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Abstract

Water and land resource utilization is an important driving force of changes in ecosystem
services; therefore, research on multi-parameter coupling systems that consider “ecosys-
tem services, water resources, and land resources” together has key significance for river
basins. This study aims to reveal the interaction and mutual influence of ecosystem services
and water and land resources in the Daguhe River Basin, China, based on the coupling
coordination degree model. The results showed that during the period from 2000 to 2010,
the coupling coordination degree values for the years 2000, 2005, and 2010 were 0.6005,
0.7292, and 0.8037. The corresponding coupling coordination classifications were catego-
rized as “primary coordinated development”, “intermediate coordinated development,” and
“well-coordinated development”, respectively. These results reflected the fact that the rela-
tionship between water and land resource utilization and the environment tends to evolve in
the direction of coordinated development (an improvement in one part corresponds to an
improvement in another part) with variation in water and land utilization types, and eventu-
ally pushes the whole resource, as well as ecological and environmental systems, from low
to high levels of coupling coordination degrees as observed in case of the Daguhe River
Basin, China. Our research provides an overview of the interaction between ecosystem ser-
vices and water and land resources in the Daguhe Basin and even in the Shandong Prov-
ince. With our results, we offer new perspectives on river basin management and for
planning future eco-environmental policies (the policy is specifically designed for the eco-
logical environment) by combining water and land resource utilization.

Introduction

The ecosystem services in a river basin comprise its environmental conditions that are main-
tained for human survival and development and that are utilized in several ways by its inhabi-
tants [1-3]. Ecosystem services are the foundation of human life and are closely related to
anthropogenic welfare [4, 5]. With the development of urbanization and the continuous
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growth of populations, the water and land demand of the society has greatly increased, thus
causing a degradation of water and land resources in river basins all around the world [6, 7].
Therefore, the contradiction between the well-being of the ecosystem and the utilization of
water and land resources is becoming increasingly prominent.

The water and land resource utilization is an important driving force in changes in any eco-
system service, considering that it accounts for much of the human activities, such as water
consumption and patterns of land use. The effects of water and land resource utilization in a
river basin ecosystem can be summarized in two ways: (i) firstly, in the form of an impact on
climate, soil, hydrology, and topography [4, 7, 8], (ii) secondly, through the change of eco-
environmental factors (the factors or indicators from environment) and landscape patterns,
which has a decisive influence on a regional ecosystem service [9]. In recent years, many
researchers have focused on ecological water demand [10, 11], management models for water
resources [12], spatial patterns of land use with regard to respect ecosystem services [13, 14],
etc., while only a few to few studies have combined ecosystem services with to and water- land
resources. Existing coupling relationship researches were only a simple correlation studies,
such as Rost et al (2008) [15] quantified surface and groundwater to assess the impact of water
resources on agricultural and non-agricultural terrestrial ecosystem services. Wang et al (2012)
[16] studied the coupling relationship between land use pattern and ecosystem service value by
simulating the structure of important ecological corridors. Guo (2016) [17] analyzed the effec-
tive relationship between water-land resources and ecosystem services, found different types
of water and land resources had different effects on ecosystem services. The authors didn’t
quantitatively calculate the coupling degree and coordination degree of coupling system for
“ecosystem services, water resources, and land resources”. Shi et al (2021) [18] analyzed the
effects of different future land use/land cover (LULC) scenarios on ecosystem services in the
Yili River Valley, China by simulating the land-use changes during 2020-2030.

Research that considers multi-parameter coupling systems by involving ecosystem services
and water and land resources together has key significance for studying ecosystem services in
river basins. Coupling systems specifically refer to the coupling of ecological niches with
changes taking place in space-time with limited water and land resources in river basins [19,
20]. The purpose of such coupling during studies is to ensure environmental development (the
exploitation and protection for environment) and sustainable utilization of these resources
and to ensure the maximization of ecological, social, and economic benefit. Research on such
coupling systems, where we pay equal attention to ecology and economy, can help meet the
goal of maximizing the ecological and economic benefits of land and minimizing the overall
water shortage in the basin, so as to realize the optimal allocation of water and land resources
in the river basin.

This study demonstrates coupling and coordination as a new perspective, where ecosystem
services, water resources, and land resources are taken as three parts. Some differences exist
between coupling and coordination, where coupling refers to the degree of interaction among
the three parts [8, 21] without regard for advantages and disadvantages, while coordination
shows the degree of coordination and reflects the benign coupling processes that take place
among the three parts [21, 22]. This paper particularly focuses on the degree of coordination
to analyze the coupling systems involving ecosystem services and water and land resources.
From the perspective of coordination, the degrees of coupling and coordination determine the
order and structure of the system in a critical region; however, they also help determine the
tendency of the system to go from a state of disorder to a more ordered state. The function of
the system, when combined quantitatively and qualitatively, can reflect the contribution of the
fluctuation and change of each part to the evolution of the whole system [17, 19, 23]. In this
paper, we attempt to investigate the interactions and the level of compatibility among the three
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parts outlined above using coupling coordination analysis in order to support a more coordi-
nated development of the river basin ecosystem.

