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ABSTRACT

Sediment connectivity between source areas and the main streams or local sinks is a complex and dynamic process, especially
in large basins due to multiple heterogeneities and interactions between connectivity components. Sediment connectivity indices
are promising tools to investigate sediment transport, especially in data-scarce or large areas. The InVEST-SDR numerical ap-
proach couples RUSLE gross erosion estimates with the Index of Connectivity (IC) to derive sediment delivery. However, involv-
ing functional connectivity and validating the results remains challenging. In a first estimate, we used the coupled InVEST-SDR
approach to calculate the annual sediment yield in the entire Wei River Basin (134,800km?) and three of its sub-catchments.
Then, we replaced the IC with the Aggregated Index of Connectivity (AIC), which includes functional connectivity aspects.
Computational results were compared with observation data from 26 hydrometric stations to verify the performance of the sim-
ulations. Both IC and AIC performed well in predicting sediment yield, with R?>0.91. The areas with the highest connectivity
(90th percentile—P90) also showed high values of erosion: 54% of the P90 values were found in the three catchments with the
highest observed sediment yield. The rainfall erosivity and soil permeability factors were found to be the main explanatory
components of the difference in spatial domination of structural (no temporary changes) and functional (temporally dynamic)
connectivity. This study demonstrated the accuracy of AIC for sediment transport and yield evaluation in a large river basin. This
method is potentially beneficial for land management in large basin areas with insufficient data.

1 | Introduction

Sediment transport can lead to significant adverse effects, in-
cluding the depletion of soil fertility in agricultural areas, con-
tamination of water bodies, obstruction of reservoirs, alteration
of riverbeds, and an increased risk of flooding (Wohl 2015).
These consequences can collectively result in substantial eco-
nomic losses (Vazquez-Tarrio et al. 2024). In small and medium-
sized basins, prediction models of sediment yield offer accurate
estimates. However, in large basins (> 10,000 km?), models only

provide reliable results where the considered processes are in-
deed dominant, and model accuracy requires more input data
and higher calibration efforts (de Vente et al. 2013). In the last
two decades, sediment connectivity has become an emerging
concept to analyze and manage sediment transport in catch-
ments (Marchi et al. 2019; Zanandrea et al. 2021). Sediment
connectivity describes the potential of sediment transfer from
source to sink areas through the watershed, and emphasizes the
extent of linkage of different compartments of the system, such
as slopes and river streams (Najafi et al. 2021). Furthermore,
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sediment connectivity varies in response to human activities,
such as land use change, and urbanization and construction
of soil and water conservation measures (Llena et al. 2019;
Persichillo et al. 2018; Poeppl et al. 2017). Two concepts derived
from connectivity are structural connectivity and functional
connectivity, where structural connectivity indicates the phys-
ical linkage of the landscape (without considering temporal
changes in the evaluated parameters) while functional connec-
tivity is related to process-based sediment transport processes in
different components of the system (Bracken et al. 2015).

Various connectivity indices have been developed and applied
to quantify the degree of connection between sources and sinks
of sediment. One of the earliest and most widely used is the
Index of Connectivity (IC), developed by Borselli et al. (2008).
This index uses a computer-based GIS (Geographic Information
System) approach to calculate the potential connectivity be-
tween downslope and upslope components, taking into account
catchment area, distance from source to sink, slope angle and
the role of vegetation cover as a sediment transport impedance
factor. Cavalli et al. (2013) then modified and extended this
index to suit mountain areas by introducing the Manning's n
roughness into the weight factor, and developed a free open-
source tool, SedInConnect, which made this index widely ap-
plied (Crema and Cavalli 2018). Most modelling approaches
and indices involve structural elements rather than functional
in current research (Najafi et al. 2021). However, variants of
connectivity indices are being developed based on IC that in-
corporate functional features (Bombino et al. 2020; Cislaghi and
Bischetti 2019; Persichillo et al. 2018; Zingaro et al. 2019). For
example, Bombino et al. (2020) included a flow conditions fac-
tor which takes rainfall and infiltration into account; Zingaro
et al. (2019) involved annual average rainfall. The Aggregated
Index of sediment Connectivity (AIC) developed by Loépez-
Vicente and Ben-Salem (2019) is another derivative of the IC; it
incorporates as weight factors both static variables such as soil
permeability and roughness of the terrain, and dynamic vari-
ables such as rainfall erosivity.

