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Abstract: The concept of land use functions (LUFs) has been widely employed to study and manage
sustainable development. However, its employment is barely based on actual land uses. Difficulties in
the accessibility of data and comparability of results also hinder the wide application of contemporary
LUF frameworks on sustainability analysis. To fill these gaps, this study improves the LUF framework
in which the monetary value of economic, social, and environmental LUF is evaluated using land use
data. This framework is then used to examine how different LUFs relate to each other in Shandong,
China. Results show that, at the township level, monetary values of economic and social functions
are positively correlated, but are both negatively correlated with environmental function. All three
functions grew between 2009 and 2018 in Shandong. Results also suggest that a focus on quantitative
trade-offs of these three LUFs is insufficient; rather, their spatial balance also requires attention.

Keywords: land use functions; monetary valuation; sustainable development; China

1. Introduction

Since the publication of the influential Brundtland Report in 1987, academic engage-
ment with sustainable development has rapidly proliferated over the past decades. This
proliferation is particularly observed after the proposition of 17 sustainable development
goals in the United Nations’” 2030 Agenda for Sustainable Development, released in 2015 [1].
As one of the major drivers for environmental changes and carriers of economic, social, and
environmental functions [2], land use is crucial in the increasingly important sustainable de-
velopment management. However, land use itself is not a sufficient indicator to understand
in an integral way the economic, social, and environmental functional changes in a certain
region [3], not to mention the assessment and management of sustainable development.
A critical issue is that different land uses can provide various kinds and quantities of eco-
nomic, social, and environmental functions, which is pivotal to assessing the contributions
of different land uses to the wellbeing of residents. The land use function framework which
links the economic, social, and environmental functions with land use directly was raised to
solve this problem. Land use functions (LUFs) refer to the goods and services provided by
various land uses to satisfy people’s economic, social, and environmental demands [3]. The
goods and services can be identified and assessed based on land use and statistical data,
with the consideration that different land uses have heterogenous types and intensities of
functions. Related studies have emerged in recent years and become one of the frontiers in
land system science [4-6].

Although the concept of LUF is similar with ecosystem services and landscape func-
tions to some extent, they still differ from each other both in definitions and applications.
Since the pathbreaking work of Costanza et al. [7], ecosystem services have gradually
become one of the most important research fields in environmental management. In related

Land 2023, 12, 222. https:/ /doi.org/10.3390/land 12010222

https:/ /www.mdpi.com/journal /land


https://doi.org/10.3390/land12010222
https://doi.org/10.3390/land12010222
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/land
https://www.mdpi.com
https://orcid.org/0000-0002-8605-3191
https://orcid.org/0000-0002-3568-4882
https://doi.org/10.3390/land12010222
https://www.mdpi.com/journal/land
https://www.mdpi.com/article/10.3390/land12010222?type=check_update&version=2

Land 2023, 12, 222

20f19

studies, the ecosystem services are often divided into four categories, i.e., provisional, regu-
lating, supporting, and cultural services [7,8]. Landscape functions have a definition close
to ecosystem services but differ on the emphasis on the composite nature of landscapes
and stresses the provision of multiple ecosystem services within a certain landscape [9-11].
Either ecosystem services or landscape functions mainly focus on goods and services pro-
vided by natural or semi-natural land uses, with little considerations on urban regions
or artificial landscapes [12,13]. Comparatively, rooted in agricultural multifunctionality
research, LUF stresses different dimensions of functions including both socioeconomic and
environmental aspects that every kind of land use may generate, and usually concentrates
on the functional changes with dynamic land uses [3,14]. These emphases of LUF are tightly
related with the two main premises of LUF framework: first, it regards land use and its
changes as one of the major pressures of sustainability; and second, it believes that only by
considering economic, social, and environmental issues equally can we achieve sustainable
development [15]. Therefore, the LUF framework is more suitable for investigating sus-
tainability issues than frameworks of ecosystem services and landscape functions, which
apparently lay more emphasis on ecological elements.

Land use multifunctionality is one of the most important terms in the LUF framework,
and can help understand and achieve sustainable development. Multifunctionality indi-
cates the diversity and abundance of various functions. It can be identified at different
spatial scales such as region-, landscape-, or grid-level [16,17]. Some scholars regard mul-
tifunctionality as the aggregative result of several diverse monofunctional units at lower
scales [11], but actually even a certain type of land use or landscape can have multiple
functions [18]. For example, agricultural lands could not only provide agricultural goods
but also various other kinds of outputs including jobs provision, wildlife protection, and
rural landscape preservation etc. [19]. Hence, different functions of the three pillars i.e.,
economic, social, and environmental dimensions of sustainable development could be
adequately identified on every specific land use, facilitating clearer analysis of their trade-
offs [3]. Therefore, land use multifunctionality is thought of as one of the feasible means to
increasing sustainability and achieving sustainable development [20].

However, there are still several obstacles for sufficiently applying an LUF framework
on sustainable development management. First, although the LUF tends to explicitly
connect actual land uses with functions spatially [15], most studies on multifunctionality
deviate from the scale of land use but are conducted at much more macro-level units [21],
such as the whole nation, province, prefecture-level city, and county scales [14,22]. This
phenomenon raises a problematic issue that the evaluation of LUFs in most studies is
based on socioeconomic statistical data and limited to the administrative regions. For
example, many studies take the gross agricultural outputs of the study area (i.e., counties,
cities, and provinces etc.) or its variants as the critical indicator, when assessing the
agricultural production function regardless of the quantities and distribution of related
land uses [14,23]. This processing method actually disconnects the functions with the
land use premises, which weakens the strengths of the LUF framework. The land use
functions are thereby degraded to regional functions. Second, methods of quantification
on LUFs in existing studies are usually indicator-based [21,24,25]. Unfortunately, there
are no widely acknowledged and used indicator systems yet, neither on the selection of
indicators nor on the weight setting of the indicators aspect. Indicator systems are usually
created for specific regions, thereby neglecting the heterogenous development stages and
realities of different places, which determines that most indicator systems cannot be easily
transplanted among different study areas. Furthermore, indicator-based evaluation of
LUFs tends to quantify functions in the form of standardized results [11,26,27], making
research based on different study cases difficult to be compared with each other. This
defect will impede our understandings on sustainable development and its management.
Third, most current studies focusing on land use multifunctionality assessment are actually
based on “land cover” rather than “land use” data [21,28]. The land cover which is usually
originated from remote sensing not always reflects people’s actual intention to use the land,
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possibly misguiding the identification of functions on different land parcels [29]. Even
though land cover data could be converted to land use maps supplemented by observations
or inferred from landscape structure in some circumstances, it is still inadequate to equate
the identification results with land use data from census neither on the accuracy nor on the
classification details [30,31]. The disregard for how people exploit land cover in reality will
cause harm to land use functions and sustainability management.

