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use functions (LUFs) from the perspec-
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• We analyzed the change of LUFs be-
tween 2000 and 2015 at the county
level
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• We revealed four distinct zones of mul-
tiple functions at the county level
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Land use function (LUF) is a valuable concept that allows formore integrated assessments of land system change.
Identifying the changes and relationships ofmultiple LUFs is pertinent to landuse planning andmanagement. Se-
lection and quantification of LUF indicators are critical for LUFs assessment. However, past studies have mostly
assessed LUFs using socioeconomic data, which are not suitable for spatial variable quantification. In this study,
we proposed a new LUFs classification system based on spatial planning goals, and we applied the system to as-
sess 12 LUFs across 63 counties in Jiangsu Province of eastern China based on multi-source data using geospatial
modeling tools combinedwith statistical analysis of socioeconomic data.We also analyzed the change in LUFs be-
tween 2000 and 2015, as well as the interactions among multiple functions. Finally, we identified distinct func-
tion zones based on the LUFs assessment in 2000 and 2015 using k-means clustering. The result showed that 12
LUFs displayed significant changes and interactions between 2000 and 2015,which can be explained by differing
topography and social-ecological characteristics among counties. Additionally, we found four distinct LUF zones
that are spatially agglomerated in similar landscapes and characterize specific LUF relationships in each cluster. In
the future, local LUFs and their changes over time should be taken into consideration for land use planning and
management, which provide a reference for policy-makers to make decisions that better match local develop-
ment realities.
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1. Introduction

Land use and land cover change has been identified as one of the pri-
mary determinants of global change, having major impacts on ecosys-
tems, global biogeochemistry, climate change, and human
vulnerability (Foley et al., 2005; Pijanowski and Robinson, 2011). Re-
cently, the emergence of the interdisciplinary field of land change sci-
ence (GLP, 2005; Turner et al., 2007; Verburg et al., 2009) has focused
on the interactions within land use systems. Interacting land use sys-
tems can provide awide variety of goods and services to human society,
which are collectively referred to as land use functions (LUFs; MEA,
2005; Wiggering et al., 2006; Verburg et al., 2009). Land cover change
can be determined by remotely sensed data or survey summary data
(Pijanowski et al., 2014; W. Song et al., 2015); however, the changes
of LUFs cannot be determined from observable land cover alone—so-
cial-ecological data are also needed to assess LUFs and their possible
changes (Long, 2015; Song and Deng, 2017).

The concept of LUFs originated from agricultural research (Helming
et al., 2008) and mainly refers to agricultural production functions
(Verburg et al., 2009; Andersen et al., 2013). TheMillenniumEcosystem
Assessment (MEA) has stimulated extensive studies of ecosystem ser-
vices (MEA, 2005; Bennett, 2017; Costanza et al., 2017; Jiang et al.,
2018; Hu et al., 2018). However, in urban and cropland systems, ecosys-
tem services are limited to those provided by a small proportion of nat-
ural capital (Gómez-Baggethun and Barton, 2013; Yang et al., 2015). To
address the issue on artificial ecosystems, LUFs were proposed to pres-
ent connotations related to economic, societal, and environmental fields
which are broader than ecosystem services (Paracchini et al., 2011; Liu
et al., 2016).

LUFs are the outputs provided by land use systems that refer to any
type of ecosystem and contribute to human well-being directly or indi-
rectly (Wiggering et al., 2006; Verburg et al., 2009; Yang et al., 2015). In
different type of land use systems, LUFs refer to different goods and ser-
vices. For example, in agricultural system, agricultural products
(e.g., crop, livestock, forest and aquatic product) are the main outputs;
living securities (e.g., residence, economic output, employment, recrea-
tion) are the key elements supported by urban system; regulation ser-
vices, such as water regulation, soil retention, climate regulation, and
biodiversity conservation are mainly provided by natural ecosystem.
Assessing LUFs is critical to understanding the complexity of interac-
tions among multiple land use systems to achieve sustainable regional
development.