Moreover, due to the complexity and the scale of the river basin ecosystem, traditional
methods of evaluation of the ecosystem services use case studies, which generally producing
results with a high degree of uncertainty or error in predictions [3, 4, 24]. Therefore, we have
referred to the transfer method described by a Chinese author named Gaodi Xie [25, 26], who
put forth the equivalent factor method of scale transformation for evaluation. The equivalent
factor method of ecosystem service evaluation combines the spatiotemporal variations in the
river basin, which can then be analyzed for scale effects that combine the different water and
land resources.

In this paper, we chose the Daguhe River Basin of Shandong Province in China as the study
site. The Daguhe River basin plays an irreplaceable role in providing water and diverse ecosys-
tems in the region. At present, research on the Daguhe River basin mainly focuses on ecologi-
cal mechanisms, including the nutrient-carrying capacity of the water resources [27], as well as
nitrogen and phosphate transport and transformation [28]. However, little research been con-
ducted on the interactions between ecosystem services and water and land resources, particu-
larly by incorporating effects on a spatiotemporal scale. Data from 2000 to 2010 was used to
analyze the coupling coordination of ecosystem services and water and land resources.

The objectives of this study were to (1) evaluate ecosystem service values using the equiva-
lent factor method; (2) calculate the matching coefficient of water and land resources; and (3)
measure the coupling coordination degree between ecosystem services and water and land
resource utilization. Our findings provide an overview of the interactional relationship
between ecosystem services, water and land resources in Daguhe and even in the Shandong
Province. These results will offer new perspectives for river basin management and for plan-
ning future eco-environmental policies that combine water and land resources.

Materials and methods
Study area and data

The study area is located in the province of Shandong (E120°03'-120°25', N36°10'-37°12/,
China) and is named “Mother River” in the Qingdao city. It has a mean annual temperature of
12.30°C and a mean annual rainfall of 685.30 mm [29]. The total area is 62.05x10* ha, and the
total length of main stems is 199 km. The Daguhe River basin includes seven trunk streams,
eight tributaries larger than 10,000 ha, and eight large and medium-sized reservoirs. Statistics
on the change in different land utilization types from the year 2000 to 2010 are shown in
Table 1 and Fig 1.

Coupling coordination degree evaluation index system, including three parts: water
resources, land resources, and ecosystem services, was employed in this study. Based on the
Millennium Ecosystem Assessment and double counting [2, 30, 31], six ecosystem services
included in this paper, which can be classified as provisioning, regulating, and cultural ser-
vices. Provisioning service was mainly referred to substance production. Regulating services
were referred to carbon sequestration, gas regulation, climate regulation, water purification.
Cultural service was mainly referred to leisure tourism. Based on the types of land utilization
and data sources, “land resources” refers to “land utilization”. Water resources mainly include
agricultural water consumption, industrial consumption, domestic water, ecological water uti-
lization, the total amount of water resources, water resources per unit area, the matching coef-
ficient of water and land resources. Land resources include cultivated land, forest land,
grassland, water-covered area, and urban and rural land.
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Table 1. Statistics on the change in different land utilization types over time (from aerial imagery and SPOTS5 satellite imagery).

Land utilization types Year 2000 Year 2005 Year 2010
Area (10* ha) Ratio (%) Area (10* ha) Ratio (%) Area (10* ha) Ratio (%)
Cultivated land 46.20 75.35 46.71 76.18 47.99 78.27
Forest land 1.59 2.60 1.59 2.60 3.63 5.92
Grassland 5.04 8.22 3.59 5.85 0.10 0.16
Water-covered area 1.93 3.14 2.59 4.23 2.26 3.68
Urban and rural construction land 6.38 10.41 6.81 11.10 6.55 10.69
Unused land 0.17 0.28 0.02 0.04 0.78 1.28
Total area 61.31 100.00 61.31 100.00 61.31 100.00

Data sources: The land use data were developed through remote sensing classification (from aerial imagery and SPOTS5 satellite imagery) and field validation

(classification accuracy: 93-95%).

https://doi.org/10.1371/journal.pone.0257123.t001

Data used and resources were presented in Table 2. In this paper, we also used the related
data on each districts the Daguhe River passed through for matching coefficient calculation,
respectively, especially for ecosystem service evaluation based on the equivalent factor method,
matching coefficient calculation of water and land resources, coupling coordination degree
measurement between ecosystem services and water and land resource utilization.