To address the gaps mentioned above, this study will stress the importance of land
use in land use function analysis, and establish a method of quantifying and mapping land
use functional values that can support temporal and spatial comparisons. The method
is then applied on Shandong Province in China as a case study. In recent years, the
Chinese government has proposed ecological civilization construction strategy that stresses
the importance of environmental protection. In addition, “production-living-ecology”
framework is established in China for regional land planning, which roughly correspond
with the three pillars of sustainable development [32]. Given this background, Shandong
Province in China is selected as the case study due to its rapid urbanization and various
conflicts between humans and the environment.

The rest of this paper is organized as follows. Section 2 introduces the framework
for valuation on the land use multifunctionality. Section 3 presents the detailed procedure
of calculation and analysis methods. Results of the study, including evaluation results
of LUFs, typological analysis of townships, and factors influencing land use functional
values are provided in Section 4. In the final section, conclusions and policy implications
are provided.

2. Framework for Valuing Multifunctionality

As mentioned above, land uses are often changed to meet people’s various and dy-
namic needs [20,33]. For example, cultivated lands provide people with food whereas
construction lands can meet residence, transport, and employment demands. Meanwhile,
the establishment of natural reserves is intended for protecting the basic environment
for human survival. Human needs are definitely diversified, but early research tends to
focus on the supply of eco-services from land use [34]. Scholars, especially ecologists,
stress the unintended consequences of land use on global or regional environment to in-
crease the public awareness on the importance of environment protection [2]. With the
emerging discussions on sustainable development and its widely acknowledged three
pillars, the assessment of economic and social functions of land use are similarly increasing.
To evaluate the multifunctionality of land uses, we must first identify human needs and
respective LUFs. In the Sustainability Impact Assessment: Tools for Environmental, Social
and Economic Effects of Multifunctional Land Use in European Regions (SENSOR) project,
nine LUFs were identified and then classified into three dimensions i.e., social (provision of
work, human health and recreation, and cultural), economical (residential and land inde-
pendent production, land based production, and transport), and environmental (provision
of abiotic resources, support and provision of biotic resources, and maintenance of ecosys-
tem processes), which is in line with connotations of sustainable development [3]. This
classification denies the previous opposition between human needs and ecology protection,
and regards the environmental functions of land use as the basis of human survival [23,35].
Thus, considering that nature preservation also aims to meet human needs, the “trade-off”
should be made (in other words, conflicts happen) among the three pillars of sustainable
development and more specific functions, rather than between human needs, realization,
and environment protection [36].

As to the specific settings of quantitation on LUFs, in response to the three flaws
described in the previous section, several improvements are made in this study. First,
the tendency of disconnection between LUFs and actual land uses in existing studies is
tackled by explicitly linking them with each other. As mentioned in the previous section,
the actual land uses are the physical carriers of LUFs, which indicates that every LUF has
to correspond to at least one type of land use. This corresponding relation will at least have
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two aspects of meanings: on the one hand, the linkage between LUF and land use gives
various functions geographical information, enhancing our understandings on spatial char-
acteristics of LUFs; on the other hand, by locating LUFs on specific land uses, the intensity
of functions on different types and locations of land use that is critical for multifunctionality
assessment and policy making can be identified and quantified. Therefore, as shown in
Table 1, this study recognizes 10 LUFs (i.e., agricultural production, manufacturing and
construction production, commercial and service production, transport for production,
transport for living, residential, life services, provision of work, ecosystem cultural, and
ecosystem regulating and supporting) and classifies them into three dimensions, namely;,
economic, social, and environmental aspects. Every LUF corresponds with one or several
kinds of land use.

Table 1. LUFs and corresponding land uses in the second national land use survey of China.

Dimensions Land Use Functions Correspondent Land Uses
Irrigable land, dryland, paddy field, fruit
Farming production orchard, tea orchard, other orchard, facility
Agricultural production agricultural land
Forestry production Forest land, shrub land, other woodland
Husbandry production Natural pasturg, artificial pasture, facility
agricultural land
Economic Fi . Lake, river, pond, reservoir, facility
ishery production -
agricultural land
Manufacturing and construction production Mining land, cities, towns, villages
Commercial and service production Cities, towns, villages
Railway land, airport land, road land, pipeline
Transport for production transportation land, harbor and wharf land,
rural road land
Residential Cities, towns, villages
Publi . Cities, towns, villages, scenic and other special
) . ublic services
Life services use land
Commercial life services Cities, towns, villages
Provision of work in ..
.. Cities, towns
Provision of work urban area
.. . Villages, irrigable land, dryland, paddy field,
Provision of work in fruit ofchard, ft’rea orchard, oi,her orfhard},’facility
rural area .
. agricultural land
Social .. Railway land, airport land, road land, harbor
Transport for living and wharf land, rural road land
Irrigable land, dryland, paddy field, fruit
orchard, tea orchard, other orchard, natural
pasture, artificial pasture, other grassland, forest
Ecosystem cultural land, shrub land, other woodland, lake, river,
pond, reservoir, ditch, inland flat, tidal flat,
hydraulic construction land, sand, swampland,
saline land, bare land
Irrigable land, dryland, paddy field, fruit
orchard, tea orchard, other orchard, natural
pasture, artificial pasture, other grassland, forest
Environmental Ecosystem regulating and supporting land, shrub land, other woodland, lake, river,

pond, reservoir, ditch, inland flat, tidal flat,
hydraulic construction land, sand, swampland,
saline land, bare land