Previous studies of LUFs primarily have two foci. One focus is ecosys-
tem services and landscape multi-functionality of a specific region
(Raudsepp-Hearne et al., 2010; Leh et al., 2013; Queiroz et al., 2015;
Peng et al., 2016; Mouchet et al., 2017; Baró et al., 2017). The second
focus is on the function of a specific land use type, such as forests, culti-
vated land, urban land, or rural land (Barbier et al., 2010; Andersen et al.,
2013; Lovell and Taylor, 2013; W. Song et al., 2015; X. Song et al., 2015;
Jiang et al., 2016). The former aremore systematic in the framework and
approaches; they identified ecosystem service bundles or landscape
multi-functionality and revealed the relationships among multiple ser-
vices/functions. Nevertheless, these studies mainly referred to natural
ecosystems and are difficult to employ in artificial ecosystem
(e.g., urban and cropland system).

Some studies have focused on the dynamics of LUFs related to both
socioeconomic and environmental fields at the regional scale (Zhou
et al., 2017; Sun et al., 2017) and provided some feasibleways to analyze
LUFs. However, the assessment andmeasurement of these functions are
still challenging as most ecological functions are difficult to quantify
using socioeconomic data (Turner and Daily, 2008; Norris, 2012). Addi-
tionally, multiple LUFs interact with each other in unpredictable ways,
which results in trade-offs and synergies among LUFs (Bennett et al.,
2009). Trade-offs reflect inverse relationships among LUFs, whereas
synergies reflect direct relationships among LUFs (Bennett et al., 2009;
Lin et al., 2018). Analyzing the interactions of multiple LUFs is helpful
in evaluating the impact of land use policies on LUFs, especially for re-
gions with a shortage of natural resources; however, most studies do
not identify trade-offs and synergies among LUFs (Bennett et al., 2009;
Raudsepp-Hearne et al., 2010; Peng et al., 2016).

The Jiangsu Province in eastern China is located within the larg-
est economic zone in the nation, the Yangtze River Delta. By the end
of 2015, the urbanization rate in the region was 66.5%, 10.4 percent-
age points higher than the national average. Agricultural and eco-
logical space are heavily occupied and are threatened by the rapid
expansion of urban space. During the period 2000 to 2015, per
capita arable land dropped from 0.071 ha to 0.057 ha; ecological
land (e.g. rivers, lakes, reeds, and beaches) has been reduced by ap-
proximately 0.18million ha. These declines are the result of interac-
tions among LUFs and will likely restrict regional sustainable
development.

In this study, the social-ecological complexity of land use systems
with a large proportion of urban and agricultural land was taken into
consideration. We proposed a new LUFs classification system for
assessing LUFs in Jiangsu Province, specifically, but which can be ap-
plied to any geographical area. We also used geospatial modeling
tools, i.e., Integrated Valuation of Ecosystem Services and Tradeoffs
(InVEST, Tallis et al., 2011) and Revised Universal Soil Loss Equation
(RUSLE; Wischmeier and Smith, 1978), to quantify the ecological
functions based on fine-scale data (e.g., land use spatial data, remote
sensing data) to address the limitations of socioeconomic-data-
based ecological indicators. These tools have been used to identify
ecosystem services in many studies and have been shown to be
more effective and reliable methods to assess the provisioning of
ecological goods and services at a fine scale (Leh et al., 2013;
Hamel et al., 2015; Jiang et al., 2018; Hu et al., 2018). In addition,
we further analyzed the trade-offs of LUFs and revealed spatial
variation of LUFs to provide a wider perspective for LUFs studies.
The objectives of the study were to:

(1) Identify and quantify LUFs from the perspective of spatial plan-
ning.

(2) Measure the status of LUFs and analyze the change of LUFs be-
tween 2000 and 2015 at the county level.

(3) Analyze changes in spatial autocorrelation of LUFs and correla-
tions among individual function.

(4) Identify distinct LUF zones based on the status and dynamics of
LUFs at the county level.