The linkages between the different methodological approaches included in this study can
be shown on Fig 2. The methods mainly including the equivalent factor method, matching
coefficient calculation model of water and land resources, the method for the contribution rate
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Fig 1. Distribution of land types over time.

https://doi.org/10.1371/journal.pone.0257123.9001
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Table 2. Data used and resources.
Three parts Data resources

Land resources | 1. The Land Resources and Planning Bureau of Qingdao

2. Remote sensing classification (from aerial imagery and SPOTS5 satellite imagery) and field
validation (classification accuracy: 93-95%) [32, 33]

Water resources | 1. Shandong provincial bureau of statistics
2. Qingdao municipal bureau of statistics

Ecosystem Mainly referred to field test, interview survey, and socio-economic data.
services Field test including vegetation, water quality, soil, etc.
Interview survey including travel expense survey.
Socio-economic data including the amount of population, tourist arrivals, etc.

https://doi.org/10.1371/journal.pone.0257123.t1002

of each part, AHP (analytic hierarchy process) method and Coupling coordination degree
measurements.

Ecosystem service calculation

We referred to the method described previously by Xie et al (2015) [25] that was originally
based on the work of Costanza (1997) [1] but had undergone some improvements; the net
profit from grain production per unit area of farmland ecosystem was taken as one standard
equivalent factor of the ecosystem service value. The grain yield value for farmland ecosystems
was mainly calculated based on the three main grain products: rice, wheat, and corn. A multi-
variable model for one standard equivalent factor of each ecosystem service value was used as
given in Eq 1:

D =S «F. + S *F, + S.xF. (1)

Where D refers to one standard equivalent factor of an ecosystem service value (RMB/hm?;
RMB is Chinese Yuan), and S,, S,,, and S, are percentages of the area planted with rice, wheat,
and corn in the total area planted with the three crops in each year (%). Furthermore, F,, F,,,
and F, are the average net profits per unit area of rice, wheat, and corn (RMB/ha). Data of this
part obtained from Shandong Statistical Yearbook. The years evaluated in this study are 2000,
2005, and 2010, respectively. We built the equivalent value per unit area of different types of
ecosystem services based on biomass (also called Net Primary Productivity, NPP) from remote
sensing data and meteorological data, combining experts’ experiences and other published
academic papers about ecosystem service evaluation. Biomass didn’t just reflect the capacity of
substance production, at the same time, also had an important impact on other services during
the process of the formation and accumulation for biomass (Xie et al., 2015) [25]. The specific
calculation processes are as follows: First, we got the referred and adjusted equivalent value per
unit area for each ecosystem services in Table 3. Second, we obtained one standard equivalent
factor of an ecosystem service value (D) based on Eq 1. Third, we used D values multiply the
related areas to calculate the ecosystem service values.

In socio-economic and geographical context, a positive effect of the income variable (GDP
per capita) indicated that most farmland ecosystems had higher values in years with higher
development levels [34]. Considering economic growth, the prices involved in ecosystem ser-
vices should be adjusted to one standard year to compare. In this paper, the average net profits
per unit area of rice, wheat, and corn (RMB/ha) need to be adjusted. In this way, we could only
consider the changes of land area and ecological indicators resulting in the changes of the final
ecosystem services in different years. The values of D in different years were all adjusted to the
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Fig 2. The flow chart shows the linkages between the different methodological approaches.

https://doi.org/10.1371/journal.pone.0257123.g002

year 2010 using Eq 2 [4, 26].

Where D, is one standard equivalent factor of the ecosystem service value after adjustment
by GDP; X is the average GDP of the Shandong Province, China in 2010; x; is the average GDP
of the Shandong Province, China in the original year evaluated (2000-2009); D; is one stan-
dard equivalent factor of the ecosystem service value before adjustment by GDP in the original

year evaluated (2000-2009).

Table 3. The equivalent value per unit area for various ecosystem services.

Ecosystem classification Providing services Regulating services

Substance production | Carbon sequestration | Gas regulation | Climate regulation | Water purification

Cultivated land 0.68
Forest land 0.42
Grassland 0.29
Water-covered area 1.03
Urban and rural construction land 0.00
Unused land 0.00

https://doi.org/10.1371/journal.pone.0257123.t003

0.52 0.89 0.47
2.32 191 5.71
1.47 1.21 3.19
0.93 0.77 2.29
0.00 0.00 0.00
0.02 0.02 0.00

0.14
1.67
1.05
5.55
0.00
0.10

Cultural services

Leisure tourism

0.08
0.93
0.59
1.89
0.00
0.01

PLOS ONE | https://doi.org/10.1371/journal.pone.0257123  September 10, 2021

6/18


https://doi.org/10.1371/journal.pone.0257123.g002
https://doi.org/10.1371/journal.pone.0257123.t003
https://doi.org/10.1371/journal.pone.0257123

PLOS ONE

Coupling coordination relationship between ecosystem services and water - land resources

Calculation for water-land matching coefficient

Referring to the present literatures [17, 35], we found that the matching coefficient of water and
land resources mostly based on agricultural water and land. We used the available water resources
quantity per unit area of cultivated land to calculate the matching coefficients of water and land
resources. We used the Daguhe River basin as a unit instance to calculate the matching levels of
the agricultural water resources quantity and cultivated land areas. Therefore, the final model to
calculate the matching coefficients of water and land resources was as follows:

R=>Wxa/> L (3)

Where R’ is the matching coefficient for water and land resources (10* m*/ha); W, is the
total available water resources quantity in the Daguhe River basin (10° m?), af is the ratio of
agricultural water resources quantity with respect to the total water quantity in the basin; L, is
the area of cultivated land in the basin (10* ha).

