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Abstract: Karst  environmental  issues  have become one of  the  hot  spots  in  contemporary international  geological  research.  The same
problem of water shortage is one of the hot spots of global concern. The peak-cluster depression basins in southwest of Guangxi is an
important water connotation and ecological barrier areas in the Pearl River Basin of China. Thus, studying the spatial and temporal vari-
ations and the influencing factors  of  its  water  yield services is  critical  to  achieve the sustainable development of  water  resources and
ecological environmental protection in this region. As such, this paper uses the Integrated Valuation of Ecosystem Services and Trade-
offs (InVEST) model to assess the spatial and temporal variabilities of water yield services and its trends in the peak-cluster depression
basins in southwest of Guangxi from 2000 to 2020. This work also integrates precipitation (Pre), reference evapotranspiration (ET), tem-
perature (Tem), digital elevation model (DEM), slope, normalized difference vegetation index (NDVI), land use/land cover (LULC) and
soil type to reveal the main factors that influence water yield services with the help of Geodetector. Results show that: 1) in time scale,
the total annual water yield in the study area show a fluctuating and increasing trend from 2000 to 2020, with a growth rate of 7.3753 × 108

m³/yr, and its multi-year average water yield was 538.07 mm; 2) in spatial pattern, with high yield areas mainly distributed in the south
of the study area (mainly including Shangsi County, Pingxiang City, Ningming County, Longzhou County and Jingxi County), and low
yield areas mainly distributed in Baise City and Nanning City;  3) the dominant factor of water yield within karst  and non-karst  land-
forms is not necessarily controlled by precipitation, and the explanation degree of DEM factors in karst areas is significantly higher than
that in non-karst areas; 4) amongst the climatic factors, Pre, ET and Tem are dominant in the spatial pattern of region water yield capa-
city. among which Pre has the highest explanatory power for the spatial heterogeneity of annual water production, with q values above
0.8, and each driver showed a significant interaction on the spatial distribution of water yield, with Pre exhibiting the strongest interac-
tion with LULC.
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1　Introduction

The supply of fresh water is an important ecosystem ser-
vice that helps improve the well-being of the society and
human  beings  (Cudennec  et  al.,  2007). In  recent  dec-
ades,  due  to  the  rapid  economic  development  and  the
acceleration  of  urbanization,  the  environment  has  been
threatened, water resources in large areas have been pol-
luted,  and  the  pressure  on  groundwater  resources  has
also increased significantly (Wada et al., 2010). Studies
have shown that the number of groundwater consumers
in karst formations in 2016 was approximately 6.78 × 108,
accounting for 9.2% of the world’s population (Stevan-
ović,  2019).  China  has  about  3.44  ×  108 km2 of  karst
area (Jiang et al., 2014), of which the karst landform in
Southwest China is the most typical, covering an area of
4.26  ×  105 km2,  with  a  total  population  of  more  than
100  million  and  48  ethnic  minorities.  With  nearly  half
of  the  poverty-stricken  population  in  China,  Southwest
China  is  the  main  poverty-stricken  area  in  the  country
(Zhang et al.,  2001). In karst regions, an uncoordinated
two-layer  spatial  structure  of  water  and  soil  resources
has been produced due to the strong karst action, which
leads  to  the  easy  surface  water  losses  and  thus  causes
water scarcity problems (Li Shuai et al., 2021).

The  Integrated  Valuation  of  Ecosystem Services  and
Trade-offs (InVEST) model was developed by the Stan-
ford  University,  The  Nature  Conservancy  (TNC)  and
the  World  Wildlife  Fund  (WWF).  The  model  has  been
applied to many parts of the world,  with relatively ma-
ture  applied  research  abroad  and  has  been  widely  used
in  several  regions  (Sánchez-Canales  et  al.,  2012; Ko-
vacs et al.,  2013; Marquès et al.,  2013). Chinese schol-
ars  have  also  conducted  considerable  research.  It  has
been  successfully  applied  to  the  assessment  of  water
yield  in  lakes  (Lian  et  al.,  2019),  rivers  (Wei  et  al.,
2021),  the  Loess  Plateau  (Bao  et  al.,  2016) and  Heng-
duan Mountains (Dai and Wang, 2020) in China. There
are  also  scholars  such as  Wang Xiaofeng et  al.  (2020),
Zuo  et  al.  (2021)  and  Xia  et  al.  (2019)  quantitatively
evaluated the water yield in karst areas based on the In-
VEST model.  It  is  specifically  manifested  in  geomor-
phological  types such as Mountainous Karst  (Lang and
Song,  2018),  depressions  and  tower  karsts  (Qi  et  al.,
2021) and the Sancha River Basin in Guizhou (Lang et
al.,  2017)  to  provide  good  advice  to  decision  makers.
However, only few have quantitatively assessed the wa-

ter  yield  of  typical  karst  peak-cluster  depression  areas.
The  peak-cluster  depression  is  composed  of  a  positive
projecting  rock  peak  and  a  negative  depressed  closed
depression,  the  relative  height  difference  between  the
peak and the bottom of the depression is between sever-
al  tens  and  hundreds  of  meters  (Zhu,  1982).  Among
them, the  main factors  causing the  shape change of  to-
pographic  units  are  tectonic  movement,  temperature,
precipitation, lithology and so on. Among these factors,
precipitation  is  the  key  factor  in  the  later  shaping  of
landform  (Yang,  2019).  The  outer  edge  of  the  peak-
cluster  depression  is  often  adjacent  to  the  hilly  plain
with  steep  slope,  wide  height  difference  and  clear
boundary line. It  is a special surface drought and water
shortage  area  (Luo,  2016).  In  this  paper,  the  InVEST
model  will  be  used  to  quantitatively  assess  the  water
yield  of  a  typical  peak-cluster  depression  landscape
whilst  selecting  the  key  factors  that  affect  the  water
yield  service  and  analysing  their  quantitative  impact
level, which is  also the focus of  this  paper  and a  prob-
lem that needs to be solved.