Connectivity indices are relatively easy to calculate, as com-
pared to for example process-based erosion models (Najafi
et al. 2021). However, the challenges of assessing the mod-
elling results of connectivity remain, especially in large ba-
sins, since in terms of connectivity every pathway needs to
be followed to identify potential disconnections (Hooke and
Souza 2021). One possible approach is to assess its effects on
the Sediment Delivery Ratio (SDR), (de Vente et al. 2016).
Vigiak et al. (2012) developed the Integrated Valuation of
Ecosystem Services and Tradeoffs (InVEST) SDR model
which computes SDR from IC using an empirical equation.
The combined use of IC and a soil erosion model (e.g., revised
MMF) can be a suitable approach to derive maps of sediment
trap effectiveness across the landscape (Lopez-Vicente et al.
2013). Several studies used the InVEST-SDR model to estimate
sediment export at the watershed scale (Abebe et al. 2023;
Bhattacharya et al. 2024; Gashaw et al. 2021), but the model
has not been tested in large basins, which is of practical im-
portance for local soil and water management. Furthermore,
this model has not been coupled with functional connectivity
to examine the possibility of functional connectivity in sedi-
ment yield prediction.

The implementation of connectivity in designing sediment
management measures is especially important in developing
and newly industrialized countries, where severe soil erosion
and loss takes place and causes serious economic impacts,
while long-term and high-resolution observation data are in-
sufficiently available for analysis with for example process-
based models (Didoné et al. 2017; Mekonnen et al. 2016; Najafi
et al. 2021). For instance, Tangi et al. (2023) optimized reser-
voir sediment management strategies to maximize hydropower
generation on the lower Mekong River using connectivity. The
Chinese Loess Plateau consists of about 300m of highly erod-
ible loess deposits (Zhu et al. 2019), experiences intense summer
rainfall and reduced vegetation due to human disturbance, re-
sulting in severe soil erosion that contributes approximately 90%
of the sediment load to the Yellow River (Tian et al. 2023). At the
large river basin scale, such as the Wei River Basin (134,800 km?)
in the Loess Plateau, it is useful to simulate the uneven spatial
distribution of sediment flux variation in terms of morphology
variations (Delmas et al. 2009). To restore the fragile ecosystems
in the Loess Plateau, the Chinese government has implemented
the ‘Grain for Green Project’ since 1999, in which large areas of
sloping farmland have been converted into forest and grassland,
and the vegetation coverage has significantly increased within
10years (Zhao et al. 2013), thus the Loess Plateau provides an
ideal platform for sediment connectivity research.

This study aimed to assess the performance of two sediment con-
nectivity indices —the IC and AIC approaches- for predicting sed-
iment yield across a large basin using the InVEST-SDR model. In
particular, we: (1) validated the sediment connectivity result using
observed sediment discharge data of 26 hydrometric stations in the
Wei River Basin from 2001 to 2011; (2) evaluated the spatial and
temporal variations of sediment connectivity in the 11years after
the large-scale ecological restoration project that was launched
in the Wei River Basin; and (3) identified the structural and func-
tional connectivity dominant areas. The findings of this study are
relevant for informing soil conservation measures and mitigating
sediment export to rivers and reservoirs.