The evaluation set of matching degrees for water and land resources is a collection of four
grades. According to the values of R?, water and land resources matching degrees are divided
into four grades: Grade |—better matching level, Il—good matching level, lll—poor matching
level, IV—very bad matching level; these correspond to R values of “R>0.55”, “0.40<R<0.55,
“0.25<R<0.40”, “R<0.25”, respectively [19].

Meanwhile, we also used the related data on each district the Daguhe River passed through
for matching coefficient calculation, respectively.

Calculation for the contribution rate

The order parameter of three parts being considered in this paper, i.e., ecosystem services,
water resources, and land resources, is denoted by U; (i = 1, 2, 3). It indicates the contribution
rate of each order parameter (each part) to the total system. The following formula was used to
calculate U;:

U =) 2 xx; (4)

Where A is the weight for the jth indicator of the ith order parameter, x;(j = 1, 2,.. ., n) is
the efficacy function after standardizing for the jth indicator (impact factor) of the ith order
parameter; x’; is the order efficiency coefficient of the coupling system involving water and
land resources and ecosystem services; x’;;€(0, 1), where x’;; represents the efficacy contribu-
tion values from x;; to the coupling system. It further reflects the satisfaction degree of each
impact factor to reach the target.

Moving on, U;, U,, and U; are contribution values of each part to the total system order.
We then calculated the value of x’;; by using Eqs (5) and (6).

X — min(xij)

)

X . =
Y max(x,.j) — min(xij)

(the positive indicator) (5)

, max(x;) — x;

Yi T max(x;) — min(x;)

(the negative indicator) (6)

Where positive and negative indicators in Eqgs (5) and (6), respectively, indicate that the
larger the x’; values, the better was the positive indicator, meanwhile, negative indicators indi-
cate that the smaller the x’; values, the better was the negative indicator. The matching coeffi-
cients (R) were included in U, in this paper.
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Analytic hierarchy process method

A;jin Eq (4) was mainly calculated by combining AHP (analytic hierarchy process). The AHP
method includes three steps [36, 37]. The first step is to establish a hierarchical model: we used
17 scores, from 1 to 9, plus their reciprocal values. The minimum value, 1/9, represented the
lowest relative influence, while the highest value, a score of 9, represented the highest relative
significance for stakeholders’ preferences for ecosystem services. In the next step, we evaluated
the consistency of the ratings, which was done by calculating the consistency index (CI) and
the consistency ratio (CR). The consistency index is defined by the equation: CI = %, CR=
CI/RI, where A, is the largest eigenvalue of a preference matrix and # is the number of
parameters [38-40]. RI values have been tabulated by Saaty (1997) [36] as a function of n. Con-
sistency ratios higher than 0.1 suggest untrustworthy judgments, indicating that the compari-
sons and scores should be revised. A,,,.x = Z[(AW;)/nW;], W; represents the eigenvector. We
can calculate the weight of all factors at each level and ranking after the consistency check.
Finally, we can make decisions according to the results of the rankings.

Coupling coordination calculation for ecosystem services and water—land
resources

Based on the concept of capacitance coupling and capacitance coupling coefficient model in
physics, a coupling model including three parts has been established: water resources, land
resources, and ecosystem services. It includes efficacy function, order parameter contribution,
and coupling degree analysis. Finally, the coupling coordination degree can be calculated by
the following formula:

U xU,...Uu, "
2 Imy i=1,2,3,...,m 7
(U, + U,) } @)

C=m{
Where C is the coupling degree of the system, C&(0, 1); m is the number of three parts,
where m = 3 in this study. U; and U; mean any two among “U;, U,, Us”.
We introduced the coordination degree to quantitatively calculate the coupling degree of
the three parts. We established coupling coordination degree function by using Eqs (8) and
9):

De = (Cx T)" (8)

T=axU+pxU,+yxU, (9)

Where De is the coupling coordination degree; T is the comprehensive coordination index
of the three parts; o, B, and y are the undetermined coefficients of each part’s contribution.
The comprehensive coordination index could reflect the overall coordination effect of water
and land resources and the ecosystem services in the river basin. Based on previous research
by scholars [17, 34, 41], we considered a = 0.35, B = 0.35, y = 0.30 in this study.