The second aspect of improvement to the framework is the approach to assessing LUFs.
As aforementioned, substantial studies on LUF quantitation select a bulk of indicators and
aggregate them to produce a normalized final score for every LUF in study areas. Although
this method can clearly compare scores among regions in the study area, neither the low
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comparability among different regions and dimensions nor the miscellaneous weights
determination processes of various indicators can promote its wide application. When it
comes to policy stipulation and implementation, the normalized scores of LUFs cannot leave
a deep impression on policy-makers directly, which might harm their trade-offs among
different LUFs. For these problems, monetary valuation has been increasingly adopted
as a feasible solution. Since the pathbreaking work of Costanza et al. [7], the monetary
valuation approach has been mainly applied in the estimation of ecosystem services and has
considerably contributed to policy making. In practice, the monetary valuation of economic
and social functions of land use must be more direct and easier than that of ecosystem
services. However, few studies have applied such a method. By monetary assessment,
valuation of different years, regions, and dimensions can be compared directly, and the
trade-off process and its outcomes made clearer. The gross domestic product (GDP) is
commonly used to reflect the economic development of a certain region, and scholars have
proposed the gross ecosystem product (GEP) to reflect the environmental functions [37].
Considering the three pillars of sustainable development, “gross social product” (GSP) can
be raised to measure the total functional value of the social dimension compared with the
GDP and GEP. In this way, the value of economic, social, and environmental functions in a
certain area can be calculated in the same unit and thereby be compared directly.

The third improvement of the framework in this study is that the importance of land
use data is especially stressed. Compared with land cover data mainly obtained by remote
sensing, land use data has several explicit advantages. On the theoretical aspect, land uses
are carriers of LUFs, which reflect people’s intentions to exploit land, while land cover
does not contain such information. In the practical aspect, policies usually act on relatively
stable land uses obtained by land survey or census data rather than the quite dynamic land
covers. Moreover, since the land cover data is mainly interpreted based on remote sensing
images, different studies usually have distinct classifications on land covers which hampers
cross-regional and -temporal comparison, and the quality of data is highly constrained by
the quality of images. Comparatively, land uses are commonly monitored and surveyed
by official departments, indicating that long run land use data is much more accurate and
detailed than land cover data, and its classification is generally cohesive among different
regions and periods of time. Therefore, the evaluation of LUFs, based on actual land
uses, could ameliorate the problem of low comparability mentioned above, which can
substantially support the analysis of sustainable development and subsequent decision
making of local governments [15,38].

With the abovementioned three aspects of improvements, the framework of LUF
evaluation in this study is shown in Figure 1. To calculate the values of each dimension, a
land use-LUF value matrix is needed. Every land use should correspond to at least one
of the 10 recognized LUFs, and have varying values among different functions; and vice
versa, for a certain LUF, the value also varies with different land uses. By constructing
the functional value matrix, the contributions of each unit land use to certain LUF can be
clearly identified, enabling different land uses to be more comparable according to their
functions. The monetary functional value per unit area of each land use corresponding
with certain LUFs can be determined by using various methods. Section 3 discusses such
methods as applied to the case of Shandong Province in China. Assuming that there are I
types of functions on ] kinds of land uses in region R, then the total value of LUFs in R area
can be calculated by the following formula:

I
VR = ZiZI ]].:1 Z)l']‘Al’ELl]' (1)

where Vp is the total functional value; vj; is the functional value per unit area of i LUF on j
land use; and Ares; is the area of j land use in R region. The values of each dimension and
function can also be obtained by using this formula.
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LUF values
LUF1 LUF2 LUF3 ......

Land uses

Diverse human needs Map of land use Maps of LUF values

Figure 1. Evaluation framework of land use functional value.

3. Data and Methods
3.1. Study Area

Located in the eastern coastal region, Shandong is one of the most developed provinces
in China (Figure 2). During the study period (2009-2018), Shandong was comprised of
17 prefecture-level cities in the area of 158,000 km?. In 2020, the gross domestic production
(GDP) of Shandong reached 7312.9 billion yuan, with the proportion of three industries
being 7.3:39.1:53.6 [39]. Population was recorded at 101.5 million with 63.1% of which lived
in urban areas in 2020. From the scope of land use structure, Shandong lacks ecological
lands compared with the high proportion of production and living spaces, which might
be detrimental to sustainable development of the economy, society, and environment.
As to the social economic background, with an industrial structure dominated by heavy
chemical sectors and an extensive resource utilization mode, Shandong is one of the largest
sources of waste gas emission and wastewater discharge among all the provinces of China.
Furthermore, the total population of Shandong has increased by more than 5 million
and the urbanization rate has risen by more than 10% during the past decade. These
facts have brought heavy burden to the environment, making Shandong Province an
apt representative regarding sustainable development issues for China and developing
countries. Thus, to examine the developed method of estimating LUFs in Shandong would
be an ideal case, as well as to investigate the relationship between different dimensions of
LUFs in rapidly developing and urbanizing areas.

@ Prefectural cities

e Counties
[ Construction lands

Figure 2. Location and topology of Shandong Province.
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3.2. Data

In estimating the functional values of land use in Shandong, this study mainly uses
the data of the second national land use survey (dierci quanguo tudi liyong diaocha) finished
in 2009 and its subsequent land use change survey (tudi liyong biangeng diaocha) in 2018.
Although, the third national land use survey was conducted in 2019, it adopted a new
system of land classification and thus the data are not comparable with previous surveys.
Therefore, the study period ended in 2018 when the latest comparable data were available.
According to the land use change survey of 2018, the agricultural land (including farmland,
orchard, forestry, and pastures etc.) covers 72.5% of the entire land area of Shandong,
and the remaining is for construction (18.5%) and unutilized (9.0%, majorly ecological
including watery areas, saline-alkali soil, and sand etc.). The socioeconomic data such
as the added value of each sector and per capita housing expenditure is mainly obtained
from the Shandong Statistical Yearbook (in 2010 and 2019). The major procedures of data
processing and analysis were divided into two parts in this study, i.e., the estimation of
functional values and the analysis of influencing factors of LUFs. The flowchart is presented
as Figure 3.