2. Materials and methodology

2.1. Study area

Jiangsu Province is situated in the coastal center of eastern China,
bordering the Yellow Sea and covering 107,200 km2 (Fig. 1), and is
an important strategic fulcrum of the Yangtze River Economic Belt.
The area had a total population of 67.67 million people in 2015 and
includes 63 county-level administration districts. Plains and surface
water account for approximately 70% and 17% of the total area, re-
spectively. The area is in the transitional zone between temperate
and subtropical climates with mild temperatures, moderate rainfall,
and distinct seasons. Superior environmental conditions provide an
attractive foundation for rapid economic and social development in
the area.

Nevertheless, the area also suffers from severe resource shortage,
with the per capita arable land (0.057 ha) equaling approximately half
of the average amount in China and approaching theminimum amount
of per capita arable land (0.053 ha) stipulated by Food and Agriculture
Organization of the United Nations (Wang, 2001). The total population
and economic output per square kilometer are five and eight times the
average value of China, respectively. Land development intensity in the
region was 4.7% greater than the national average during the study



Fig. 1. Location of the study area in eastern China and the 63 counties across the area.
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period. Therefore, the capacity for natural resources to support regional
development is limited. This study provides a reference for land devel-
opment pattern optimization to be used by land planners and
policymakers in Jiangsu.

The data used in this study include statistical, spatial, and reference
data. All spatial data were rescaled to county level using a Gauss-
Kruger projection and the Xi'an 80 geographical coordinate system. De-
tails about the data used for analysis and their sources are shown in
Table 1.
2.2. Methods

2.2.1. Land use functions classification and quantification
The National Land Planning Outline (2016–2030) in China published

in 2017 divided land space into three types: agricultural space, urban
space, and ecological space. The dominant land use activities vary
among land space types and can provide multiple goods and services
for human beings to achieve different spatial planning objectives in
each space. With this approach, we propose here a new classification



Table 1
Data sources and description of this study.

Data type Data source Time-series Resolution

Land use/land cover data Resource and Environment Science Data Center, Chinese Academy of Sciences 2000, 2015 1:10,0000
Socioeconomic data Statistical Yearbook of Jiangsu 2000, 2015 County level
Agricultural data Rural Statistical Yearbook of Jiangsu 2000, 2015 County level
DEM (ASTER GDEM V2) Geospatial Data Cloud (http://www.gscloud.cn/) 2009 30 m × 30 m
Normalized Differential Vegetation Index (MYDND1M) 2000, 2015 500 m × 500 m
Net Primary Productivity (MOD17A3) National Oceanic and Atmospheric Administration (http://www.noaa.gov/) 2000, 2015 1 km × 1 km
Evapotranspiration (MOD16A3) 2000, 2015 500 m × 500 m
Leaf Area Index (MOD15A2) 2000, 2015 1 km × 1 km
Soil data The Second National Soil Census Data 1990s 1:100,0000
Precipitation Meteorological data center of China Meteorological Administration 2000, 2015 Site
Environmental protection zone National Earth System Scientific Data Sharing Infrastructure 2009 1:25,0000
Road data 2002, 2015 1:25,0000
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framework for LUFs that considers the interdependence and interaction
of land space, land use activities/influence, land use functions, and spa-
tial planning objectives (Fig. 2).

Based on the classification framework of LUFs shown in Fig. 2, we
proposed a LUFs classification system with three primary functions
and 12 sub-functions (Table 2). For each sub-function, an indicator
was defined and measured; the selection of these indicators was
based on three main criteria: (1) relevance to the study area, mainly
in terms of expected demand for regional development, (2) use in pre-
vious studies and/or public data sources as important to the sub-
function, and (3) availability of data at the county level. Indicators and
quantification methods for each sub-function can be found in Table 2.

2.2.2. Analyzing the change of land use functions
All indicators were averaged by county and normalized to enable

comparison across counties of different sizes and to facilitate correlation
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values so that all indicator values ranged from 0 to 1 (Raudsepp-
Hearne et al., 2010; Mouchet et al., 2014).