According to the values of De, the classification of coupling coordination degree includes
six aspects (Table 4).

In this paper, C refers to the coupling of ecological niches with changes taking place in
space-time with limited water and land resources in river basins, reflecting the degree of inter-
connectedness and dependence between ecosystem services and water-land resources. De
refers to the degree of benign coupling in interaction of the three parts (ecosystem services,
water resources, land resources). we constructed the coupling coordination function to reflect
the overall coordination effect of ecosystem services, water resources and land resources.
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Table 4. Classification of coupling coordination degree.

Level Classifications of coupling coordination degree The range of De values
| High-quality coordinated development 0.90<De<1.00
Il Well-coordinated development 0.80<De<0.90
1l Intermediate coordinated development 0.70<De<0.80
v Primary coordinated development 0.60<De<0.70
\ Barely coordinated development 0.50<De<0.60
\A Threatened recession De<0.50

Data sources: Comprehensive references to the existing results from Lv et al (2013).

https://doi.org/10.1371/journal.pone.0257123.t1004

Results
Ecosystem service values evaluated by the equivalent factor method

According to the data in Table 2 and land areas for each type, we can calculate the equivalent
values of each ecosystem service for different years. Based on the data thus acquired on land
utilization and from the Shandong province statistical yearbooks for the years 2000, 2005, and
2010, Eqs (1) and (2) from Section 2.1 were combined, and the D (one standard equivalent fac-
tor of ecosystem service) values for each year: 2000, 2005, and 2010, were calculated to be
283708.71, 353202.26, and 382264.47 RMB/ha, respectively. We could finally calculate the total
economic values of different ecosystem services for the different years (Table 5). There was an
increase of approximately 32.55% over the period between 2000 and 2010. This increase was
primarily because of an increase in cultivated land, forest land, and water-covered area, which
increased from 75.35% to 78.27%, 2.60% to 5.92%, 3.14% to 3.68%, respectively over this time
period. The ecosystem services of substance production, carbon sequestration, gas regulation,
etc. can especially be increased for cultivated and forest land [42].

When compared the periods of 2000-2005 and 2005-2010, to find out that the total values
of ecosystem services increased approximately by 22.00% and 8.64%. Due to additions in culti-
vated land and water-covered area, the values for 2000-2005 showed a larger increase than
those for 2005-2010. On specific analysis of each ecosystem service, we observed that sub-
stance production, carbon sequestration, gas regulation, and climate regulation had faster
growth in 2000-2005 than in 2005-2010.

Meanwhile, the economic values of different ecosystem services for eight regions in 2000,
2005, 2010 were shown on S1-S3 Tables.

Matching coefficient calculation of water and land resources

We calculated the matching coefficient of water and land resources by taking into account the
average quantity of water used in agriculture over the years and the area of cultivated land in

Table 5. The total economic values of different ecosystem services for different years (Chinese Yuan: RMB).

Years Substance production Carbon sequestration Gas regulation Climate regulation Water purification Leisure tourism Total
2000 1.01%107 1.05*107 1.47*107 1.46*107 0.18*10’ 0.33*107 5.50°107
Ratio 18.33% 19.05% 26.70% 26.50% 3.34% 6.08% 100.00%
2005 1.28*107 1.26°107 1.80*107 1.71*107 0.23*107 0.43*107 6.7110
Ratio 19.02% 18.78% 26.82% 25.50% 3.44% 6.44% 100.00%
2010 1.40*107 1.36°107 1.97°107 1.86*107 0.26*107 0.44*107 7.29°107
Ratio 19.15% 18.68% 27.02% 25.57% 3.53% 6.05% 100.00%

https://doi.org/10.1371/journal.pone.0257123.t005

PLOS ONE | https://doi.org/10.1371/journal.pone.0257123  September 10, 2021 9/18


https://doi.org/10.1371/journal.pone.0257123.t004
https://doi.org/10.1371/journal.pone.0257123.t005
https://doi.org/10.1371/journal.pone.0257123

PLOS ONE

Coupling coordination relationship between ecosystem services and water - land resources

<L
20T %5
\ X2 0‘0‘0“ /A R L
S eateese! e
P ]
9% o
QRN RRRLILIN
IRRIRRIGKSER D RRRIRIRERN
seatees RIS
(SRR, essiesteesly
oot PR
QI 9

Legend

? Poor mathching level
2 g
[ Good mathching level

Better mathching level

Very bad matching level
Y777 Poor mathehing level
[ Good mathching level
FEE5E  Better mathching level

Very bad matching level
7777) Poor mathehing level
[ Good mathching level
(8255 Better mathching level

Fig 3. The matching levels of different space districts in different years.

