated to obtain annual
precipitation of the watershed. The evapotranspiration data was sourced from the MOD16 yearly
evapotranspiration dataset [42], which is a globally operational evapotranspiration product provided
by MODIS (Moderate Resolution Imaging Spectroradiometer) sensors on NASA EOS Terra and Aqua
satellites. The annual MOD16A3 evapotranspiration data (https://search.earthdata.nasa.gov/) with
a spatial resolution of 500 m was used. The calculation of hydrology connectivity was conducted by
using Arc/info 10.0 (Environmental Systems Research Institute Inc., CA, USA) with a script in Arc
Macro Language (AML) following approach of Liu and Fu [14]. Wetness indices were computed by
using SAGA 6.3.0 and ArcMap 10.4.1 (Environmental Systems Research Institute Inc., Sacramento,
CA, USA).

https://www.eorc.jaxa.jp/ALOS/en/aw3d30/
https://search.earthdata.nasa.gov/
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3. Results

3.1. Spatial Pattern of the Wetness Index

The aridity in the Yan River watershed had great spatial variation due to the great spatial
heterogeneity of precipitation and evapotranspiration. In 2015, the annual precipitation ranged from
289.5–599.9 mm, with an average of 400.5 mm. It was higher in downstream and upstream areas than
in the middle part of the watershed (Figure 3a). The average and maximum annual evapotranspiration
in the Yan River watershed was 334 mm and 870.8 mm, respectively. In the southern parts of the
watershed, the evapotranspiration was the highest (Figure 3b) due to the great forest cover (Figure 1).
Consequently, the greater AI appeared in the southern part of the Yan River watershed (Figure 3c). The
high AI in the middle part of the watershed was related to the small amount of precipitation.
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Figure 3. Spatial pattern of precipitation (a), evapotranspiration (b), and aridity index (AI) (c) in Yan
River watershed in 2015.

Spatial patterns of the three wetness indices are similar (Figure 4). As reflected by the spatial
pattern of WIPE, the large spatial variation of AI contributed to the great spatial variation of wetness
index in Yan River watershed. Two high-wetness areas extend along the north–south direction in the
middle of Yan River watershed. As illustrated by Figure 4, WIS and WIPE had higher values in the flat
river valley (Figure 4b,c). WIPE in the upper and lower reaches was higher than in middle reaches,
which is consistent with the spatial pattern of precipitation and evapotranspiration (Figure 3). WIPE
was larger than TWI and WIS in Yan River watershed. The mean value of WIPE, TWI, and WIS were
0.27, 0.21, and 0.25, respectively. As illustrated by Figure 4d, the acreage distribution curves of the three
wetness indices were right-skewed. The value of the TWI was lower than that of the WIS and WIPE. It
is obvious that the climate and land cover led to a change of the wetness pattern in this watershed.
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3.2. Variation of Hydrological Connectivity

The spatial pattern of hydrological connectivity (HC_TWI, HC_WIS, and HC_WIPE) calculated
based on the three wetness indices is displayed in Figure 5, and their acreage distribution is given in
Figure 6. The HC_TWI in the Yan River watershed was low compared with HC_WIS and HC_WIPE,
with an average value of 0.19, while HC_WIS and HC_WIPE were 0.22 and 0.25, respectively. In
the upper reaches of the watershed, there were patches of low HC_TWI between ~0.3–0.4. In other
parts, HC_TWI ranged from 0.1 to 0.3. The overall level of HC_WIS in the Yan River watershed was
significantly higher than HC_TWI, particularly in the river valley, where the highest hydrological
connectivity occurred (HC_TWI > 0.4). The value of HC_WIPE in the Yan River watershed was higher
than that of HC_TWI and HC_WIS, and with greatest spatial variation. HC_WIPE in the southern part
of the Yan River watershed was rather low, which is consistent with the greater vegetation coverage.
In the middle reaches of the Yan River watershed, the terrain was complex, with a large number of
hills, wide valleys, and a terrace distribution. HC_WIPE not only reflects the impact of topography on
hydrological connectivity, but also the impact of climate and land cover. Correspondingly, it shows
complex spatial variation in this area. The spatial pattern and acreage distribution of the differences
between HC_WIPE and HC_WIS, as given in Figures 5d and 6b, showed that climate and land cover
dramatically reshaped the spatial pattern of hydrological connectivity. Except for the southern forest
area, the difference between HC_WIPE and HC_WIS in the Yan River watershed was greater than 0.
Along with increasing flow length, the hydrological connectivity quantified based on the three wetness
indices are decreased (Figure 6c). Whether flow length was small or is great, the difference among the
three connectivity indices was small. There was a turning point in hydrological connectivity between
0.4 and 0.5 (Figure 6c), which indicates that areas with greater hydrological connectivity were close to
the river network.
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3.3. Hydrological Connectivity Mitigated by Reservoirs