The quantitative analysis of the factors that affect wa-
ter yield not only provides insight into the changes that
occur in water yield services but also provides scientific
knowledge on the mechanisms. Scholars used linear re-
gression analysis  (Xiao and Ouyang,  2019),  correlation
analysis  (Wang  X  et  al.,  2021)  and  geographically
weighted  regression  analysis  (Ahmed  et  al.,  2017)  to
conduct  quantitative  attribution  analysis  of  water  yield
services.  However,  these analysis methods have certain
limitations. For instance, they require assumptions about
the  premise  and  cannot  reflect  the  interaction  between
factors objectively and effectively (Zheng et  al.,  2020).
Changes  in  water  yield  are  driven  by  multiple  factors,
and  a  Geodetector  (Wang  and  Xu,  2017)  can  spatially
satisfy the  degree  of  correlation  amongst  multiple  ex-
ternal drivers on the dynamic equilibrium of ecosystem
services and is cutting-edge statistical  method that can-
not only  characterise  their  degree  of  spatial  differenti-
ation but also build relevant regression models to detect
the interaction of drivers in ecosystem services (Chen et
al., 2020). Regarding the quantitative assessment of wa-
ter yield  using  Geodetector,  scholars  have  been  work-
ing  on  the  Beijing-Tianjin-Hebei  urban  agglomeration
(Chen et al., 2020), the north-western North China Plain
(Gao  et  al.,  2021)  and  the  Sanjiangyuan  National  Park
(Wan et al.,  2021) of China have been successfully ap-
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plied  in  these  regions.  However,  the  identification  of
driving  mechanisms  for  water  yield  services  in  typical
peak-cluster depression basins based on Geodetector has
not been applied.

The  peak-cluster  depression  basins  in  southwest  of
Guangxi belongs to the border area of China, which is a
typical  representative  of  ‘old,  young,  border,  mountain
and poor’, and it rains a lot all year round in the water-
shed, with  high  precipitation.  It  is  an  important  ecolo-
gical barrier in the Pearl River Basin, as well as an im-
portant water connotation area and priority biodiversity
protection  area  in  China,  and  the  basin  has  extensive
rock desertification development  and contains  a  unique
double-layer hydrogeological structure of the karst land-
scape  (Xiong  et  al.,  2010).  Therefore,  it  is  typical  and
representative to  select  the  water  yield  quantitative  as-
sessment  and  driving  force  analysis  of  the  peak-cluster
depression basins  in  southwest  of  Guangxi  with  obvi-
ous ecological fragility (Zhang et al., 2021). This paper
takes the water yield service of the peak-cluster depres-
sion basins in southwest of Guangxi from 2000 to 2020
as  the  research  object,  uses  the  InVEST  annual  water
yield model  for  visualisation  and  quantitative  evalu-
ation and calibrates the Z-parameter to ensure the accur-
acy of the results. Based on eight factors, namely, precipi-
tation (Pre),  reference evapotranspiration (ET),  temper-
ature  (Tem),  digital  elevation  model  (DEM),  slope,
normalized  differ-ence  vegetation  index  (NDVI),  land
use/land  cover  (LULC) and  soil  type,  Geodetectors  are
used  to  identify  and  analyse  the  drivers  of  water  yield
services  in  the  study  area.  Two  main  objectives  are
provided: 1) spatiotemporal changes and trends of water
yield  services  in  the  peak-cluster  depression  basins  in
southwest of Guangxi from 2000 to 2020; and 2) quant-
itative analysis of single factor and interaction factor on
the spatial heterogeneity of water yield services using a
Geodetector.  The  model  parameters  used  in  this  study
would provide technical  and methodological  references
for the applicability of water yield models in karst areas. 

2　Materials and Methods
 

2.1　Study area
The  peak-cluster  depression  basin  of  this  study
(104°56′E‒108°71′E,  21°59′N‒24°65′N)  is  located  in
the southwest  of  Guangxi  Zhuang Autonomous Region
(hereinafter  referred  to  as  Guangxi),  China  (Fig.  1).  It

mainly  includes  most  of  the  four  prefecture-level  cities
of Baise, Wenshan, Pingxiang and Chongzuo, as well as
some  areasof  Nanning  and  Fangchenggang.  The  total
area  is  about  6.10  ×  104 km2,  accounting  for  roughly
22% of the total  area of Guangxi.  Its  average elevation
is  mostly  500–1700 m. The  karst  landform  develop-
ment  in  the  study  area  is  typical,  accounting  for  about
42% of the total area of the study area. Referring to re-
lated studies by scholars such as (Wu et al., 2009; Wang
Shijie  et  al.,  2013),  the  landform  combination  in  this
study  area  is  dominated  by  peak-cluster  depressions.
The extraction of this study area is based on digital elev-
ation model (DEM) and the hydrological unit area of the
section  above  Nanning  hydrological  station  extracted
with  the  support  of  ArcGIS  hydrological  tools,  mainly
including Zuojiang,  Youjiang,  Yujiang and other  tribu-
taries of  Xijiang  River  system,  which  governs  Chong-
zuo, Baise,  Wenshan and  other  areas.  Based  on  the  in-
tegrity of the basins extraction, a few areas in the south-
east  are  in  hilly  plains  and  non-karst  landscapes.  The
study  area  belongs  to  the  southern  subtropical  climate
(Kuang  et  al.,  2007).  The  annual  precipitation  is 1311
mm, with abundant precipitation. The mean annual tem-
perature  is  about  20°C,  with  sufficient  light  and  heat.
The soil types in the study area mainly include lateritic
red earths, limestone soils, yellow red earths, red earths,
paddy  soils,  yellow earths  and  purplish  soils.  Amongst
which, lateritic  red  earths  occupy  the  largest  area,  ac-
counting for about 32%, followed by limestone soils and
yellow red  earths,  accounting  for  about  23% and  16%,
whilst  limestone  soils  are  mainly  distributed  in  karst
areas, respectively.  Amongst  the land use types,  wood-
land and grassland account for about 87.6% of the area,
followed by farmland for about 11.8%. 