https://doi.org/10.1371/journal.pone.0257123.9003

related years for the Daguhe River Basin; this information was then combined to calculate the
matching coefficient calculation model. The matching degrees of water and land resources
were spatiotemporally analyzed. Matching coefficient calculation for time was done by includ-
ing the years 2000, 2005 and 2010. Matching coefficient calculation for space covered eight dif-
ferent districts that the Daguhe River passes through, including Zhaoyuan, Pingdu, Laixi,
Jimo, Chengyang, Jiaozhou, Gaomi, and Xihai’an.
The matching coefficient results for water and land resources in each district are shown in
Fig 3. Based on the R values, different time and space presented a different matching degree.
The R values for the years, 2000, 2005, and 2010, were 0.43, 0.61, and 0.53, respectively. The R
values might go up and then down with the total available water resources and the ratio of agri-
cultural water resources both go up and then down for the years, 2000, 2005, and 2010. These
results indicated that the water and land resources fell in level |l (good matching level), level |
(better matching level), and level Il (good matching level). A comparison of (a), (b), and (c) in
Fig 3 revealed that the R values (the matching coefficient for water and land resources) in the
year 2005 was relatively higher than in the years 2000 and 2010. There were three districts in
level | (better matching level), three districts in level Il (good matching level), two districts in
level Il (poor matching level), and no district lied in level IV (very bad matching level).
Moreover, the levels of space matching in different years can also be seen. Most districts
had different matching levels in different years, except for Pingdu district that lied in level Il
(good matching level) in all years and the Jiaozhou district that lied in level | (better matching
level) in the three years. The water and land resource matching levels of Zhaoyuan district
were in Il (good matching level) in the years 2000 and 2005 and in level lll (poor matching
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Table 6. Weight of the evaluation indexes.

level) in the year 2010. The matching levels of Laixi district were in level | (better matching
level) in 2000 and 2005 and in level Il (good matching level) in 2010. The matching levels of
Xihai’an district were in level Il (poor matching level) in 2000 and 2005 and in level IV (very
bad matching level) in 2010.

The matching levels of Zhaoyuan, Laixi, and Xihai’an declined with time. However, the lev-
els for the other three districts, Jimo, Chengyang, and Gaomi, increased with time. The match-
ing levels of Jimo lied in level Il (good matching level) in 2000 and in level | (better matching
level) in 2005 and 2010. The Chengyang district had level Il (poor matching level) in 2000,
and level Il (good matching level) in 2005 and 2010, while the Gaomi district had level IV (very
bad matching level) in 2000 and level Il (poor matching level) in 2005 and 2010.

The contribution rate of each indicators of three parts

Based on the calculation of ecosystem service values and the water and land resource matching
levels, Equs of (4)-(9) were combined so we could measure the coupling coordination degree
among the three parts. Moreover, by using Eqs (5) and (6), we standardized the data on ecosys-
tem services and land and water resources. Evaluation index weights (A;) in Eq (4) were then
calculated by combining AHP (analytic hierarchy process) [43, 44]; their values are given in
Table 6.

In the “ecosystem service” part, among all six indexes, gas regulation and climate regulation
accounted for the largest weight as compared to all other indexes. The weights of these two
indexes were 0.2702 and 0.2557, while the other four indexes had weights lesser than 0.2000.
Water purification carried the smallest weight in the overall part, i.e., 0.0353. In the “Water
resource” part, the total amount of water resource accounted for the largest weight of 0.2931,
followed by the matching coefficient of water and land resources (0.2398), the ratio of

Three parts Index names Index codes Index types Weights

Ecosystem service (1.0000) Substance production X1 + 0.1915
Carbon sequestration X2 + 0.1868

Gas regulation X3 + 0.2702

Climate regulation X4 + 0.2557

Water purification X5 + 0.0353

Leisure tourism X6 + 0.0605

Water resource (1.0000) Total amount of water resource X7 + 0.2931
Water resources per unit area X8 + 0.1620

The matching coefficient of water and land resources X9 + 0.2398

The ratio of agricultural water consumption X10 - 0.1963

The ratio of industrial consumption X11 - 0.0622

The ratio of domestic water X12 - 0.1072

The ratio of ecological water utilization X13 - 0.0094

Land resource (1.0000) The ratio of cultivated land X14 + 0.2402
The ratio of forest land X15 + 0.2065

The ratio of grassland X16 + 0.1728

The ratio of water-covered area X17 + 0.2204

The ratio of urban and rural land X18 - 0.1601

Note: these indexes are also called x;;, “+”, “—” represent the positive and negative indicators, respectively, in the coupling coordination system. Their efficacy functions

are based on Eqs (5) and (6).

https://doi.org/10.1371/journal.pone.0257123.t006
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agricultural water consumption (0.1963), and the ratio of domestic water (0.1072). The ratios
of industrial consumption and of ecological water utilization accounted for relatively smaller
weights that were only 0.0622 and 0.0094. In the “land resource” part, the ratios of cultivated
land, water-covered area, forest land, grassland, and urban and rural land carried weights of
0.2402, 0.2204, 0.2065, 0.1728, and 0.1601, respectively.