Land use data
* The second national land use survey of Shandong
* Land use change surveys of Shandong

l

Identifying land use functions (LUFs) on each land use

Xie et al. (2017) for
environmental functions

Socioeconomic statistical data ——

Estimation | Calculating the monetary value of each LUF on per unit area

of of every land use for every prefectural city in Shandong
functional !
values | Constructing land use-LUF value matrix for each city
v

Multiplying the area of certain land use by the correspondent
functional value in the matrix for certain LUF in townships

v

Obtaining monetary value of LUFs for each township

— — 1 —_ P

A4
Calculating the functional value in 2009 and 2018 at
Analysis of township level
influencing
factors of Natura} geographical factors
Socioeconomic factors
LUFs

Pooled OLS model is used to interpret the distribution of
LUF values based on the observations in 2009 and 2018

Figure 3. Flowchart of the study.

3.3. Estimation of Functional Values

The calculation of the land use functional value should consider feasibility and ac-
curacy simultaneously. Apparently, applying the same functional value per unit area of
certain land use regardless of location is inappropriate, since it can obscure the differences
of land use intensity in different regions that in turn causes incomparable results. However,
statistical data availability will become a tough problem if the functional value is computed
at an excessively micro scale. Therefore, this study assumes that certain functional values
per unit area for certain land use are homogenous in the same prefectural city, and heteroge-
nous among cities. Moreover, given that this study estimates the land use functional values
of Shandong in 2009 and 2018 and intends to interpret the changes, the values between the
two years must be comparable. Thus, the GDP (Gross Domestic Production) deflator is
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used to adjust the economic functional values, while the CPI (Consumer Price Index) is
used to adjust social and environmental ones.

The economic functions are divided into agricultural production, manufacturing and
construction production, commercial and service production, and transport for production.
The estimated value per unit area of each economic function on every land use is derived
from the GDP. For agricultural production, the values are obtained by dividing the added
values of farming, forestry, husbandry, and fishery sectors with respective to land use
areas. Given that no data are available for specific areas of facility agricultural land by
different functions, we divide the total area into farming, animal husbandry, and fishery
functions with proportions of 6:3:1, in this study. This ratio setting has considered the
fact that Shandong is the largest producer and exporter of vegetables in China, which
requires substantial facility agricultural lands for building greenhouses to grow vegetables.
Moreover, the added value of seawater aquatic products should be deducted from the value
of fishery because the sea is not included in the land use survey. For the manufacturing
and construction production function, since there are no further specific divisions in the
land use survey, we refer to prior studies [40,41], consider the reality of Shandong Province,
and then assign a functional intensity weight of 10:10:3:1 for mining land, cities, towns,
and villages, respectively. Same weightings are also given, except for the mining land
in commercial and service production function. The total functional value is the GDP of
secondary and tertiary industries, respectively. As to the transport for production, we
estimate the total value based on GDP and the input-output table of China due to the
lack of related data. According to the input—output table, transport input accounts for
approximately 5% of the total intermediate inputs. Thus, this study takes 5% of the GDP as
the total value of transport for production.

Social functions include residential, life services, work provision, ecosystem cultural,
and transport for living. The total value of the residential function is calculated by the
population and average expenditure on residence. Given that the residence density varies
significantly between urban and rural areas, their residential functional values are calcu-
lated separately. The functional value per unit area is the quotient of the total value divided
by the corresponding land use area. Life services functions are further classified into public
services and commercial life services. The total value of the former is indicated by the
general public budget expenditure of every city, while that of the latter is represented by
15% of the added value of tertiary sectors, with reference to prior studies [40]. Similar to
the calculation of the production value, the functional intensity weight with ratio 10:3:1:1 is
given to cities, towns, villages, and scenic and other special use land. For work provision,
the value in urban and rural areas are separately estimated by using a shadow cost method.
In certain areas, the amount of compensation that the government would pay for residents
if all lost their jobs is regarded as the total functional value. Given that compensation
for job loss has no standards in rural areas unlike in urban areas, the compensation is
substituted with the quotient of the urban unemployment insurance benefit divided by the
urban-rural income ratio. The value of transport function for living is set as 5% of the total
social functional value, except for the ecosystem cultural functional value, with reference
to the calculation of transport function for production.

Since the estimation of environmental functional and the ecosystem cultural functional
values is not the key content of this study, with the method developed by Xie et al. [42]
that has been widely used, we use the ecosystem service value equivalent table, as shown
in Appendix A, for estimating these two kinds of values. The equivalent value factor per
unit ecosystem area equals the net agricultural income per unit cultivated land area in
Shandong, which is calculated as 1.54 yuan/m? in 2009 and 2.22 yuan/m? in 2018, based
on the statistics in Shandong Statistical Yearbook.

With all calculating methods mentioned above, Appendix B presents an example of the
land use-land use function value matrix (Dongying City in 2009). After the determination
of the matrix, the LUFs can be located in specific land uses on the map. However, it is quite
arduous to analyze the distributive pattern and influencing factors of LUFs on a land use
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scale in a province. Therefore, the LUF values are calculated and analyzed at township
level in this study.

3.4. Model and Variables Specification

The pooled ordinary least squares regression is used to quantitatively interpret the
distribution of LUF values based on the observations in 2009 and 2018. The pooled model
can simply detect the independent effects on the dependent variable of explanatory factors
under the hypothesis that the coefficients of factors are homogenous across individuals in
varying time and space [43]. Using this model that regards all townships as homogenous
is appropriate given that this study intends to find the general distributing rules of LUF
value in the abovementioned two years.