2 | Materials and Methods
2.1 | Study Area

The Wei River (Figure 1) is the largest tributary of the Yellow River.
It originates from Niaoshu Mountain, runs through the provinces
of Gansu, Ningxia, and Shaanxi, and merges into the Yellow River
at Tongguan County. The Wei River has two main tributaries in
the basin, the Jing River and the Beiluo River. The basin is located
in central China and has a drainage area of 134,800km?. The
northern part of the basin is located in the Loess Plateau and the
southern part belongs to the Qinling Mountains. The whole basin
includes three sub-catchments: Wei sub-catchment (the west and
south branch); Jing sub-catchment (the middle branch); Beiluo
sub-catchment (the east branch). The Wei River Basin is located in
a semi-arid continental climate area, with a mean annual precip-
itation ranging between 381 and 860mm that is concentrated in
summer. The mean annual rainfall erosivity in the basin ranges
from 751 to 2600MJImm hm~2h~!, and the mean annual air tem-
perature ranges from 7.8°C to 13.5°C (Zhang et al. 2021). A con-
siderable area of the basin is covered by thick loess deposits, which
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FIGURE1 | Location and elevation of the study area and the selected hydrometric stations. [Colour figure can be viewed at wileyonlinelibrary.

com]

are porous and relatively loose with good permeability but poor
erosion resistance (Liu et al. 2022). The dominant land uses are
farmland (wheat and maize) and grassland, which cover 40.5%
and 38.2%, respectively.

2.2 | Estimation of Soil Erosion Using
RUSLE Model

The annual soil loss rate due to water erosion (E; t year™') was
estimated using the RUSLE empirical equation, which is ex-
pressed as follows:

E=RXKXLSXCXPxA (@)

where Ris the rainfall erosivity factor (MImmha~th-!year™), K
is the soil erodibility factor (t hm? h MJ"'mm~! hm~2), LS is the
slope length-steepness factor, C is the land cover and manage-
ment factor (values between 0 and 1), P is the support practices
factor (values between 0 and 1), and A is the area of research
(ha). The LS, C and P factors are dimensionless.

The R factor was calculated from the method described in (Xie
et al. 2016):

Ry, = aPy" 7 (P, > 10 mm) Q)

where Ry, is the daily rainfall erosivity, P, is the daily rainfall
amount (including only >10mm rainfall), « is the seasonal co-
efficient (0.3101 from May to September, 0.3937 from October
to April). Then, the annual rainfall erosivity was accumulated
from the daily rainfall erosivity.

The K factor was downloaded from the repository of the
European Soil Data Centre (ESDAC), based on the study made
by Borrelli et al. (2017). The S factor was computed using an
equation developed by B. Liu et al. (1994), which includes > 18%
slopes that are widespread on the Loess Plateau (Equation 3),
and the L factor was calculated using the method developed
through field measurements mainly from the Loess Plateau (Li,
Guan, et al. 2022).

10.8sin0+0.03, 9%>0>0
S =116.8sin0-0.5, 18%>6>9% ?3)
21.91sin 6 —0.96, 0>18%
m=0.45, m>40%
=(L)"’ m=0.35, 40%>m>21% @
2213/ |m=02, 21%>m>9%
m=0.15, 9% >m>0
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The C factor was estimated from the ground cover maps pro-
vided by (Yang et al. 2020) and using their method:

SLR; = o~ 0-0418(TC;—5) )

C, = SLR, X EI, / EI, 6)

c= 3G @

where SLR,; is the soil loss ratio in month i, TC; is the total percent-
age of ground cover, C; is the monthly C factor in month i, EI; and
EI, are the monthly and yearly rainfall erosivity respectively.

The P factor was calculated from land use data in 2015 and the
assigned values in previous studies on the Loess Plateau (Li,
Chen, et al. 2022), where forest, grassland, marsh, farmland
with a slope less than 2% and bare land are 1, waterbody and
construction land are 0. The p value for farmland with a slope
greater than 2% was calculated using the method proposed by
(Lufafa et al. 2003):

P =02+0.03s (8)

where s (%) represents the slope gradient; terraces were not
taken into consideration here.