Coupling coordination degree measurement between ecosystem services
and water and land resource utilization

According to these results, by combining the values of the order parameter of each part (U,
U,, Us), we can calculate the coupling degree (C) and the coupling coordination degree of the
system (De) (Table 7). The values of C for years, 2000, 2005, and 2010, were 0.8542, 0.9037,
and 0.8960. The values of De for years, 2000, 2005, and 2010, were 0.6005, 0.7292, and 0.8037,
respectively. The coupling coordination classifications for these three years were “primary
coordinated development”, “intermediate coordinated development,” and “well-coordinated
development”.

Moving on, we can further calculate the coupling coordination results of ecosystem services
and water and land resource utilization for different spatial districts (Fig 4).

The coupling coordination degree values of all spatial districts presented an increasing
trend of the levels with time, i.e., more and more spatial districts were present in “well-coordi-
nated development” status (two in 2000, three in 2005, and four in 2010), while lesser spatial
districts were present in “threatened recession” status (two in 2000, one in 2005 and 2010)
each. Furthermore, the value of De in 2010 was higher than that in 2005.

Discussion

In this paper, we used coupling coordination degree to quantitatively evaluate the Daguhe
River basin from the year 2000 to 2010. We performed a combined analysis of the spatiotem-
poral coupling coordination degree to promote method innovation and breakthroughs in cou-
pling coordination theories. Our research is a vital step in developing a multi-scale explanatory
framework to relate ecosystem services with water and land resource utilization. What we
actually contributing are: we offer new perspectives on river basin management and for plan-
ning future eco-environmental policies (the policy is specifically designed for the ecological
environment) by combining water and land resource utilization.

Analysis of spatiotemporal coupling coordination degree

From the perspective of the total coupling of a system, the coupling coordination degree pres-
ents better status of a system with respect to time. This reflects the fact that the relationship
between water and land resource utilization and the environment evolves in the direction of
coordinate development and eventually pushes the whole resource and ecological system from

Table 7. Coupling coordination results for different years.

Years U, U, U, C De Coupling coordination classification
2000 0.5013 0.5017 0.3025 0.8542 0.6005 Primary coordinated development

2005 0.5440 0.6543 0.5271 0.9037 0.7292 Intermediate coordinated development
2010 0.6306 0.7428 0.7219 0.8960 0.8037 Well-coordinated development

Note: U}, U,, and Us represent the order parameter of each part: ecosystem services, land resources, and water resources, respectively. These were calculated using Eq

(4). Here, C represents the coupling degree and De represents the coupling coordination degree of the system.

https://doi.org/10.1371/journal.pone.0257123.t007
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Fig 4. Coupling coordination results for the ecosystem services and water and land resource utilization for different spatial districts.

https://doi.org/10.1371/journal.pone.0257123.9g004

low to high levels of coordination [45-48]. The emergence of the above phenomenon resulted
from recent ecological restoration and policies for Daguhe River Basin, such as decision-sup-
port system established for flood control [49]; exploration and innovation of ecological gover-
nance models involved in theories of “water security, water resources, water environment,
water ecology, water culture” [50, 51]; much attention be paid to surface water and groundwa-
ter by using numerical simulation models combining analysis of ecological carrying capacity
[52] in Daguhe River Basin.

According to the analysis of spatial districts in different years, the ecosystem service and
coupling coordination degree values showed increasing trends, along with the matching coeffi-
cient of water and land resources, followed by a slow decrease. The overall degree of coupling
coordination for the three parts analyzed here: ecosystem service, water resources, and land
resources, was not only related to the matching coefficient of water and land resources, but
also to the ecosystem service values [53, 54]. Based on the classifications for land type, culti-
vated land and forest land increased from the year 2000 to 2010; therefore, many ecosystem
service values contributed by them, such as carbon sequestration, substance production, etc.,
also increased [14, 55-57]. Considering the different results for each spatial district, we com-
bined the water and land resources to clarify these differences. Most water-covered areas were
distributed in Jiaozhou, Jimo, and Laixi, and thus, the coupling coordination degrees of these
three districts were higher than those for others.

In corroboration of our findings, Lv et al (2013) [19] and Vollmer et al (2018) [58] also
pointed out that the distribution of water-covered areas had obvious relativity between cou-
pling coordination systems involving the ecosystem and water resources. However, lesser
water-covered areas were present in Xihai’an and Gaomi districts, therefore, their coupling
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coordination degrees were also lesser than others, especially the Gaomi district always lied in
the “threatened recession” status. In addition, the matching coefficient of water and land
resources in Gaomi district were present in level IV (very bad matching level) in 2000 and in
level Il (poor matching level) in 2005 and 2010, which indicated that cultivated land and agri-
cultural water consumption were essential for local water and land resources, which can fur-
ther affect the function of ecosystem services [59].