2.2　Data sources
The data required for this study include the data of wa-
ter yield calculated by the InVEST model from 2000 to
2020 and  the  influence  factor  data  required  by  Geode-
tector. The data required by the InVEST model include
Pre, ET, root restricting layer depth, plant available wa-
ter  content  (PAWC),  LULC,  plant  evapotranspiration
coefficient  (Kc)  and  root  depth  in  biophysical  table,  as
well  as  the Z-parameter.  The  influence  factors  selected
by  the  Geodetector  are  Pre,  ET,  Tem,  DEM,  LULC,
NDVI, slope and soil type.

The relevant basic data sources are shown in Table 1.
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Amongst  them,  the  meteorological  data  (e.g.,  Pre,  ET,
Tem) were obtained from the data of the study area and
its surrounding meteorological stations in the same peri-
od,  and  the  meteorological  raster  data  were  produced
with the  help  of  ArcGIS10.7  spline  method  interpola-
tion technique.  LULC, NDVI and DEM data were mo-
saicked with  the  help  of  ArcGIS  10.7  after  download-

ing.  The  above  data  are  based  on  the  above  operations
and then uses the GIS clipping tool to make the corres-
ponding data for the study area. Based on the basic data
of  the  1∶1  million  Chinese  soil  database  produced  by
the Nanjing Institute of Soil Research, Chinese Academy
of Sciences,  this  paper  calculates  the  PAWC,  root  re-
stricting layer depth and the soil type data. All the afore-
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Fig. 1    Regional overview of peak-cluster depression basins in southwest of Guangxi, China

 
Table  1    Data  acquisition  sources  for  the  construction  of  water  yield  model  in  the  peak-cluster  depression  basins  in  southwest  of
Guangxi, China
 

Data Data source and processing method Resolution / m Model
Pre China Meteorological Data Network (http://data.cma.cn/) 1000 Geodetector/InVEST

ET Calculated by Penman-Monteith formula (PM) 1000 Geodetector/InVEST

LULC MCD12Q1 data downloaded from NASA’s Land Processes Distributed Active Archive
Center (LP DAAC) (https://e4ftl01.cr.usgs.gov/MOTA/MCD12Q1.006/)

250 Geodetector/InVEST

PAWC Using the data in the 1∶1 million soil map (http://vdb3.soil.csdb.cn/), calculated in the
Spaw software

1000 InVEST

Root restricting layer depth 1∶1 million soil map (http://vdb3.soil.csdb.cn/) 1000 InVEST
Root_depth Determined according to the reference data provided by the InVEST model 1000 InVEST

Tem China Meteorological Data Network (http://data.cma.cn/) 1000 Geodetector

DEM Geospatial Data Cloud Website (http://www.gscloud.cn/) 90 Geodetector

Slope Obtained by DEM calculation in ArcGIS software 1000 Geodetector

NDVI (https://earthexplorer. usgs. gov/) 250 Geodetector

Soil type 1∶1 million soil map 1000 Geodetector

Kc Determined according to the reference data provided by the InVEST model InVEST

Z parameter The model is calibrated according to the total water resources data in the ‘Guangxi Water
Resources Bulletin’ (http://slt.gxzf.gov.cn/zwgk/jbgb/gxszygb/), Z = 15.9

InVEST

Notes: Pre is precipitation; ET is reference evapotranspiration; LULC is land use/land cover; MCD12Q1 data product is derived using supervised classifications of
Moderate Resolution Imaging Spectroradiometer (MODIS) Terra and Aqua reflectance data; PAWC is plant available water content; Tem is temperature; DEM is
digital elevation model; NDVI is normalized difference vegetation index; Kc is plant evapotranspiration coefficient
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mentioned data are resampled into a spatial resolution of
1000 m, the projection type is UTM 48 N, and the cent-
ral longitude is 108°E. 

2.3　Methods 

2.3.1　InVEST water yield model
The annual water yield of this study is based on precip-
itation, reference evapotranspiration, land use/land cov-
er, plant available water content and root restricting lay-
er depth run in InVEST version 3.9.0:
Y(x) = (1−AET (x)/P(x))×P(x) (1)

where Y(x) is the annual water yield (mm) of each grid
cell x, AET(x)  is  the  actual  annual  evapotranspiration
(mm) of each grid cell x, and P(x) is the annual precipit-
ation (mm) for  each raster  cell x,  where AET(x)/P(x)  is
calculated as:

AET (x)/P(x)= 1+PET (x)/P(x)−(1+ (PET (x)/P(x))ω
)1/ω
(2)

where AET(x)/P(x)  is  the  vegetation  evapotranspiration
of  LULC;  and PET(x) is  the  potential  evapotranspira-
tion, and  the  calculation  formula  is  expressed  as  fol-
lows:
PET (x) = Kc (lx)×ET0(x) (3)

where Kc(lx) is the vegetation evapotranspiration coeffi-
cient  of  LULC  in  each  raster  cell x,  and ET0(x)  is  the
reference evapotranspiration for each raster cell x.

ω(x) is an empirical parameter, and its calculation for-
mula is expressed as follows:
ω(x) = Z×AWC(x)/P(x)+1.25 (4)

where AWC(x) is the annual average plant available wa-
ter  content  for  each  grid  cell x, Z is the  seasonal  con-
stant, and 1.25 is the cardinality of ω(x). 