Numerous studies have already revealed that the LUFs are correlated with physi-
cal factors and socioeconomic activities [44-46]. Therefore, two groups of independent
variables are introduced in the econometric model. The first group comprises natural
geographical factors, including average slope, average annual precipitation, mean annual
temperature of each township, and distance to sea. Topography represented by average
slope determines the spatial pattern of landscape and human activities, while the other
variables are indicators of regional climate which may influence the value of LUFs [46,47].
The average slope is calculated based on the Shuttle Radar Topographic Mission (SRTM)
DEM data, and the precipitation and temperature data are obtained by spatial interpolation
of the meteorological stations data from China Meteorological Administration. The other
group is related to the socioeconomic aspect, containing distance to prefecture and county
center, distance to national highway, average population density, whether the township
is urban (with the urban construction land area as more than 80% of total construction
land), and GDP per capita (logarithm form) and public expenditure per capita of the county
(logarithm form). Distances to different administrative centers and highway reflect the
geographical location, which mainly affect spatial suitability and rationality of different
functions and have been proven critical to economic and social functions of land uses [45].
Urbanization and regional development (represented by GDP per capita) may cause en-
vironmental degradation on the one hand, but on the other hand it can change LUFs by
altering people’s various needs [48,49]. Public expenditure per capital reflects the monetary
inputs from local governments on economic, social, and environmental functions. The
WorldPop population density data with 100 m resolution (www.worldpop.org) is used
to derive the average population density of townships in Shandong (using the data in
2010 and 2015 as proxies for that in 2009 and 2018). Other socioeconomic data is from the
Shandong Statistical Yearbook or calculated based on the National Fundamental Geographic
Information Database. Table 2 shows the descriptive statistics of the independent variables.

Table 2. Descriptive statistics of independent variables.

Variables Description Mean Std. Dev.  Min. Max.
Slope average slope of township (degree) 6.08 2.71 0 21.90
DSea distance to sea (10 km) 12.68 10.38 0 38.65

Pre average annual precipitation of township (mm) 694.07 82.14 446.92 1061.95
Temp mean annual temperature of township (°C) 13.75 0.91 8.79 17.30
DCity distance to prefecture center (10 km) 3.86 2.67 0 15.67

DCounty distance to county center (10 km) 0.94 0.84 0 6.06

DHway distance to national highway or above (10 km) 0.43 0.75 0 6.69
Urbanyggg whether the township is urban area in 2009 (1 = yes) 0.12 0.32 0 1
Urbanygg whether the township is urban area in 2018 (1 = yes) 0.12 0.33 0 1
Popdenypig average population density in 2010 (100 persons/km?) 17.90 38.09 0 287.50
Popdenypis average population density in 2015 (100 persons/ km?) 19.82 48.96 0 375.68
Lgrevpcaggg logarithm of public expenditure per capita of the county in 2009 (yuan)  7.65 0.50 6.68 9.14
Lgrevpcoois logarithm of public expenditure per capita of the county in 2018 (yuan)  8.76 0.50 5.89 10.39
Lggdppcaong logarithm of GDP per capita of the county in 2009 (yuan) 10.48 0.65 9.13 12.31
Lggdppcaois logarithm of GDP per capita of the county in 2018 (yuan) 11.11 0.63 9.97 12.86
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4. Empirical Results
4.1. Evaluation Results of Multiple Functional Values

Table 3 shows the total land use functional value of Shandong in 2009, calculated by
the aforementioned method, as 7.71 trillion yuan. The economic, social, and environmental
functional values are 3.60, 0.88, and 3.22 trillion yuan, accounting for 46.7%, 11.4%, and
41.8%, respectively. By 2018, the total value has climbed to 13.67 trillion yuan, and the cor-
responding shares of the three parts have changed to 57.7%, 15.3%, and 27.1%, respectively.
In 2018, the values of manufacturing and construction production and commercial and
service production exceed the quarter of the total functional value. For social dimension,
life services function is the most prominent function of total value, followed by work
provision and residential functions.

Table 3. Land use functional value (unit: trillion yuan) and share of Shandong Province.

Di . Land Use F . 2009 2018 Change
1MENSIons and Use Functions Value Share (%) Value Share (%) Value Share (%)
Agricultural production 0.27 3.47 0.44 3.22 0.17 —0.25
Manufacturing and construction production 1.93 24.99 3.46 25.33 1.54 0.34
Economic Commercial and service production 1.24 16.04 3.60 26.35 2.37 10.31
Transport for production 0.17 224 0.38 2.76 0.20 0.52
Subtotal 3.60 46.74 7.88 57.66 4.28 10.92
Residential 0.15 1.94 0.33 2.44 0.18 0.51
Life services 0.47 6.04 1.20 8.75 0.73 2.71
Social Provision of work 0.13 1.69 0.35 2.56 0.22 0.87
oc1a Transport for living 0.04 0.48 0.09 0.69 0.06 0.20
Ecosystem cultural 0.10 129 0.11 0.83 0.01 —0.46
Subtotal 0.88 11.44 2.09 15.27 1.21 3.83
Environmental Ecosystem regulating and supporting 3.22 41.82 3.70 27.07 0.48 —14.75
Total 7.71 100 13.67 100 11.45 0

As to the functional value change of Shandong from 2009 to 2018, the absolute func-
tional values of all three dimensions have increased. The economic functional value has
risen the most while the rise of environmental functional value is much subtler. Although
the proportion of environmental functional value dropped from 41.8% in 2009 to 27.1%
in 2018, there is no proof to claim that the development of Shandong province during the
decade was unsustainable. For developing countries and regions, a higher growth speed in
economic and social functional value is acceptable as long as the environmental functions
are not damaged. The environmental function is more like a restrictive indicator whose
decline indicates unsustainability rather than a prospective indicator that governments
have to improve.