For each sub-function, a county was given a value of 1 if the indi-
cator value was greater than or equal to the average value of the
whole study area. Sub-functions were assumed to be substantial in
the county if the indicator value was 1. Otherwise, a county was
given a value of zero, and the sub-function was assumed to be a
non-substantial function.

For each county, we also assessed the temporal change of 12 sub-
functions based on time-dependent variables that determined the indi-
cator value of the sub-function at a given time t. Changes in sub-function
relative to its previous state can be calculated as.

LUFCIij ¼ LUFijt1−LUFijt2 ð1Þ
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Table 2
Overview of land use functions, indicators, quantification methods, and key references used in this study. NC indicates the content of carbon in carbon dioxide (CO2), that is 27.27%. β in-
dicates that CO2 content needed to be absorbed and immobilized for 1 g dry biomass produced per plant, that is 1.63 g.

Primary functions Sub-functions Indicators Unit Quantification method and key references

Agricultural production
function

Crop provisioning Per unit area crop yield kg ha−1 Total crop yield/crop sown area
Livestock provisioning Density of head of livestock (including pigs,

cattle, sheep)
Livestock units
km−2

Total amount of pigs, cattle, sheep/total land area

Forest product
provisioning

Forest product yield kg ha−1 Total forest product yield/total land area

Aquatic product
provisioning

Aquatic product yield kg ha−1 Total aquatic product yield/total land area

Urban living function Housing security Population density Inhabitants km−2 Total inhabitants/total land area
Economic security Per unit area non-agricultural output values $ km−2 Total non-agricultural output values/construction

land area
Occupational security Percentage of non-agricultural employees People km−2 Total non-agricultural employees/total

employees
Cultural service Acceptable amount of visitors People km−2 Total acceptable amount of visitors/total land

area
Ecological maintenance
function

Water regulation Water yield mm km−2 InVEST
Soil conservation Sediment retention kg km−2 RUSLE
Climate regulation Carbon sequestration kg C ha−1 Nc × β × ∑ NPP
Biodiversity
conservation

Habitat quality # InVEST
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where LUFCIij is the Land Use Function Change Index of function ij (i=
1,2,3; j=1,2,3,4), LUFijt1 and LUF ijt2 are the LUF state values of function
ij at times t1 and t2, respectively. In this study, t1 is 2015 and t2 is 2000.

LUFCI ranges from negative one to positive one and represents the
relative increase or decrease of each function. A negative/positive
LUFCI indicates a decrease/increase in function among years; an LUFCI
of 0 indicates no change. Furthermore, we identified eight function
change patterns (Table 3) based on the direction (i.e., positive or nega-
tive LUFCI) of changes in function type (i.e., substantial function or non-
substantial function) from 2000 to 2015. We also used ArcGIS 10.2
(ESRI, 2014) to map the spatial distribution of LUFs change over time.

2.2.3. Assessing hot and cold spots of land use functions
Each primary functionwas quantified using an unweighted summa-

tion of the LUF state values of corresponding sub-functions for 2000 and
2015. Spatial cold and hot spot analysis was conducted for each primary
function using the hot spot analysis tool in ArcGIS10.2. A Z-score was
calculated to identify the locations of the spatial aggregation of high
and low values for primary functions in each county. A county was con-
sidered a statistically significant hot spot only if it had a high positive Z-
score and was surrounded by counties with similar high values. Con-
versely, when a county had a low negative Z-score and was surrounded
by countieswith similar low values, the countywas a statistically signif-
icant cold spot.