2.3.2　Geodetector
Geodetector is a statistical method used for detecting the
spatial heterogeneity of matter and its driving factors. It
is divided into four modules, namely, factor detector, in-

teraction detector, risk zone detector and ecological de-
tector. In  this  paper,  we  mainly  use  factor  and  interac-
tion detectors for further analysis.

(1) Factor detector
This module  detects  the  spatial  heterogeneity  of  wa-

ter  yield,  and  the  degree  of  explanation  of  the  eight
factors  of  Pre,  ET,  Tem,  DEM,  Slope,  NDVI,  LULC
and Soil type to the spatial heterogeneity of water yield,
measured by the q value, and its expression is

q = 1−
L∑

h=1

Nhσ
2
h/Nσ

2 (5)

σ2
h

where h is the stratification status of the dependent vari-
able  water  yield  or  the  independent  variable  Pre,  ET,
Tem, DEM, Slope, NDVI, LULC and Soil type; L is the
number of layers and there are L layers in total; Nh and
N are  the  number  of  cells  within  the h-tier  and  in  the
whole  region,  respectively;  and σ2 are  the  variances
of the dependent variable water yield within the h-strat-
um and for the whole region, respectively.

(2) Interaction detector
This module  identifies  whether  the  explanation  de-

gree  of  dependent  variable  water  yield  will  increase  or
decrease when two independent variables X1 and X2 act
together.  The  interaction  types  are  shown  in  the  table
below (Table 2).

(3) Selection and pre-treatment of impact factors
With  reference  to  related  research  (Gao  et  al.,  2020;

Hu et al., 2020; Wang H et al., 2021), this article selec-
ted 8 independent  variables  as  influencing factors  (Fig.
S1). The  spatial  heterogeneity  of  water  yield  is  ana-
lysed and  pre-processed  with  reference  to  the  data  dis-
cretization  method  and  experience  proposed  by  (Wang
and Xu, 2017): grading NDVI, DEM, ET, Pre and Tem
data according to the natural breakpoint method, where
NDVI data  are  classified  into  seven  levels,  and  the  re-
maining  data  are  classified  into  nine  levels;  slope  data
are  divided  into  six  levels  according  to  ≤  5°,  5°–8°,

 
Table 2    Types of interaction between two covariates of the Geodetector
 

Criterion Interaction

q(X1∩X2) < Min(q(X1), q(X2)) Non-linear, weaken

Min(q(X1), q(X2)) < q(X1∩X2) < Max(q(X1), q(X2)) Single factor, non-linear, weaken

q(X1∩X2) > Max(q(X1), q(X2)) Two-factor, enhancement

q(X1∩X2) = q(X1) + q(X2) Independent

q(X1∩X2) > q(X1) + q(X2) Non-linear, enhancement
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8°–15°,  15°–25°,  25°–35°  and  >35°;  both  LULC  and
Soil type data are type quantity data and do not need to
be processed. 

2.3.3　Theil-Sen trends
In this paper, the Theil-Sen trend analysis method is ap-
plied for the analysis of water yield time series with the
help  of  MATLAB2009a  software,  and  the  Theil-Sen
trend value and the spatial  distribution map of signific-
ant changes in Theil-Sen trend in the study basin are ob-
tained,  which  can  intuitively  and  effectively  reflect  the
spatial distribution trend characteristics of water yield in
peak-clusters  depressions  basins  in  southwest  of
Guangxi from 2000 to 2020 and the significance level of
water yield trend change in the study area,  the calcula-
tion formula is expressed as follows:

ρ =median
(
(x j− xi)/( j− i)

)
,1 < i < j < n (6)

where ρ is  the  Sen  trend  degree; xj and xi are  the  time
series  of  water  yield.  When ρ <  0,  the  water  yield  of
time  series  shows  a  downward  trend,  and  when ρ >  0,
the time series is showing an upward trend. 

3　Results
 

3.1　Characteristics of  interannual variation in wa-
ter yield
From 2000 to 2020, the average annual total water yield
of  peak-cluster  depression  basins  in  the  southwest  of
Guangxi  (Fig.  2)  showed  a  fluctuating  and  increasing
trend, the trend slope was 7.38 × 108 m3/yr, and the av-
erage  total  water  yield  in  21  yr  was  330.00  ×  108 m3.
The  total  average  annual  water  yield  ranged  from
154.00 × 108 to 582.00 × 108 m3,  with the lowest value
occurring  in  2004  (154.85  ×  108 m3 produced)  and  the
highest  value  in  2017  (582.51  ×  108 m3 produced).  In
general, the changes in the total water yield of the peak-
cluster depression basins in southwest of Guangxi from
2000 to 2020 can be roughly divided into four stages: a
downward trend  from  2001  to  2004;  a  fluctuating  up-
ward  trend  from  2005  to  2009;  and  an  upward  trend
from  2010  to  2017  status;  and  2017  to  2020  shows  a
downward trend again.