Socioeconomic functions mainly concentrate in urban areas and county towns while
environmental functions are mainly located in water and mountainous areas, and this
spatial pattern did not have significant changes from 2009 to 2018, as exhibited in Figure 4.
In general, townships with high environmental functional value density usually have
lower economic functional value density and vice versa. The distributions of economic
and social functional value densities are highly similar in Shandong. Comparatively,
townships with the highest environmental functional value densities are located in major
water and mountainous areas, including the Yellow River and its delta, Nansihu Lake and
its surrounding areas, and middle and eastern mountainous regions. From 2009 to 2018,
almost every township shows an increase in total value density and its spatial pattern
is highly similar to that of economic and social ones. This trend demonstrates that the
increase of total land use functional value is mainly contributed by economic growth and
social constructions. Comparatively, townships with declining or static environmental
functional values are relatively more than the other two dimensions, mainly in areas near
city centers. Nonetheless, this decline is compensated for by the functional value growth in
water and mountainous areas, resulting in a slight increase of environmental functional
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value of the entire Shandong province. Thus, when judging the changes of regional LUFs,
the scale of analysis is fairly important. Trade-offs exist not only among different functions
but also among different areas. The acceptable extent that the environmental functional
value declines in one region and increases in another is a critical question in related policy
making.

otal value density
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Very low
Low

ronmental
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Low

= Medium = Medium = Medium = Medium
0 200 km - High - High = High = High
. Very high . Very high W Very high . Very high

otal value density
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W Decline or static
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Figure 4. Distributive pattern of the land use functional value density and the change from 2009
to 2018. (a—d): The value density in 2009 classified by quantiles; (e-h): The value density in 2018
classified by quantiles; (i-1): The value density changes from 2009 to 2018, with “major rise” for the
first quarter, “medium rise” for the second quarter, and “minor rise” for the rest risen townships.

We further examine the relationships among the three dimensions of functions. Figure 5
shows that the economic and environmental functional values present the strongest nega-
tive linear relationship, with an R-squared of 0.979, indicating that at the township scale,
the economic development may commonly be against environmental protection. A posi-
tive correlation exists between economic and social functional values. The reason is that
most land use that have economic functions also have certain social functions such as
work provision and life services, which also determines the negative relationship between
social and environmental functional values. However, the relationship of social aspect
with the other two appears to vary more than that between economic and environmental
dimensions. Townships with more economic or less environmental functional values might
have variant proportions of social functional value, while those with lower economic or
higher environmental proportions tend to always have a smaller share. Thus, the positive
relationship between economic and social functional values is relatively weak, though the
environmental dimension is always against both of the other two aspects.

The relationship between the three dimensions of LUFs can provide insights on the
analysis of sustainable development. The above scatter plots indicate the reasonableness
to combine economic and social aspects into a socioeconomic dimension for sustainable
development analysis. This combination has realistic implications. Economic growth
and social welfare should be juxtaposed with environmental protection in the context of
sustainable development [50]. Among the three dimensions of LUFs, the environmental
functions preserve a life supporting system, which is a basic human need. Without a secure
environment for people, regardless of how much economic and social functions play a role,
the development is not sustainable. However, unlike the economic and social functional
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values, the environmental functional value shows no significant changes if the land use
sustains. For the former two functions, the values can be improved by more efficient
utility of land, but environmental function cannot be improved much unless the land use
is altered. Thus, the environmental functional value must be relatively stable in a certain
region if the land use does not significantly change. From this scope, the analysis of the
development of socioeconomic conditions and environment sustainability is the core of
sustainable development measurement.
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Figure 5. Relationship of three dimensions of land use functional values. (a): Relationship between
social and economic functions; (b): Relationship between environmental and economic functions;
(c): Relationship between environmental and social functions. The red lines are linear fit lines.

4.2. Classification of Townships and Evolution

To further probe the spatial distributive characteristics of the land use functional value,
we classified the townships into several types according to the functional value densities of
the three dimensions of land use. Economic and social functional values are added together
to acquire the socioeconomic functional value. Based on the socioeconomic and environ-
mental functional value densities of each township and the overall density of the entire
province, four types of townships can be identified, namely, low value (both densities are
below overall level), environmental-dominated (only the environmental functional value
density is above the overall level), socioeconomic-dominated (only the socioeconomic func-
tional value density is above the overall level), and high value townships (both densities are
above the overall level). Figure 6 shows the spatial pattern of these four types of townships
in 2009 and 2018. Low-value townships are the most common type, mainly distributed
far from the prefectural city centers. Environmental-dominated townships are mainly
located in the Yellow River Delta, Nansihu Lake, and eastern mountainous areas where the
environmental functional value is high. Almost all socioeconomic dominated townships
are distributed in urban areas and county towns with surrounding high-value townships.

(b)

Low value
== Environmental dominated

" Socio-economic dominated
= High value

Low value
== Environmental dominated

" Socio-economic dominated
= High value

Figure 6. The sustainable development classification of townships in 2009 (a) and 2018 (b).
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From 2009 to 2018, the general spatial pattern of the four types shows no signifi-
cant changes, but the type transfer matrix can still provide several insights in sustain-
able development (Table 4). In general, the type of township is fairly stable with only
78 townships transferred among the total of 1898, accounting for only 4.1%. The low- and
high-value townships decreased from 979 and 97 to 961 and 88, respectively, while that
of environmental-dominated and socioeconomic-dominated values increased from 352
and 470 to 356 and 493, respectively. This change reflects that the functional zoning is
becoming clearer with more townships tending to have superior positions in only one of
the environmental and socioeconomic aspects rather than in both. Thus, the trade-offs for
more sustainable development might occur among different townships, with several in
pursuit of intensive socioeconomic functions while others secure the environment.

Table 4. Type transfer matrix of townships from 2009 to 2018.

2018 Low Valye Environmental- Socioeconomic-  High

2009 Dominated Dominated Value
Low value 942 12 20 0
Environmental-dominated 9 336 1 6
Socioeconomic-dominated 10 0 460 0
High value 0 8 7 82

4.3. Factors Influencing Functional Values

The pooled ordinary least squares regression model is employed to further examine
the distribution of different functional value based on the data of 2009 and 2018. Given the
significant heteroscedasticity identified by the White test, the robust estimation is used for
its elimination. The regression results are provided in Table 5.

Table 5. Regression results of the econometric models.