2.3 | Computation of Sediment Connectivity

In this study, we calculated sediment connectivity using the
Index of sediment Connectivity (IC) developed by Borselli
et al. (2008) for the structural connectivity assessment, and
the AIC proposed by Lopez-Vicente and Ben-Salem (2019)
for the functional connectivity assessment. The method
for calculating the IC is detailed in the work by Borselli
et al. (2008). AIC considers the spatial heterogeneity of
rainfall, land uses, topography and soil physical properties
through five factors:

AICk=10g10(DDUP'K> = logyo WAL, KZ_ > Ve

noo_4
dnk Z:k=i AWC;

©

AWC; =R, -RT;-C; - K;; - S; (10)

where AWC is the aggregated weighting factor. R, is the rain-
fall erosivity factor of the period ¢, C, is the vegetation and crop
management factor of the period t; both C and R factors were
calculated using the same method as the RUSLE equations
(Equations 2 and 7). RT is the roughness of the terrain factor,
which was calculated as the inverse values of the standard devi-
ation of the normalized slope gradient. K, is the soil permeability
factor, which was computed from the normalized and inverse val-
ues of available soil water. Values of RT and K, were inversed be-
cause higher surface roughness and soil permeability induce lower
overland flow velocity and magnitude, respectively, and thus lower
sediment connectivity. S is the slope gradient factor (m m~'), which
was calculated using the slope gradient tool in ArcGIS Pro. All

factors were normalized into values between 0.001 and 1. In this
study, the computation target was the river network. The maps of
sediment connectivity were generated by running the algorithm
procedure in the updated Borselli's index (Borselli et al. 2008) and
combining the AIC weighting factors. Yearly AIC map were cal-
culated with yearly C factor and R factor maps. More details about
input parameters and index setup can be found in (L6pez-Vicente
and Ben-Salem 2019; Wu et al. 2023).

2.4 | Estimation of Sediment Yield

The InVEST-SDR model (Hamel et al. 2015) was applied in this
study to estimate sediment yield. First, the SDR for each pixel i is
derived from the original IC connectivity index (Vigiak et al. 2012):

SDRy,

ﬁ) an

SDRj = ——MMFM——
1+ exp( -
b

where SDRy,, is the maximum theoretical SDR, which is set to a
default value of 0.8 based on the InVEST-SDR model user guide.
This value is consistent with the findings of Tian et al. (2022),
who suggest that SDRs in the Wei River Basin are generally ex-
pected to be lower than 1.0. Besides, Lu et al. (2006) found in
the Australian Murray Darling Basin (1.1x 10°km?, about 14%
of Australia), which has a comparable size to our study area,
that the catchment sediment residence time is a key factor con-
trolling the sediment delivery process, with SDR values from
close to 0 in floodplains to 0.70 in the eastern uplands of the
Basin IC, and kj are calibration parameters that define the shape
of the SDR-IC relationship. In this study, we applied IC;, = 0.5
and k; = 2 for a linear shape.

The estimated sediment yield from each pixel i, ESY; (tyear™),
was calculated as a function of the RUSLE estimated soil loss
E, (see Equation 1) and SDR factor, representing the amount
of sediment eroded from a certain pixel and that reaches the
stream:

ESY; = E; X SDR; (12)

The total catchment estimated sediment yield or export (ESY; t
year™!) is given by:

ESY = 2 iESY, 13)

The ESY was evaluated using both the original IC, but also using
the AIC. This study represents the first attempt to integrate the
InVEST-SDR model with functional connectivity.

2.5 | Model Verification

The yearly sediment yield (SY) data from 26 hydrological stations
located in the study area (Figure 1) were used to verify the model
performance. These data were extracted from the China Water
Resources Bulletin (Ministry of Water Resources); the consistency
and reliability of the data were checked by the Ministry of Water
Resources before data release. These data were recorded on a daily
basis and aggregated to annual values. We selected 26 stations
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with continuous records and no data gaps during the 2001-2011
period. Observed suspended sediment data were used due to both
data availability and the nature of sediment transport in the re-
gion. The Loess Plateau is predominantly composed of loess soils,
which are fine-grained and highly erodible. Previous studies have
shown that bedload accounts for only 2%-7% of the total sediment
load in this region (Huang et al. 2007).

The Nash-Sutcliffe model efficiency and determination coeffi-
cients (R?) were employed to evaluate the performance of the
simulation results.