Fig. 3 shows the interannual trends of multi-year av-
erage Pre,  ET  and  water  yield  in  the  peak-cluster  de-
pression  basins  in  southwest  of  Guangxi  from  2000  to
2020. During that period, the average multi-year Pre in
the  study  area  was 1311.63 mm,  which  was  gradually

increasing  overall  with  a  linear  trend  of  10.56  mm/  yr.
This  finding is  consistent  with  the  results  in  Huanjiang
Maonan  Autonomous  County  in  Guangxi,  which  also
has  a  subtropical  climate,  where  Pre  has  a  tendency  to
increase with annual Pre between 2006 and 2010 (Chen
et  al.,  2012), the  lowest  multi-year  average  Pre  oc-
curred  in  2004  (993.14  mm)  and  the  highest  in  2017
( 1702.26 mm );  the  multi-year  average  ET  was 1069.35
mm, with  a  slightly  decreasing  linear  trend  of  −2.03
mm/ yr from 2000 to 2020, which is consistent with the
results in a typical karst area, Guilin City, Guangxi, whe-
re the ET also showed a significant decreasing trend with
a rate of  −8.02 mm/10yr between 1951 and 2015 (Guo
et al., 2019 ), the lowest value of multi-year average ET
appeared  in  2017  (979.35  mm),  and  the  highest  value
appeared in 2003 (1129.99 mm); the multi-year average
water yield was 538.07 mm, which accounts for 41% of
the Pre, and the trend during the study period remained
largely  consistent  with  the  average  annual  Pre,  with  a
linear increasing trend of 10.43 mm/yr, the lowest value
of  multi-year  average  water  yield  appeared  in  2004
(252.35  mm),  and  the  highest  value  appeared  in  2017
(949.26  mm).  Overall,  Pre  and  water  yield  showed  an
increasing trend, with Pre increasing slightly greater than
water yield, whilst ET showed a slight decreasing trend. 

3.2　Spatial analysis of water yield
The spatial distribution of annual water yield in the peak-
cluster depression basins in southwest of Guangxi from
2000 to 2020 exhibits  strong spatial  heterogeneity.  The
interannual variation of water yield in the basin is large,
but its spatial distribution is basically consistent,  show-
ing a pattern of high in south and low in north. Based on
the  natural  breakpoint  classification,  the  annual  water
yield  was  reclassified  into  seven  classes  (Fig.  4).  As
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seen in Fig.  4,  in 2000–2015, the high-yield water area
is located in the southeast (Shangsi County, Fangcheng-
gang).  This  area  has  abundant  Pre,  the  soil  type  is
mostly lateritic red earths, and the water content is low
(Chen,  1989),  thereby  making  the  area  a  high  water
yield.  The  low-yield  water  areas  are  located  in  the
northwest  (Baise  City,  and  its  Xilin  County,  Tianyang
County, Lingyun County, Tianyang County), the middle
east  (Nanning  City  and  Fusui  County),  may  be  due  to
the  low  precipitation  in  this  part  of  the  region,  and  its
soil type is mostly yellow soil, the soil moisture content
is  high  (Jiang  et  al.,  2006),  which  makes  the  actual
evapotranspiration of  the  region  greatly  increased,  res-
ulting in low water yield. From 2016 to 2020, the high-
yield water area tends to the southwest (Pingxiang City,
Ningming County, Longzhou county and Jingxi County),
due to the increase in Pre in the region, and its soil types
are  mostly  lateritic  red  earths  and  purplish  soils,  with
low soil moisture content (Chen, 1989; Hu et al., 2017);
most of the low-yield water areas are still located in the
northwest  (Baise  area)  and  the  middle  east  (Nanning
City).

Spatial overlay of the Theil-Sen trend values and sig-
nificance  level P-values yield  five  categories:  signific-
ant increased, moderate increase, slight increase, slightly
decrease,  and  seriously  decrease. Fig.  5 shows  that  the
area occupied by the area of increased water yield is sig-
nificantly larger than that of decreased area, accounting
for 95.60% of the total area of the study area, whilst the
decreased  area  only  accounts  for  4.40%.  Specifically,
the area with a significant increase in annual water yield
accounts  for  8.53%,  which  is  mainly  distributed  in
Pingxiang City, Longzhou County and Ningming County
in  the  south  to  west  part  of  the  study  area;  moderately

increasing areas  accounted  for  49.99%  and  slightly  in-
creasing  areas  accounted  for  37.08%,  with  the  largest
proportion of these two components concentrated in the
three prefectures  of  Chongzuo,  Baise  and  Nanning  cit-
ies  in  the  study  area;  slightly  decreasing  areas  account
for 4.11% and are mainly embedded in slightly increas-
ing areas;  severely  reduced areas  accounted for  0.28%,
mainly concentrated in Fangchenggang City. 

3.3　 Response of  water  yield  to  the  main  influen-
cing factors 

3.3.1　Detection analysis of dominant influence factors
on water yield
In this  paper,  the  basin  water  yield  is  taken  as  the  de-
pendent variable, and each influencing factor is taken as
the independent variable. In the calculation process, this
paper resampled all data in ArcGIS software to the spa-
tial  resolution  of 8000, 5000 and 2000  m  for  experi-
ments to ensure the accuracy of the calculation results.