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
DenEcon DenEcon DenSoc DenSoc DenEnv DenEnv
—1.79 %+ —2.40 *** —0.47 *** —0.61 *** —0.81 *** —4.50
Slope (—3.87) (—5.22) (—4.40) (—5.68) (—4.90) (—5.55)
0.22 ***
sqSlope (5.16)
1.19 * 4.01 #** 0.37 *** 1.05 *** —0.26 *** —0.23 ***
DSea (5.51) (6.70) (7.21) (7.20) (~6.10) (—5.34)
—0.10 *** —0.02 ***
sqDSea (—5.96) (—6.09)
0.05 *** 0.04 ** 0.02 *** 0.02 *** 0.02 *** 0.02 ***
Pre (2.80) (2.02) (5.17) (4.37) (3.70) (4.43)
Temp —-0.17 0.09 —0.15 —0.09 2.10 **+* —451
(—0.11) (0.05) (—0.40) (—0.23) (3.58) (—1.06)
0.24
sqlemp (1.53)
Deity 0.12 0.24 0.06 0.08 0.42 ** 0.45 **
(0.21) (0.40) (0.44) (0.64) (2.17) (2.30)
Deounty —13.55 *** —12.92 %+ —3.47 —3.33 xx* 2.36 *** 2.5 *+
(—8.68) (—8.40) (—9.59) (—9.34) (3.18) (3.13)
Dhway ~1.79 0.50 —0.46 0.05 1.14 * 0.34
(—1.28) (0.35) (—1.49) (0.17) (2.03) (0.63)
284.25 285.27 *#* 64.65 *** 64.88 *** ~1.91 ~1.78
Urban

(16.51) (16.71) (18.01) (18.24) (—1.46) (—1.40)
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Table 5. Cont.

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
DenEcon DenEcon DenSoc DenSoc DenEnv DenEnv
2.68 *** 2.70 *** 0.68 *+ 0.68 ** —0.09 *** —0.09 ***
Popden
(19.65) (20.29) (20.86) (21.55) (—11.05) (—10.63)
Lorevne 3302 *** 37.13 #** 11.28 *** 12.16 *** 0.56 0.32
grevp (8.33) (9.34) (11.14) (11.86) (1.38) 0.77)
Loedone 32.42 ##+ 28.71 *+ 5.14 #+ 431 405 % 4.49
&84PP (6.41) (5.91) (4.36) (3.77) (5.01) (5.30)
c —623.76 *++ —619.66 *** —152.80 *** —151.87 **+ —65.40 **+ ~11.68
onstant (—12.63) (—12.65) (—13.16) (—13.23) (—4.63) (—0.36)
Observations 3796 3796 3796 3796 3796 3796
R-squared 0.816 0.817 0.815 0.817 0.193 0.229

Note: Robust t-statistics in parentheses; *** p < 0.01, ** p < 0.05.

As illustrated by the scatter plots, factors that influence the distribution of economic
and social functional values are similar (Models 1-4). Apart from the mean annual temper-
ature, all selected natural geographical factors are tightly related to the value density of
economic and social functions at the township level. In general, places with more suitable
living conditions tend to have high socioeconomic functional value densities. A steep
terrain usually means less suitable construction land, which is negatively related with
socioeconomic functions. A proper distance to the sea (functional value density reaching
the peak at approximately 200 km) and a milder climate have opposite effects. Meanwhile,
distance to the county center, urbanization of the township, population density, and at-
tributes of respective counties are significantly interrelated to the socioeconomic functional
value density. Distance to the prefecture center and to the national highway have no effects
on the spatial pattern.

By comparison, the above factors are connected with environmental functional value
density in a different way (Models 5-6), which again confirms the conflicting relationship
between socioeconomic and environmental functions. Noticeably, the R squares of these
two models are much lower than those of other models. One of the possible causes is
that compared with cities and towns where economic and social functions concentrate
in, the distribution of rivers, lakes, mountains, and forests where environmental function
aggregates is relatively random with the selected variables, and not quite easy to be in-
fluenced by human activities. The coefficients of independent variables show that high
value densities are commonly found in coastal and mild areas, very flat terrain such as
the Yellow River Delta, and mountainous areas such as Mount Tai. With regards to socioe-
conomic factors, both the distance to the prefectures and counties are positively related
to the functional value density, which differs from Models 14. This result indicates that
for environmental functions, governments tend to arrange the spatial distributions and
trade-offs of sustainable development at both prefecture and county levels. In line with the
effects of distance, higher population density (which means more human activities) also
relates with lower environmental functional value density. The environmental functions
are positively related to higher GDP per capita of the counties, but show no clear relations
with the public expenditure per capita. The insignificant coefficients of public expenditure
per capita in Models 5-6, combined with significant ones in Models 1-4, reveal that govern-
ments emphasize on raising economic and social functions rather than environmental ones
through public expenditure.

5. Conclusions and Policy Implications

This article has established a framework of monetary valuation on land use multifunc-
tionalities from the scope of sustainable development, and specifically taking Shandong
province as an example for analysis. Consistent with the three pillars of sustainable devel-
opment, 10 identified LUFs are grouped into three dimensions, namely, economic, social,
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and environmental. By employing the second national land use survey data and related
socioeconomic statistics of Shandong, the land use functional value is calculated at the
township level. Empirical results show the good practicality of the LUF valuation method
established in this study. First, from 2009 to 2018, all the three dimensions of total functional
value increased in Shandong province, with large increases in economic and social aspects
and a relatively smaller one in environmental value. This finding suggests that Shandong
province, as a whole has, experienced sustainable development in the 10 years because the
socioeconomic functions have considerably developed without the decline, even with a
subtle increase of environmental functions. Second, classification results and changes reveal
a clear trend of functional zoning at the township level. During the rapid urbanization of
this decade, more socioeconomic functions have agglomerated in urban areas and county
towns, and environmental functions increased in major ecological sources and near subur-
ban areas. Third, the econometric models reconfirm the abovementioned findings, which
indicate spatial conflicts of socioeconomic and environmental functions at a township level,
and thus governments must pay more attention and funds on environmental protection.