2.6 | Data Acquisition

Monthly precipitation data from 28 meteorological stations
within and around the study area of 2001-2011 were obtained
from the National Meteorological Information Centre to calcu-
late the rainfall erosivity factor (Equation 5b) for both the RUSLE
and AIC. The rainfall map was generated using Spline interpo-
lation (suitable for large scale mapping; (Angulo-Martinez and
Begueria 2009)), and in the AIC calculation the value range was
normalized between 0.001 and 1.

To estimate the C factor in RUSLE, IC and AIC, yearly ground
cover maps for the region of year 2001-2011 were provided by
Yang et al. (2020). Sand (%), silt (%), clay (%), and the total or-
ganic carbon (%) content of the soil for the K factor calculation
in the RUSLE equation for the period 2001-2011 and soil avail-
able water content (m3/m?3) to calculate the K, factor in the AIC
were obtained from HiHydroSoil v1.2 (De Boer 2016). The soil
permeability factor (K,) map used in the AIC calculation was
calculated from the normalized and inverse value of soil avail-
able water content (Wu et al. 2023).
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To calculate the LS and P factors in the RUSLE equation and
S and RT factors in the IC and the AIC, a 30X 30m resolution
DEM was obtained from Geospatial Data Cloud (http://www.
gscloud.cn/) freely. To ensure overland flow continuity, local
sinks were removed using the fill tool in ArcGIS Pro 2.4.3.

3 | Results

3.1 | Sediment Yield Predictions With
InVEST-SDR, and InVEST-SDR,, .

The relation between observed sediment yield (SYobs; t
year~1) and (a) catchment area, (b) RUSLE estimated soil ero-
sion, and estimated sediment yield (SYest; t year~!) calculated
using (c) IC and (d) AIC, respectively, is shown in Figure 2.
As expected, the values of SYobs in the 26 sub-catchments
(mean (¥)=1.95E+07; median (X)=6.98E+06; standard de-
viation () =3.11E+07tyear™!) showed a strong positive lin-
ear correlation with the sub-catchment size (X =8.61E+05;
X =3.29E+05;0=1.15E+06 ha), with R =0.76 (Figure 2a). The
RUSLE-calculated soil erosion (X =2.96E+07; X =1.26E+07;
0=4.09E+07 tyear™!) showed a better correlation with ob-
served SY with R?=0.89 (Figure 2b), obtaining acceptable
simulation results -the Nash-Sutcliffe Efficiency was equal
to 0.65. The use of the two connectivity approaches im-
proved the regression between SYobs and SYest: R?=0.932 for
SYest-IC (X =7.56E+06; X =2.89E+06; 0 =1.06E+07 tyear™)
and R?>=0.9102 (Figure 2c¢) for SYest-AIC (¥ =6.11E+06;
X =2.41E+06; 0 =8.52E+06 tyear™!) (Figure 2d). The Nash-
Sutcliffe Efficiency between SYobs and SYest-IC was —0.41,
while for SYobs and SYest-AIC it was 0.47. These results sug-
gest that the sediment yield estimated using the AIC-based
approach provides a more satisfactory prediction.
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FIGURE 2 | Relations between observed sediment yield (SYobs) and (a) catchment area, (b) RUSLE-estimated soil erosion, and estimated sedi-
ment yield (SYest) calculated with InVEST-SDR,, (c) and InVEST-SDR ;. (d). [Colour figure can be viewed at wileyonlinelibrary.com]|
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3.2 | Spatial Variation of AIC in the Different
Sub-Catchments