The large number of reservoirs controlled a large part of the Yan River watershed (Figure 7).
The ECA of reservoirs was 2637 km2 (35% of the watershed acreage), and was 4978 km2 (65% of the
watershed acreage) of the river trunk. After construction of reservoirs, it was significantly lower than
that under the scenario without reservoirs (Figure 8a–c). The spatial pattern of connectivity to the
river network and the reservoir is shown in Figure 7. In the effective catchment area of the reservoir,
the values of HC_TWI and HC_WIS were both smaller; but the values of HC_TWI were higher than
those of HC_TWI in the vicinity of the reservoir. The spatial distribution pattern of hydrological
connectivity in the effective catchment of the river network is consistent with that of whole watershed
(Figures 6 and 7). In the effective catchment of the river network, the hydrological connectivity was
significantly higher than that in the effective catchment of reservoirs. The difference among the three
connectivity indices in the effective area of river networks was similar with that of reservoirs. It is
apparent that the patterns of hydrological connectivity delineated by the three connectivity indices
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in the effective area of reservoirs were similar to that of river network. When flow length was short,
the hydrological connectivity to reservoirs was very close to that to river network (Figure 7c,f,i).
However, the areal distribution curves of hydrological connectivity indices within contribute area of
the river network were very similar before and after reservoir construction (Figure 8d–f). These results
imply that the degree of connectivity to rivers was reduced as the construction of reservoirs, but the
distribution pattern of connectivity stayed the same.
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4. Discussion

4.1. Impact of Reservoirs, Land Cover and Climate on Hydrological Connectivity Pattern

Human activities, such as vegetation restoration and construction of reservoirs and terraces, have
caused great changes in the landscape pattern, which lead to spatial and temporal variation in the
hydrological responses [25]. Revegetation, terracing, reservoir construction and climate in the Yan
River watershed influenced the hydrologic regime [43] by changing the hydrological connectivity.
A large number of studies have revealed a decline of runoff and sediment transport in the middle
reaches of the Yellow River in recent decades [25,26]. Among these measures, check dam/reservoir was
considered to be the dominant factor influencing the hydrological regime [44,45]. About 721 reservoirs
impounding reservoirs were constructed in the Yan River watershed. Thus, the effective source
area of river network was significantly reduced. The reservoirs interrupt the longitudinal stream
flow, decreasing the velocity and peak rates and allowing more time for infiltration and sediment
trapping [46,47], and promoting recharge to groundwater [48]. Consequently, the reservoirs caused
a greater reduction in runoff discharged into lower river channel [49].

However, there are uncertainties when describing the hydrological connectivity by using the
approach of this study. Uncertainty of the wetness index is responsible for this. Though the TWI is well
correlated with the measured soil moisture [50,51], uncertain flow directions can result in unrealistic
values of specific upslope areas in flat regions [22,52,53]. Our results show that the WIS simulates
higher and more uniform wetness value than the TWI in the valley area (Figure 3). Moreover, climatic
conditions will bias the moisture estimated by TWI [30,31,50]. Spatial patterns of WIPE show that the
wetness value significantly decreased in the southern forest area of the Yan River watershed compared
with the spatial distribution of WIS due to greater evapotranspiration, and the WIPE of the upper part
of the catchment was significantly greater than WIS due to great precipitation. Besides, there are great
uncertainties in estimating evapotranspiration [54,55].