2.2.4. Analyzing interactions among multiple functions
We used Pearson parametric correlation analysis to identify trade-

offs and synergies among the all pair combinations of the 12 sub-
functions in 2000 and 2015. In this study, synergies or trade-offs indi-
cate positive or negative relationships between two functions,
Table 3
The change patterns of landuse functions. (1) A substantial function is onewith an indicator valu
it is a non-substantial function. (2) The sign ‘−’ represents a decrease in function between 200

Classification Function type

2000 2015

C1 Substantial function Non-substantial func
C2 Non-substantial function Non-substantial func
C3 Substantial function Substantial function
C4 Non-substantial function Substantial function
C5 Substantial function Non-substantial func
C6 Non-substantial function Non-substantial func
C7 Substantial function Substantial function
C8 Non-substantial function Substantial function
respectively, that could reveal the associations between pairs of LUFs.
The relationships were mapped using R package corrplot (Wei and
Simko, 2017).

2.2.5. Identifying land use function zones
All sub-functions calculated in 2000 and 2015 were considered for

cluster analysis. We classified 63 counties into clusters to characterize
LUF zones based on similar combinations of LUF values using k-means
clustering (Jain, 2010) which minimizes within-group variability. The
number of clusterswas determined by analyzing the robustness and rel-
evance of different clusters with the support of rose-wind diagrams
which were mapped by the R package vegan (Oksanen et al., 2013).
The spatial distribution of LUF zones was mapped using ArcGIS10.2.

3. Results

3.1. Change patterns of land use functions from 2000 to 2015

The spatial distribution of the 12 sub-functions varied substantially
across the study area within the years 2000 and 2015 (Figs. S1, S2).
The spatiotemporal variation patterns of 12 sub-functions (Fig. 3) at
the county level also revealed clear similarities and dissimilarities
among functions.

For agricultural production functions between 2000 and 2015, crop
and livestock provisioning showed an overall increase, but forest prod-
uct and aquatic product provisioning showed an overall decrease. Spe-
cifically, crop and livestock provisioning were clustered in northern
Jiangsu both in 2000 and 2015. Crop provisioning showed amore prom-
inent increase in northern Jiangsu than in southern Jiangsu. Southern
Jiangsu, however, experienced a substantial decrease in livestock
e greater thanor equal to the average value of thewhole study area in the year; otherwise,
0 and 2015; ‘+’ represents an increase in function between 2000 and 2015.

Function change direction Function change pattern

tion − High-level decrease
tion − Substantial decrease

− Low-level decrease
− Nominal decrease

tion + Nominal increase
tion + Low-level increase

+ Substantial increase
+ High-level increase



Fig. 3. Spatial distribution of the change patterns of landuse functions between 2000 and 2015 at the county level in Jiangsu. Blue shades indicate decreases in functions between 2000 and
2015, and red shades indicate increases in functions between 2000 and 2015. Darker shades of blue and red, indicate decreases and increases in functions that are of greater magnitude.
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provisioning. Forest product provisioning was concentrated and in-
creased in the northern Jiangsu between 2000 and 2015. Aquatic prod-
uct provisioningwas high along the coast of the Yellow Sea, but showed
a low-level decrease in the area among years.

The four urban living sub-functions were highly concentrated in
southern Jiangsu and increased substantially in the whole area be-
tween 2000 and 2015. Economic security and occupational security
grew more in southern Jiangsu than in northern Jiangsu between
2000 and 2015. In most counties, housing security showed a low-
level or substantial decrease, and the decrease was more prominent
in southern Jiangsu. Although cultural service was not a prominent
function in northern Jiangsu, it showed a low-level increase there.
Cultural service near Nanjing, the provincial capital of Jiangsu, expe-
rienced a large increase.

In general, water regulation and climate regulation functions were
high and relatively evenly distributed among counties in 2000. How-
ever, water regulation decreased substantially between 2000 and
2015, especially in northern Jiangsu, and remained high in southern
Jiangsu. Excluding water regulation, all ecological maintenance sub-
functions showed an overall increase in the whole of the study area be-
tween 2000 and 2015. Soil conservation increased substantially in the
southwest hilly areas and southern Jiangsu, but was mainly concen-
trated and showed a low-level decrease in northern Jiangsu between
2000 and 2015. Additionally, biodiversity conservation was highest



39Y. Fan et al. / Science of the Total Environment 642 (2018) 33–44
near the Yellow Sea, likely due to amosaic landscape of diverse habitats,
and increased substantially in northern Jiangsu.