The test  process  is  as  follows:  the  first  step  is  to  re-
classify the water yield data and sample it as point data;
the  second  step  is  to  reclassify  the  influencing  factors
into  category  variable;  the  third  step  is  to  resample  the
results  of  step  two  with  the  results  of  step  one;  the
fourth  step  is  to  input  the  final  table  data  generated  by
step three  into  the  geographic  detector  software  com-
piled by Excel to obtain the final result. Whilst the Geo-
detector software prepared by Excel will have higher ac-
curacy of calculation results if the density of grid point
data is larger, the calculation volume will also be larger
(Chen et al., 2020). Through experiments, in the pursuit
of a balance between the accuracy and efficiency of the
calculation results, we selected the data with 15 367 grid
points and 2000 m spatial resolution.
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The larger the q-value of the single factor detection of
the Geodetector is,  the higher the degree of spatial het-
erogeneity  explained  by  the  factor  in  terms  of  water
yield,  the  greater  the  degree  of  correlation  between the
factor  and annual  water  yield.  In  this  study,  the  annual
water  yield  in  2000,  2005,  2010,  2015  and  2020  were
selected for the factor detection analysis (Fig. 6). Pre ex-
plained the  highest  spatial  heterogeneity  in  annual  wa-
ter yield throughout the study area, with q values above
0.8  for  each year.  Followed by ET and Tem,  the  study
found that the spatial  distribution of annual water yield
in the study area in 2000 and 2020 was only second to
Pre in correlation with ET in the five years, in which the
factor detection analysis was conducted, whilst the spa-
tial heterogeneity  of  Tem  on  annual  water  yield  ser-
vices was stronger than that of ET to explain it in 2005,
2010 and  2015.  Due  to  special  factors,  such  as  geo-
graphical location and landform, obvious differences in
temperature  changes  in  the  basin  are  observed,  and  a
sudden  increase  in  the  annual  average  temperature  in
Guangxi  around  2001  (Wang  Ying  et  al.,  2013)  may
have  a  certain  impact  on  the  spatial  pattern  of  water
yield.  The  next  factors  with  an  explanatory  power  of
10%–20%  are  DEM,  LULC  and  soil  type,  amongst
which Soil type has the strongest explanatory power, in-
dicating that the physical and chemical properties of the
soil also have some influence on the spatial distribution
of water yield. NDVI and slope have the lowest contri-
bution to the annual water yield of the basin. 

3.3.2　 Dominant  factors  of  water  yield  in  different
landform types
Further,  the  single  factor  detector  is  used  to  detect  and
analyze the  water  yield  in  different  karst  and non-karst

landform types  in  the  study  area.  The  operation  results
show that  there  are  significant  differences  in  the  re-
sponse of the same factor to the spatial differentiation of
water  yield  in  different  landform  types  (Fig.  7).  As
shown in Fig. 7, Pre is still the most important factor af-
fecting  water  yield  within  non-karst  landscapes,  which
is consistent  with  previous  studies  in  non-karst  land-
scapes such as the Beijing-Tianjin-Hebei urban agglom-
eration  (Chen  et  al.,  2020),  the  Beijing  ecological  red
line area (Gao et al., 2020), and the Yellow River Basin
(Li G Y et al., 2021). While the dominant factor within
the karst landscape was DEM in 2000 and ET in 2015,
the  dominant  factor  in  the  remaining  three  years  was
Pre, indicating that the dominant factor of water yield in
the  karst  landscape  was  not  necessarily  controlled  by
Pre in different years. However, the most obvious result
of factor detection analysis within different geomorpho-
logical  types  is  that  the  interpretation  degree  of  DEM
factors  in  karst  areas  is  higher  than  that  in  non-karst
areas. This phenomenon may be due to the fact that the
typical  karst  peak-cluster  depression  area  in  this  study
area  has  a  large  elevation  variation,  with  many  steep-
slope peak-cluster mountains,  tall  mountains,  and obvi-
ous  vertical  bands  of  mountains  (Luo,  2016).  With  the
change  of  altitude,  climate,  Pre  and  topography  are
more  significant  with  elevation  changes,  and  thus  the
spatial  heterogeneity  of  water  yield  is  more  obvious.
The  responses  of  the  remaining  factors  to  the  different
landform  type  zones  are  consistent  with  the  detection
results within the whole region. 
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3.3.3　 Interaction  analysis  of  influencing  factors  of
water yield
The degree of influence of individual factors on the spa-
tial  distribution  of  water  yield  services  was  analysed,
but in reality,  it  is  a complex ecological  process driven
by multiple  factors.  This  paper  selects  water  yield  ser-
vices in  2000,  2005,  2010,  2015 and 2020 for  interact-
ive detection analysis (Fig. 8). The results of the interac-
tion detectors further support this view, the spatial inter-
actions  among the  factors  influencing  the  annual  water
yield  service  in  the  peak-cluster  depression  basins  in
southwest of  Guangxi are all  greater  than the explanat-
ory  degree  of  any  single  factor  for  the  annual  water
yield,  and  the  interaction  types  are  a  combination  of
nonlinear and two-factor enhancements, with the nonlin-
ear  enhancement  interaction  being  more  significant.  In
Fig. 7, Pre has the strongest effect on the spatial pattern
of water yield, with a strong significant interaction with
any  of  the  influencing  factors.  In  2000,  2005,  2010,
2015  and  2020,  Pre  has  the  strongest  interaction  with
LULC and a  slightly  weaker  interaction  with  soil  type,
but the overall explanatory degree is above 0.82; the in-

teraction of  ET with Tem was slightly  weaker  than the
interaction  of  Pre  with  either  factor;  the  interaction
among LULC,  NDVI,  slope  and  soil  type  is  weak,  ex-
cept that the interaction between LULC and Soil type is
slightly stronger, and the other values are below 0.30. 