4.2. Hydrological Implications of Mitigated Connectivity Pattern

A change in hydrological connectivity may alter hydrological response patterns. As revealed by
Figure 8a–c, the acreage of areas hydrologically connected to the river network decreased as a result of
construction of reservoirs. However, the acreage distribution patterns of hydrological connectivity
were nearly the same. This depends on the spatial variation of topographical pattern and may not
occur in other watersheds. In the Yan River watershed, the mosaic of gully and hilly topography are
similar from upper tributaries to lower trunks. Though there are a large number of reservoirs that
interrupt the hydrological connectivity, the normalized hydrological connectivity to river channels
stayed in the same distribution pattern but with a decreased range (Figure 8). It is implied that the
volume of flow in river channels will decrease, but with the same temporal period of flow dynamic.

There are rainfall thresholds for a reservoir’s ability to impact the hydrological processes. In
small rainfall events, only areas with high hydrologic connectivity can discharge runoff into rivers and
reservoirs. The construction of reservoirs may have a greater impact on small precipitation events
considering the water discharge into downstream river channel. Polyakov, et al. [56] reported small
rainfall events failed to produce runoff that reached the watershed outlet when there were soil and
water conservation infrastructures. Hood, et al. [57] revealed that check dams and revegetation delayed
runoff peak mainly for small storms with short durations and dry soil conditions. When the magnitude
of rainfall events breaks certain thresholds, the upslope area of reservoirs would reconnect to the
river channel down the reservoirs. In terms of large storm events, the low hydrological connectivity
and small ECA after the construction of the reservoir will lead to a reduction in the runoff volume
to the river and a reduction in the frequency of flooding [25,56]. In addition, the construction of the
reservoirs will cause the reduced runoff velocity, and thus delay the flood peak. It is reported that in
the valleys with check dams and promoted hillslope vegetation cover, runoff peak was delayed by
2.6 times compared with the scenario without reservoirs [58]. Guyassa, Frankl, Zenebe, Poesen and
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Nyssen [58] also found a negative correlation between rainfall intensity and runoff lag time, which
indicates that the smaller the rainfall intensity, the longer the lag time before runoff reach the lower
gully sections. Accordingly, when certain rainfall thresholds are broken, there will be multiple peaks
of river flow as a result of alternation of hydrological connectivity caused by reservoirs, of which the
first one mainly contributes to runoff from the effective catchment of the river without impedance of
reservoirs, and second one contributes to the delayed runoff from upper catchment of reservoirs.

5. Conclusions

In this study, the spatial pattern of hydrological connectivity as a result of reservoir construction,
climate and land cover in the Yan River watershed on the Loess Plateau was mapped by following
the network index (NI) approach and based topographical wetness index (TWI), SAGA wetness
index (WIS), and wetness index (WIPE) integrated aridity index (AI) determined by precipitation
and evapotranspiration. Also, the effective catchment area (ECA) was adopted. By integrating the
precipitation and evapotranspiration, the comprehensive impacts of climate and vegetation cover on
the hydrological connectivity to rivers reservoirs was delineated. By using the NI approach, the impact
of reservoir construction and vegetation cover on watershed hydrological connectivity was revealed.

The ECA of the reservoirs in the Yan River watershed is 2637 km2, and that of the rivers is 4978 km2,
which accounts for 35% and 65% of the total acreage of the Yan River watershed, respectively. The
area hydrologically connected to the river network decreased as a result of construction of reservoirs,
but the acreage distribution patterns of hydrological connectivity were nearly the same. Due to the
similar mosaic of gully and hilly topography from upper tributaries to lower trunks, though there are
a large number of reservoirs in upper reaches, distribution patterns of the normalized hydrological
connectivity to river channels stayed the same but with a decreased range. These results imply
a decreased volume of flow in river channels with same temporal period of flow dynamic after reservoir
construction. The spatial patterns of hydrological connectivity quantified by NI based on WIS and
WIPE reveal that the vegetation cover pattern reshaped the spatial pattern of hydrological connectivity.

This study also illustrated that the NI approach is suitable to quantify the hydrological connectivity
and it dynamic as a result of human intervention and climate.
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