In Figure 3a, the 26 sub-catchments (stations at their outlet) were
ranked according to their size. For each catchment, the column
indicates the proportion of the 90th percentile (P90 in red; high
connectivity values) and the 10th percentile (P10 in green; low con-
nectivity values) within the catchment. In general, a positive rela-
tionship between observed SY and sub-catchment size (Figure 3a)
was found. It is also clear that catchments with a higher percent-
age of P90 values, have a higher SY. It should be noted that 54%
of the P90 values were found in the three sub-catchments with
the highest observed SY (catchments Jingcun (k), Zhangjiashan
(1) and Yuluoping (q)). However, when the values of observed SY
were expressed per unit area (SSY: specific sediment yield), we
found that the highest values of SSY appeared concentrated in a
specific zone. Figure 3b plots SSY for catchments ranked accord-
ing to their closeness to the basin outlet (Fenglingdu). As can be
seen, catchments Gangu (a), Hongde (0), Qingyang (p), Yuluoping
(q), Jiaqiao (r) and Yuele (s) that are located relatively far from the
main basin outlet, had the highest SSY. These stations are located,
on average, at 295km from the outlet and together contain 31% of
all P90 connectivity values. (Figure 3b). These results shed light on
the identification of those sub-catchments with the most intense
soil erosion, which are not located near the outlet of the Wei River
Basin. In addition, these erosion-prone sub-catchments also pre-
sented the highest percentages of areas with high sediment con-
nectivity (Figure 3b).

3.3 | Temporal and Spatial Patterns of AIC

Among the five factors of AIC, only the R factor showed a con-
sistent temporal trend with the 90th percentile of functional
connectivity as shown in Figure 4. For example, high values of
both AIC and R occurred in 2003 and low values in 2008-2009.
Spatially, the consistency was not obvious (Figure 5a,b): the
northwest of the basin was relatively dry during the study period,
while the southeast area was wet (Figure 5b). Low connectivity
areas (P10, green colors) were generally located in the plain area
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in the Wei sub-basin, in the table land in the Beiluo sub-basin
and in the central part of the Jing sub-basin (Figure 5a). In 2001,
2002, 2007 and 2011, high connectivity (P90, red colors) was
concentrated in the north part of the Jing sub-basin; in 2004,
2005 and 2009, high connectivity areas moved to the east part
of the Wei sub-basin and north part of the Jing sub-basin; and in
2003, 2006, 2008 and 2010, high connectivity covered the Jing
sub-catchment and the east part of the Wei sub-catchment. The
spatial inconsistency observed between the R-factor distribu-
tion and the high and low AIC values suggests that functional
components, such as rainfall erosivity, may not be the dominant
drivers of sediment connectivity in the headwater regions. This
indicates that structural factors likely play a more significant
role in governing sediment transport processes in these areas.

3.4 | Functional Versus Structural Connectivity

We calculated the correlation between 11 AIC maps and 11
R-factor maps, as well as 11 AIC maps and 11 C-factor maps,
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FIGURE 4 | 90th percentile of AIC and R factor for the Wei River
Basin during years 2001 and 2011. [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 3 | Proportion of percentile 90% (P90) and 10% (P10) of sediment connectivity (AIC) of the 26 sub-catchments plotted against (a) ob-
served sediment yield and (b) specific sediment yield. In (a) the sub-catchment stations are ranked by their catchment size; in (b) they were ranked

according to their closeness to the outlet of the entire basin. The letters shown on the x-axis correspond to the hydrometric stations presented in

Figure 1. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 | (a) AIC maps with highest (P90) and lowest (P10) percentiles of AIC values and (b) Rainfall erosivity maps for years 2001-2011.

[Colour figure can be viewed at wileyonlinelibrary.com]

corresponding to the observation years. A correlation coeffi-
cient greater than 0.682 was considered statistically significant
(p<0.01). The results of the significance of the correlation be-
tween AIC and the R factor, as well as AIC and the C factor,
are presented in two maps in Figure 6. Figure 6a shows that
the R factor was significantly and positively correlated with AIC
across almost the entire study area (depicted in green). In con-
trast, Figure 6b indicates that the C factor exhibited a positive
correlation with AIC in most parts of the basin (green and dark
orange), but only a few areas demonstrated a statistically signif-
icant relationship (in green, p <0.01). Additionally, an insignifi-
cant negative correlation (depicted in light orange) was observed
in the mountainous regions of the basin. This suggests that, in

these mountainous areas, the C factor was not the dominant de-
terminant of AIC.