3.2. Change analysis on hotspots and interactions of land use functions

The hot and cold spots of three primary functions are shown in Fig. 4.
In both years, hot spots for agricultural production and ecological main-
tenance functions overlapped in northern Jiangsu, and cold spots for
these two primary functions overlapped in southern Jiangsu, whereas
the hot spots of urban living functions partially overlapped the cold
spots of the two other primary functions. The hot spots of agricultural
production were more concentrated in northern Jiangsu in 2015 than
in 2000; a similar change occurred in the cold spots of urban living func-
tions. From 2000 to 2015, the ecological maintenance hot spots de-
creased in northern Jiangsu, but increased in southwest Jiangsu, where
forests are abundant. Ecological maintenance cold spots in southeast
Jiangsu were more numerous in 2015 than in 2000.

We also found distinct interactions among the 12 sub-functions,
both in 2000 and 2015 (Fig. 5). In both years, urban living functions
were significantly negatively correlated with agricultural production
functions and ecological maintenance functions, and the correlation
was stronger in 2015 than in 2000. This corroborated the opposing spa-
tial distributions of hot and cold spots of the three functions.

With the exception of housing security, urban living sub-functions
(i.e., economic security, occupational security, cultural service) were
significantly negatively correlated with livestock and forest product
provisioning. Although, the negative correlation between the three
urban living sub-functions and forest product provisioning was weaker
in 2015 than in 2000. Aside from water regulation, the remaining eco-
logical maintenance sub-functions were significantly negatively corre-
lated with urban living sub-functions. Climate regulation and
biodiversity conservation had stronger negative correlations with
urban living functions in 2015 than in 2000; however, soil conservation
and urban living functions showed a decreased trade-off between 2000
and 2015. Additionally, there was a trade-off between water regulation
and urban living functions, which was more prominent in 2015.

We also found a weak positive relationship between agricultural
production functions and ecological maintenance functions, overall.
Fig. 4.Hot and cold spots for three primary land use functions in 2000 and 2015 in Jiangsu. Each
−2.58), secondary cold spot (−2.58 ≤ Z b −1.96), not significant (−1.96 ≤ Z ≤ 1.96), secondar
Specifically, forest product provisioningwas significantly positively cor-
related with soil conservation, and aquatic product provisioning was
significantly positively correlated with biodiversity conservation;
these relationships were more significant in 2015 than in 2000. Con-
versely, forest product provisioning was significantly negatively corre-
lated with water regulation in 2000 and 2015. A strong trade-off also
existed between livestock provisioning and water regulation in 2015.

3.3. Spatial distribution of land use function zones

Cluster analysis grouped 63 counties into four clusters, which varied
in different functions, hence revealing four distinct LUF zones (Table 4;
Fig. 6). We named the four clusters based on dominant LUFs and the
main land cover and land use pattern of each cluster.

3.3.1. Riverside metropolis development zone (Cluster 1)
Cluster 1 (n = 17) includes counties with a high density of water

bodies and high urbanization and population density, most of which
are located along the Yangtze River. Water regulation was higher in
this cluster than others, despite experiencing a low-level decrease be-
tween 2000 and 2015. Other ecological maintenance sub-functions
had overall low mean values. Climate regulation and biodiversity con-
servation decreased substantially between 2000 and 2015. Cluster 1
showed the highest values for urban living sub-functions and the lowest
values for agricultural production functions, revealing a disparity be-
tween agricultural production and urban development. Additionally,
except for housing security and livestock provisioning, all other urban
living and agricultural production sub-functions increased between
2000 and 2015.