4　Discussion
 

4.1　 InVEST  annual  water  yield  model  calibration
and evaluation
The accuracy  and  validity  of  the  calculated  results  us-
ing the model  depend on the value of Z-parameter  to  a
large  extent  whilst  ensuring  that  the  input  parameters
are  correct. Z-parameter  is  an  empirical  constant  that
represents Pre  distribution  and  other  hydrological  ad-
dress  characteristics  in  the  study  area,  with  a  value
range of 0‒30. However, as an empirical constant of Z-
parameter, the  choice  of  its  value  is  uncertain.  Sub-
sequently, to select the appropriate parameter value, the
method  of  choosing Z-parameter  should  be  known  to
make  the  optimal  choice.  At  present,  the  calculation
methods of Z-parameter are as follows: 1) according to
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ω empirical data, about ω there are many relevant stud-
ies on empirical values (Xu et al., 2013; Liang and Liu,
2014), and the Z-parameter can be calculated according
to  Eq.  (4);  2)  according  to  the  formula  developed  by
(Donohue  et  al.,  2012): Z =  0.2  × N,  and N represents
the number of precipitation events per year. 3) using the
actual total  amount  of  water  resource  data  for  calibra-
tion,  total  water  resource  refers  to  the  total  amount  of
surface  and  underground  water  yield  formed  by  local
Pre  during  the  year,  excluding  transit  water.  Among
them,  the  shallow underground  water  yield  in  the  hilly
area of Guangxi is the river base flow, which is the re-
peated calculation  amount,  and the  final  total  water  re-
source is equal to the sum of the surface water resource
and  the  non-duplicated  groundwater  resource  (Pan  and
Jin,  1996).  In  terms  of  total  conservation,  the  water
yield and the total water resource are essentially calcula-
tions  of  the  same  resource  using  different  methods
(Wang Baosheng et al., 2020). Considering that the first
two calculation methods calculate the Z-parameter with
the  input  of  empirical  values,  the  calculation  results  of
the model  cannot  guarantee  obtaining  a  very  good  ac-
curacy. Hence, this study calculates the Z-parameter by
using  a  third  approach.  However,  the  boundary  of  this
study area is not completely consistent with the bound-
ary of districts and counties, and the water resource data
of  the  administrative  areas  cannot  be  used  directly.
Therefore,  this  study  uses  the  total  water  resources  of
the  four  administrative  divisions  of  Baise,  Chongzuo,

Nanning  and  Fangchenggang  provided  in  the  Guangxi
Water Resources Bulletin. The quantity data are conver-
ted into the quantity of water resources per unit area, the
calculated  water  resources  per  unit  area  of  the  above
four  administrative  regions  is  601.7  mm,  and  when
Z = 15.9, the water yield per unit area of this study area
is  575.0 mm, and the relative error is  controlled within
4.4%, which shows that the simulation results are good.

According to the estimation results, the multi-year av-
erage water yield of the study area from 2000 to 2020 is
538.07 mm, and the spatial  differentiation in the basin,
which  is  related  to  the  geographical  location  of  the
basin,  is  significant.  The  study  area  is  located  on  the
slope  of  the  transition  from the  Guizhou  plateau  to  the
Guangxi  basin,  thereby  straddling  the  humid  central
subtropical  climate  and  the  humid  southern  subtropical
climate  according  to  the  climatic  zoning  of  China
(Zheng et  al.,  2010). Judging from the results  of  previ-
ous  studies  (Table  3),  with  the  increase  in  Pre  in  the
study areas belonging to temperature zones, such as mid-
temperate, warm-temperate, north subtropical, mid-sub-
tropical,  south  subtropical  and  tropical  temperature
zones, the water yield also tends to increase. The region-
al average annual water yield is greater than the annual
water  yield  (502  mm)  of  Baoshan  City  (Chen  et  al.,
2021), which straddles the central and southern subtrop-
ics,  and less than the average annual water yield of the
tropical  Hainan Island (980 mm and 1024 mm) (Wu et
al., 2013; Han et al., 2022), which can prove the credib-

 
Table 3    Comparison of water yield of each study area divided according to China’s climate region
 

Climate zone Study area Z-parameter Pre / (mm/yr) Water yield / (mm/yr) References
Mid-temperate zone Shiyang River Basin Calibrated 222 61 (Wang et al., 2018)

Across the mid-temperate zone
and warm-temperate zone

Yellow River Basin Calibrated 200‒650 74 (Yang et al., 2020)

Across the mid-temperate zone
and warm-temperate zone

Agro-pastoral ecotone of northern
China

Assign a value of 30 418 97 (Pei et al., 2021)

Warm-temperate zone Qinling Basin Calibrated 791 236 (Li et al., 2021c)

North subtropical climate Jianghuai ecological economic
zone of China

ω Empirical data 1013 363 (Guo et al., 2021)

North subtropical climate Taihu Lake Basin No calibration 1219 742 (Gu et al., 2018)

Mid-subtropical climate Wujiang River Basin Assign a value of 1 1061 549 (Xia et al., 2019)

Mid-subtropical climate Sancha River Basin No calibration > 1000 643 (Gao and Wang,
2019)

Across the Mid-subtropical and
southern subtropical climates

Baoshan City No calibration 1478 502 (Chen et al., 2021)

Tropical climate Hainan Island Calibrated 1500 980 (Wu et al., 2013)

Tropical climate Hainan Island Calibrated 1930 1024 (Han et al., 2022)
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ility  of  the  results  of  this  paper.  The  slight  differences
are mainly due to two factors: one of them is the differ-
ences in  data  sources,  data  spatial  resolution  and  met-
eorological data interpolation methods used by different
scholars,  and  the  second  is  the  different  values  of Z-
parameters.  Although  the  estimation  of  water  yield
based  on  the  InVEST model  has  been  applied  globally
by various scholars,  there are empirical formulas in the
selection  of  parameters  in  the  model.  Thus,  the  water
yield  calculated  by  different  scholars  will  inevitably
produce certain deviations. Even though the same mod-
el  is  used  in  the  same  region,  significant  differences
may still be observed in the results calculated by differ-
ent scholars. 

4.2　Analysis on dominant factors of water yield
Water yield is an important regulating service of ecosys-
tem services  (Li  Li  et  al.,  2021). Hence,  the  identifica-
tion  of  its  spatial  heterogeneity  and  influencing  factors
are not only important elements in the study of ecosys-
tem services but also a scientific basis for evaluating the
regional  resource  and  environmental  carrying  capacity
and territorial  spatial  planning.  The driving factors  that
affect the  spatial  distribution  of  water  yield  include  to-
pographic  factors,  meteorological  factors,  vegetation
factors  and  human  activities.  In  this  paper,  a  single-
factor  quantitative  analysis  of  the  spatial  heterogeneity
of water yield was conducted with the help of a Geode-
tector, and the results show that Pre has the highest ex-
planatory power for water yield in this study area, which
is consistent with a series of recent research results pub-
lished by previous authors (Chen et al., 2020; Wang T H
et  al.,  2020).  Although  the  research  methods  used  by
other  scholars  for  the  analysis  of  the  drivers  of  water
yield  differ  (Wang  T  H  et  al.,  2020; Li  M  Y  et  al.,
2021),  they  basically  achieve  consistent  conclusions,
thereby proving the reliability of the results of this paper.