Comparisons with other similar studies

In recent years, two similar studies had representativeness from the authors of Lv (2013) [19]
and Guo (2016) [17]. Lv calculated the coupling degree and coordination degree of the system
for “ecological environment assessment, water resources, and land resources”. Guo analyzed
the effective relationship between water-land resources and ecosystem services, but she didn’t
calculate the coupling degree and coordination degree of coupling system for “ecosystem ser-
vices, water resources, and land resources”. This paper combined the above two studies, dem-
onstrated “coupling and coordination” as a new perspective, where “ecosystem services, water
resources, and land resources” were taken as three parts. In recent researches, there are also
some other studies such as Xu et al (2020) [45] combining water-land use efficiency with eco-
nomic development together to achieve the sustainable utilization of water-land resources and
the sustainable development of the economy. It can be seen that human beings are paying
more and more attention on the relationship between water-land resources and the environ-
ment as well as the development of the whole city.

Therefore, what’s new and interesting about this paper is we regarded three parts of “eco-
system services, water resources, land resources” as a whole, successively by ecosystem services
evaluation, calculation for water-land matching coefficient, Coupling coordination calculation
for ecosystem services and water—land resources, then further comprehensively understand-
ing the eco-environmental status of the overall or each spatial districts for the Daguhe river
basin. Meanwhile, it will bring up a new question about whether our findings apply to other
similar river basin; especially experience the same type of land conversion with this paper.
From our study, we knew the ecosystem service values (per unit) of forest land were signifi-
cantly higher than grassland, which was the main driver for the coupling coordination degree
values increasing. More specifically, variations of water—land resources types result in varia-
tions of ecosystem services values, further lead to variations of the whole coupling coordina-
tion degree. Therefore, we would expect different results for types of other basins owned other
variations of water—land resources types.

Nevertheless, there is still space for further improvements in the modeling establishment
due to the limited data (three time nodes of 2000, 2005 and 2010) and incomplete store of
some related professional knowledge in this research. Firstly, indicators selection in the three
subsystems of “ecosystem services, water sources, and land sources” can be improved through
some theoretical analysis rather than subjective selection. For example, a driving force analysis
could be used to explore some key factors influencing the “ecosystem services—water sources
—land sources” systems, which will produce a more reliable result in the future study. More
indicators, such as degree of land use (comprehensive index of land use degree), land use bene-
fits (gross agricultural output value per capita; grain output per capita) in subsystem of “land
sources”, utilization rate of water resources in subsystem of “water sources”, are suggested to
be considered in the system of evaluation indexes (Table 6 in this paper). Secondly, the contri-
bution coefficients o, f and A in the coupling coordination degree function by the formula 9 in
this research are usually defined according to the previous researches and some related profes-
sional knowledge, which may lead to the uncertainty and distortion in the final evaluation
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results due to subjectivity. Therefore, a new calculation and definition of the contribution coef-
ficients obtained by using the synergy theory can be considered in future studies [60, 61].
Thirdly, the ecosystem services valuation could be overestimated in our study. Generally, the
ecosystem service valuations are long-term/equilibrium valuations, whereas the changes in
this study are relatively short-term. For example, the forested area doubled in the last 5 years
of the study. A 5-year-old forest doesn’t have the same effects on carbon sequestration, water
purification, etc. as of a mature forest [1, 25, 26]. It will be a new direction to calculate the accu-
rate ecosystem service values based on different forest ages and types in future studies. Lastly,
there is evidence that the indicators or factors and their dynamic coupling processes in other
coupling systems such as the coupling coordination between urbanization and eco-environ-
ment have spatial interaction [62, 63]. Thus, the process of modeling establishment could take
some other social factors into consideration to generate a more accurate and scientific evalua-
tion result of ecosystem services-water sources—land sources function.

Conclusion

In this paper, the ecosystem service values increased by approximately 32.55% from 2000 to
2010, revealing that the variation in land types was the main driving force of ecosystem ser-
vices. According to the coupling coordination degree values and the matching coefficient of
water—land resources, we could further comprehensively understand the eco-environmental
status of each spatial district for the Daguhe river basin. We should pay more attention on pro-
tection measurements for the districts owned higher values, and pay more attention on eco-
logical restoration to improve the function for the districts owned smaller values.

Last but not least, the final coupling coordination degree values for the years, 2000, 2005,
and 2010, were 0.6005, 0.7292, and 0.8037, which reflect the fact that the relationship between
water—land resources and ecosystems tends toward evolving in the direction of coordinate
development with variation in water—land resources types. Drivers behind these changes may
were variations of water—land resources types, further may result in variations of ecosystem
services values. It could offer new perspectives on planning future eco-environmental policies
for river basin mangers and researchers.
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