3.3.2. Cropland ecological protection zone (Cluster 2)
Cluster 2 (n = 14) comprises counties in which cropland is the pri-

mary land use and aremostly located around the Yangtze River, Hongze
Lake, and Gaoyou Lake. This area had the highest values for crop provi-
sioning in Jiangsu and showed an overall increase in crop provisioning
between 2000 and 2015. All ecological maintenance functions in this
cluster were at a moderate level and were relatively stable over time,
but increased slightly between 2000 and 2015. Urban living functions,
function is divided into five zones according to Z-score of hot spot analysis: cold spot (Z b

y hot spot (1.96 b Z ≤ 2.58), and hot spot (Z N 2.58).



(a) 2000  (b) 2015

Fig. 5. Results of a pairwise correlation analysis of land use functions in 2000 and 2015 using a Pearson correlation test. (1) The numbers in the lower left indicate the correlation
coefficients of pairs of functions. Positive values indicate a synergy between two functions and negative value indicates a trade-off between two functions. When the absolute value of
coefficient is N0.24, the correlation between two functions is significant with a 95% confidence level. (2) The shaded circles in the upper right indicate the direction and magnitude of
the interactions between two functions. Blue shades represent positive correlations and red shades represent negative correlations between two functions. The darker the blue/red
shades, the greater the positive/negative correlations are between two functions. (3) The abbreviations in the upper and left axes are as follows: CP represents crop provisioning; LP
represents livestock provisioning; FPP represents forest product provisioning; APP represents aquatic product provisioning; HS represents housing security; ES represents economic
security; OS represents occupational security; CS represents cultural service; WR represents water regulation; SC represents soil conservation; CR represents climate regulation; BC
represents biodiversity conservation.
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except for occupational security, in this cluster had relatively lower
mean values than other clusters in both years, but had higher mean
values in 2015 than 2000.
3.3.3. Coastal wetland exploitation zone (Cluster 3)
Cluster 3 (n= 9) includes counties near the Yellow Sea with a mod-

erate amount of urban land. Aquatic product provisioning was high in
this group, but decreased substantially between 2000 and 2015. Con-
versely, crop provisioning was low, but increased significantly among
years. Cultural service in this group was lowest in both years. Occupa-
tional security and economic security functions had moderate mean
values that increased slightly among years; however, housing security
was low and decreased further from 2000 to 2015. Water regulation
also decreased significantly between 2000 and 2015. Climate regulation
Table 4
Standardized mean values for each land use function indicator within each function zone. The

Land use functions Clusters

Riverside metropolis
development zone (n =
17)

Cropland ecolo
protection zon
14)

2000 2015 2000

Crop provisioning 0.47 0.50 0.52
Livestock provisioning 0.15 0.14 0.13
Forest product provisioning 0.08 0.09 0.23
Aquatic product provisioning 0.09 0.12 0.20
Housing security 0.62 0.60 0.20
Economic security 0.59 0.73 0.13
Occupational security 0.83 0.88 0.42
Cultural service 0.51 0.52 0.17
Water regulation 0.75 0.61 0.63
Soil conservation 0.08 0.18 0.30
Climate regulation 0.48 0.45 0.52
Biodiversity conservation 0.31 0.23 0.52
and biodiversity conservation had higher mean values overall in this
cluster than in others.
3.3.4. Mosaic cropland livestock reserve zone (Cluster 4)
Cluster 4 (n = 23) is the largest zone by number of counties and

comprises counties with abundant cropland, some forested areas, and
relatively small urban settlements. This groupwas heterogeneous, com-
bining the highest livestock provisioning, forest product provisioning,
and soil conservation, as well as the lowest economic and occupational
security functions, all ofwhich increased among years of 2000 and 2015.
Soil conservation was also higher in this cluster than the other three
clusters in 2000 and 2015. Crop provisioning had a relatively high and
increased performance between 2000 and 2015. With the exception of
water regulation, the remaining three ecological maintenance sub-
number of counties per cluster is indicated with n.

gical
e (n =

Coastal wetland
exploitation zone (n =
9)

Mosaic cropland
livestock reserve zone
(n = 23)