To better understand the temporal and spatial variation of
AIC, and the dominant regions of structural or functional
connectivity, we compared AIC and IC (Figure 7). The differ-
ences in P90 values between AIC and IC occurred mainly in
three regions. In the western part of the basin where the alti-
tude is relatively high (Figure 7b,f), and the K, factor is rela-
tively high (Figure 7i). Here, K, reduced the connectivity (AIC
vs. IC): where the K, factor values were high (indicating low
soil available water content and therefore greater potential for
rainfall storage in the soil), P90 values of AIC occurred less
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east part of the basin, (d, h) the north part of the basin, detailed maps of the K, factor (i) and (j) in the corresponding area and the R factor map of the
whole basin (k). [Colour figure can be viewed at wileyonlinelibrary.com]

frequently than P90 values of IC. In the northern part of the
basin, where the R factor is high (Figure 7k), the AIC P90 val-
ues were more widespread (Figure 7h) as compared to the IC
P90 values (Figure 7d). In the river channel in the eastern part
of the basin where the K factor is relatively low (i.e., higher
soil available water content in the channels; Figure 7j), the
P90 values of AIC were more concentrated (Figure 7g) than
the P90 values of the IC (Figure 7c).

4 | Discussion

4.1 | Prediction Ability of INVEST-SDR.
and InVEST-SDR,
In the last decade, several studies have applied and proved
InVEST-SDR to be useful for estimating sediment export at the
catchment scales of semiarid erosion-prone areas (Bouguerra
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and Jebari 2017; Hamel et al. 2017; Marques et al. 2021; Zhao
et al. 2020). For instance, Marques et al. (2021) quantified the
effects of land use changes on sediment retention in mainland
Portugal; Bouguerra and Jebari (2017) calculated sediment
loss in the Rmel river basin in Tunisia and proved the utility
of the InVEST-SDR model in identifying the priority zones for
soil and water conservation. In this study, we aimed to verify
the sediment connectivity results calculated from AIC, instead
of the standard IC, using the InVEST-SDR model and observed
sediment yield data. Our results showed that both IC and AIC
performed well in terms of predicting sediment yield at the
large basin scale (Figure 2). However, the estimated sediment
yield was lower than the observed sediment yield. Two possible
reasons may explain this discrepancy. First, the simplification
of the processes included in the InVEST-SDR model, since the
model predicts only interrill erosion (through RUSLE calcula-
tions), additional sediment sources such as bank erosion, gul-
lies, landslides, or legacy sediments are not considered by the
model (Hamel et al. 2017). Second, the estimated soil erosion
rate in this study was possibly low. Several studies have esti-
mated soil erosion rates for the Loess Plateau using the RUSLE
equation; the results differ from a range of 500-4000 t-km=2-a~!.
Jin et al. (2021) reported 595tkm~2-a~! in 2011-2015, Wen
et al. (2023) estimated an annual erosion rate for the Beiluo
River Catchment (a sub-catchment of the Wei River Basin) of
733.47tkm~2 in 2010. Fu et al. (2011) estimated an average soil
erosion rate for the Loess Plateau using the RUSLE equation of
2405tkm~2a~! in 2008; Li, Guan, et al. (2022) estimated less
than 4000tkm=2a=! in the 2000s. Whereas in our study the
RUSLE estimated erosion rate was 1743.0tkm=2 a~! in 2008,
2803.8tkm~2a~!in 2010, and 2656.7tkm~2a~! in the 2000s. Our
estimated erosion rates fall within the range reported by other
studies; however, they may still underestimate actual sediment
fluxes.

Zhao et al. (2016) examined the spatiotemporal variation of sed-
iment yield from 1957 to 2012 on the Loess Plateau and found
that in the period 2000-2012 the sediment load was extremely
low compared to the earlier decades. Lopez-Vicente et al. (2017)
simulated hydrological connectivity of the Japanese forest after
different forest management operations, and found that progres-
sive vegetation recovery triggered a slight reduction of connec-
tivity. Theoretically the large scale of the vegetation recovery
project in the Loess Plateau would reduce the connectivity in the
study area. We studied the sediment connectivity for the time
period 2001-2011, but did not find a significant decreasing trend
within these 11years. Zhang et al. (2021) estimated the area of
potential risks of soil erosion caused by high rainfall erosivity in
the Wei River Basin. They identified a high-risk area located in
the northern part of the basin, which overlaps with our identi-
fied high-connectivity zone.