The method of monetary valuation on land use multifunctionality raised in this paper
has solved the three aforementioned aspects of the problem with contemporary LUF
assessment studies to some extent. In light of the theory of land use multifunctionality,
this method identifies different LUFs and links them with land use, which is aligned with
the contemporary trend of increasing heterogeneity of land utilization. Analysis based on
multiple LUFs, in relation to land use, can remedy the neglect on land utilization efficiency
that is a critical issue in sustainable development. By analyzing the monetary results
that can be compared across years, regions, and functions, local governments have more
capacity to dynamically monitor changes of LUFs and make related policies for achieving
their synergies and tradeoffs. Results obtained by the methods raised by this article are also
proved reliable by comparing with prior studies employed with other function valuating
methods. For example, the socioeconomic functions show negative relationships with
environmental function, as indicated by prior studies [22,23]. However, comparing to the
existing methods, considering only the land use data and several common socioeconomic
statistics, the monetary valuation framework avoids the complicated procedure of data
collection and calculations in previous methods, thereby improving its practicality for
local governments. Furthermore, this method is also flexible to use, according to local
conditions. For example, although the ratio for dividing total facility agricultural land into
different uses was set as 6:3:1 for farming, animal husbandry, and fishery in this study;, it
can be easily changed in LUF assessment, according to real life scenarios, when applying
the method elsewhere. This flexibility can also help this method become more easily and
widely employed.

Based on the conclusions drawn in this study, we further discuss the policy implica-
tions for sustainable development in rapidly urbanizing societies. According to the results
of LUF monetary valuation in 2009 and 2018, as mentioned above, the value of economic
and social functions has experienced a significant growth during the period while the
growth of environmental functions is much slower. This phenomenon indicates that local
governments should pay more attention to environmental protection during the rapid
urbanization period, for sustainable development. This goal might be achieved in at least
two ways, according the analysis of this article. One of the possible ways is to improve the
land use efficiency and promote the intensive use of inefficient land. For example, with the
continuous outflow of rural populations, the rural homestead lands in most Chinese rural
areas keep stable, even increase, which causes the intensity of living functions on rural
homestead lands getting weaker and weaker. If the unused homestead land can be consoli-
dated, both the agricultural production and environmental functions will be elevated while
maintaining social functions [51], thereby raising the overall land use intensity. Another
possible way is to make trade-offs of different LUFs not only among different dimensions
of functions but also on their spatial arrangement. In this study, townships in Shandong
Province have shown a clear trend of functional zoning during 2009 to 2018, which to some
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extent helps Shandong maintain an overall sustainable development. This phenomenon
indicates that spatial zoning of three aspects of LUFs might be a feasible way to enhance
the overall land use intensity and thereby the total functional value.

However, caveats still remain in this study. As previous studies argued, the LUF
assessment is only limited to sustainability issues sensitive to land use [15]. Functions that
have weak correlations with land use or are hard to reflect on land use cannot be adequately
included in the LUF valuation. This disadvantage may somewhat hinder several aspects
of sustainability analysis. For example, those sustainable development goals related to
institutional aspects such as SDG 5 (gender equality) and SDG 16 (peace, justice, and
strong institutions) of the 2030 Agenda for Sustainable Development cannot be properly
investigated with the LUF framework, which requires other approaches for supplements.
Moreover, the method of equivalence factor is used in this study for the valuation of
environmental functions of land use according to Xie et al. [42], which may oversimplify
the composition of environmental functions when applying the method on a relatively
micro scale and thereby underestimate the overall monetary value. Further research based
on more detailed auxiliary data and corresponding methods such as measurement of gross
ecosystem production (GEP) can possibly help strengthen our understandings on the LUF
and sustainability analysis.
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Appendix A

Table Al. The equivalent coefficients of ecosystem cultural and environmental functional value
supplied by per unit area of different land use. Adapted from Xie et al., 2017 [42].

Ecosystem Regulating Ecosystem Supporting Ecosystem
Land Use Cultural
Gas Climate Waste Water Soil Nutrient Biodiversit ultura
Regulation = Regulation Treatment Regulation Retention Cycling y
Irrigable land, dryland 0.67 0.36 0.10 0.27 1.03 0.12 0.13 0.06
Paddy field 1.11 0.57 0.17 2.72 0.01 0.19 0.21 0.09
Fruit orchard, tea
orchard, other orchard,
forest land, shrub land, 1.91 571 1.67 3.74 2.32 0.18 2.12 0.93
other woodland
Natural pasture,
artificial pasture, 1.21 3.19 1.05 2.34 1.47 0.11 1.34 0.59
other grassland
Swampland, inland flat, 1.90 3.60 3.60 24.23 231 0.18 7.87 473
tidal flat
Sand, saline land, 0.07 0.05 0.21 0.12 0.08 0.01 0.07 0.03
bare land
Lake, river, pond,
reservoir, ditch, 0.77 229 5.55 10224 0.93 0.07 2.55 1.89

hydraulic
construction land
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Appendix B
Table A2. Land use-land use function value matrix. (Taking Dongying City in 2009 as an example; unit: yuan/m?).
Land Use Functions Economic Social Environmental
Manufacturing Commercial Ecosystem
Agricultural and . Transport for . . Life Provision of Transport for Ecosystem Regulating
. . and Service . Residential . L.
Production Construction . Production Services Work Living Cultural and
. Production .
Land Use Production Supporting
Irrigable land, dryland 1.77 0.33 0.09 4.12
Paddy field 1.77 0.33 0.14 7.65
Fruit orchard, tea orchard, other 177 033 1.42 27,09
orchard
Natural pasture, artificial pasture 25.52 0.91 16.44
Other grassland 091 16.44
Forest land, shrub land, other 031 1.42 27,09
woodland
Facility agricultural land 8.75 0.33
Cities 391.32 217.99 11.94 81.91 9.69
Towns 117.40 65.40 11.94 24.57 9.69
Villages 39.13 21.80 1.83 8.19 0.33
Mining land 391.32
Railway land, airport land, road
land, harbor and wharf land, 63.76 7.45
rural road land
Pipeline transportation land 63.76
Lake, river, pond, reservoir 0.29 2.90 175.71
Ditch, h}{drauhc 290 175.71
construction land
Swampland, inland flat, tidal flat 7.26 67.10
Sand, saline land, bare land 0.05 0.91

Scenic and other special use land

8.19
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