In  this  paper,  we  further  analyzed  the  water  yield
within  the  karst  and  non-karst  landscape  types  in  the
study area, and the most obvious result of the analysis is
that the explanation degree of DEM factors in the karst
area  is  higher  than  that  in  the  non-karst  area.  peak-
cluster depression landform is a special landform formed
at a certain stage of karst landform development. It is a
type of  karst  with the most  distinctive topographic fea-
tures, the  most  diverse  forms,  the  most  peculiar  land-
scape,  the  strongest  karst  action,  the  most  complicated

hydrogeological conditions and the most complete gen-
eration system. This landform type is mainly affected by
the  dissolution  of  Pre  and  the  development  of  fissures
along  the  geological  and  tectonic  movements  (Yang,
2019).  In  this  study  area,  the  peaks  and  clusters  are
densely covered  with  depressions,  the  slope  of  the  ter-
rain is also relatively large, the rocky peaks are tall and
straight, and the landform development is relatively act-
ive. Elevation significantly affects Pre and the distribu-
tion of vegetation types, and therefore can indirectly af-
fect water yield capacity (Wang Xiuming et al., 2020).

This paper analyses the interaction detection and ana-
lysis  of  the  spatial  pattern  of  water  yield.  The  results
show that  the  interaction types  are  two-factor  enhance-
ment  and  non-linear  enhancement,  and  the  interaction
between  Pre  and  LULC  had  the  greatest  influence  and
the  strongest  explanatory  power,  which  is  consistent
with  the  analysis  results  in  Huang  et  al.  (Huang  et  al.,
2021) and Wang et al. (Wang Xiuming et al.,  2020) on
the Shiyang  River  Basin  and  Shaoguan  City,  Guang-
dong Province, respectively. This finding is also reflec-
ted  in  the  research  directions  in  recent  years,  where
many  scholars  (Belete  et  al.,  2020; Wei  et  al.,  2021)
tend to explore the impact of regional land use changes
on  water  yield,  indicating  that  meteorological  factors
largely determine the spatial differences of water produ-
cing  ecosystem  service  functions,  and  land  use  type  is
the main factor that affects its spatial distribution. 

4.3　Uncertainty analysis and future research direc-
tions
Although  the  InVEST  model  has  been  widely  used  all
over the world, its water yield assessment module does
not consider the impact of complex terrain, land under-
lying surface geographical  environment  and groundwa-
ter on water yield (Sharp et al., 2014). Moreover, the in-
put and setting of model parameters are particularly im-
portant.  The data root restricting layer depth of the soil
and the  data  in  the  biophysical  table  used in  this  paper
were  obtained  from  the  reference  data  provided  by
China  soil  database  and  the  InVEST model,  as  well  as
the  uncertainty  caused  by  the  interpolation  method  of
input meteorological data, LULC and Z-parameters. Al-
though  this  model  does  not  affect  the  basic  pattern  of
water  yield  in  the  study area,  it  affects  the  accuracy of
the results to a certain extent. Furthermore, in this study,
we only discussed the main factors that have an impact
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on water  yield,  whilst  the  specific  mechanisms of  each
factor on water yield were not investigated in depth. In
conclusion,  although  the  results  in  this  paper  are  as
close as possible to the actual total water resources after
several simulations and the interannual variability of the
long  time  series  is  added  to  increase  the  credibility  of
the results, the correction of all input parameters and the
specific response mechanism of each factor to the water
yield service are not considered, and this aspect is a key
research direction for the future. 

5　Conclusions

Based  on  the  InVEST  model,  this  paper  quantitatively
and qualitatively analyzed the ecological service system
of  water  yield  in  the  peak  cluster  depression  basin  in
southwest  of  Guangxi  from  2000  to  2020,  and  further
quantified the  response  between  water  yield  and  vari-
ous influencing factors in the basin. During the monitor-
ing  period,  the  annual  water  yield  in  the  study  area
showed  an  increasing  trend  year  by  year,  which  was
7.3753 × 108 m3/yr. Among them, the water yield of the
southeast (Shangsi County, Fangchenggang) and south-
west  (Pingxiang  City,  Ningming  County,  Longzhou
County, Jingxi County) of the study area is about 1500
mm  and  above,  which  is  a  high-yield  water  area;  the
northwest  (Baise  City)  and  east-central  (Nanning  City)
near  the  water  yield  between  0−500  mm,  low  water
yield area. However, the water yield of Shangsi County,
located  in  the  southeast,  has  been  declining  in  recent
years, and the local government needs to give sufficient
attention and  priority  protection.  In  terms  of  quantitat-
ive analysis of driving factors, the spatial heterogeneity
between  Pre  and  water  yield  in  the  study  area  is  the
strongest, and the interactive detection results of any in-
fluencing factor  and  Pre  have  strong  spatial  heterogen-
eity,  among  which  the  interaction  with  LULC  is  the
strongest.  The development of this study is expected to
provide  advice  on  water  resources  management  for  the
peak cluster basin in southwest of Guangxi, and has cer-
tain  reference  significance  for  the  evaluation  of  water
production services in karst areas of China. 

Appendix

Fig. S1 could be found in the corresponding article at ht-
tp://egeoscien.neigae.ac.cn/article/2023/1.
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