We also investigated whether structural or functional connectivity
was dominant in different topographies across the basin (Figure 7)
by comparing the results of IC and AIC. IC was used to map struc-
tural connectivity with average C-factor values (without annual
changes), and AIC computed functional connectivity as it included
a dynamic component: the rainfall factor with annual differences.
Our findings of high values of IC prevailing in the high-altitude
mountain areas in the western part of the basin, and high values of
AIC synchronized with high rainfall and the river channel, align

with Mahoney et al. (2021) who found that structural connectiv-
ity dominates in steep basins with high runoff, while functional
connectivity controls flat basins with low hydrologic events. The
investigation of structural and functional connectivity-prone areas
is valuable because even though structural connectivity may be
relatively stable, the basin area functionally connected in terms
of sediment transport to the catchment outlet may increase up to
six times during rainstorms, compared to average rainfall condi-
tions (Buter et al. 2022). Gonzalez-Romero et al. (2022) proved that
the application of functional connectivity enabled the evaluation
of the potential vulnerability of the system, such as in forest fire-
affected areas where structural connectivity can be altered.

4.2 | Limitations and Future Research

Batista et al. (2019) pointed out that due to the uncertainty of en-
vironmental models, they cannot be truly verified or validated,
but purpose-oriented critical model evaluation can lead to im-
provements. This study carried out an outlet-based verification,
based on nested catchments. Even though the results showed
a good correlation between SYest-AIC and observed sediment
yield, we cannot verify if the spatial pattern is also correct as
spatially explicit observations of erosion, transport and deposi-
tion are lacking.

The effect of the spatial resolution of the inputs (30 X 30m in this
study) must also be taken into account, since coarse resolutions
provide average values, potentially eliminating information on
soil erosion and sediment connectivity from small areas of bare
soil and/or with high or very low slopes (Lopez-Vicente and
Alvarez 2018). Especially, the role of forest roads and bare soil
trails in agricultural areas is not included in coarse resolutions,
despite the fact that both elements act as sediment source areas
and preferential export channels (Salesa and Cerda 2020; Ramos
Scharrén et al. 2023).

The K, factor, used to calculate AIC, was evaluated from soil
available water content. Additionally, other soil properties that
may influence computed connectivity patterns, such as soil
depth and bulk density, should be integrated into the K, factor
in future research (Zingaro et al. 2019).

5 | Conclusions

The InVEST-SDR model was applied to verify the sediment con-
nectivity results calculated using the AIC in a large basin with
many spatial heterogeneities. Results showed good performance
of the model on predicting the spatial and temporal variability
of sediment connectivity and sediment yield. High connectivity
areas also effectively present erosion-prone catchments in the
basin, and AIC appeared to be a good approach to be used for
local managers as an erosion hotspot detection tool. The vari-
ation of P90 values of AIC did not show a clear trend for the
period 2001-2011, but it had a consistent temporal trend with
the R factor. The C factor showed insignificant negative correla-
tion with AIC in the mountain areas in the Wei River Basin,
denoting that land cover was not the determinant factor of AIC
in the mountain areas. The IC and AIC maps of the year 2001
were compared to identify the dominant areas of structural or
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functional connectivity, and the main differences were found in
three regions; structural connectivity dominated in the moun-
tainous areas in the Wei sub-catchment compared to functional
connectivity, because the K, (soil permeability) factor of AIC was
high in this region, while functional connectivity dominated in
the river channel in the Beiluo sub-catchment and in the north
part of the whole basin, because of the influence of the K and
R factors of AIC, respectively. This study for the first time in-
corporated functional connectivity (through the AIC) in the as-
sessment of sediment yield through the InVEST-SDR approach
and applied the approach at the large basin scale, where detailed
data is unavailable to apply, for example, detailed process-based
erosion models.
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