2015 2000 2015 2000 2015

0.61 0.42 0.51 0.50 0.58
0.10 0.24 0.22 0.25 0.30
0.16 0.14 0.07 0.28 0.27
0.17 0.46 0.40 0.11 0.11
0.19 0.32 0.26 0.47 0.44
0.23 0.39 0.47 0.09 0.16
0.52 0.40 0.55 0.29 0.40
0.18 0.05 0.06 0.09 0.11
0.53 0.52 0.18 0.49 0.24
0.39 0.05 0.07 0.36 0.36
0.60 0.79 0.79 0.67 0.79
0.55 0.69 0.74 0.22 0.36



Fig. 6. Spatial distribution of land use function zones and standardized mean indicator values found within each cluster (represented in wind-rose plots). A sector in wind-rose plots
represents a sub-function shown in the lower left corner. A higher surface area indicates a higher function value. The number of counties per cluster is indicated with n.
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functions increased between 2000 and 2015. Climate regulation was
higher in this group than in other clusters in 2015.

4. Discussion

4.1. Insights into the change of land use functions

LUF is determined by various social-ecological elements of land use
systems and indicates the ability of land use systems to provide goods
and services for supporting human well-being (GLP, 2005; Wiggering
et al., 2006; Verburg et al., 2009). This study presented significant geo-
graphic differences in the change patterns of LUFs from 2000 to 2015
in the study area. Urban living functions have increased substantially
between 2000 and 2015, and the functions hadmore prominent perfor-
mance in southern Jiangsuwherewas of higher population and industry
density. Nevertheless, high population densities can constrain
agricultural production and ecological maintenance functions, as the
case of crop and livestock provisioning as well as climate regulation
and biodiversity conservation, which were lower and decreased more
significantly in highly populated areas of southern Jiangsu. This finding
agrees with those studies using similar approaches in the Yangtze River
Delta city cluster and Swedish landscape (Yang et al., 2015; Queiroz
et al., 2015). Ecological maintenance functions also showed an overall
low and decreased status in southern Jiangsu with higher urban living
functions, especially for climate regulation and biodiversity conserva-
tion. Water regulation showed an overall decreased status in the study
area, especially in the northern Jiangsu where forest product provision-
ing is higher and increased significantly. This might be explained by the
evapotranspiration of new plantations consuming groundwater and
runoff was reduced when grasslands and shrublands were afforested
(see also Wayland et al., 2003; Farley et al., 2005; Sun et al., 2006; Ray
et al., 2010; Wiley et al., 2010; Yang et al., 2010 for similar reports in
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other areas of theworld).Meanwhile, proportional reductions in annual
runoff caused by afforestation were significantly larger in drier areas
(Farley et al., 2005).

LUF is also related to land cover and its change, therefore, results
from local changes in land cover (Verburg et al., 2009). Land cover dis-
tribution varied in distinct regions of LUFs change patterns in 2000 and
2015 (Fig. S3). Increased crop and livestock provisioning were mainly
distributed in a mosaic-type landscape with related share of farmland,
forest, grassland, water, and urban land. This might be due to the rela-
tively low intensity of agricultural practices in the regions where agri-
cultural areas hold a diverse number of habitats (Sporrong, 2008).
Forest and aquatic product provisioning increased more significantly
in forested and coastal areas, respectively. Also, forest product provi-
sioning showed a more prominent increase in denser urban areas.
Urban living functions were more likely to increase in areas where
built-up land also increased. This corroborates urban expansion as a de-
termining factor of urban and industrial development (X. Song et al.,
2015). In the areas where woodland decreased greatly between 2000
and 2015, water regulation increased, whereas climate regulation de-
creased. Soil and biodiversity conservation decreased substantially in
areas of urban expansion, which indicates that urban expansion nega-
tively affects ecological space.
4.2. Trade-offs among multiple land use functions

Trade-offs among LUFs can occur through many possible mecha-
nisms (Raudsepp-Hearne et al., 2010). Sometimes trade-offs are the re-
sults of direct interactions among LUFs; in other cases, they are
associatedwith different social-ecological systems and can be produced
by spatial incompatibilities and societal feedbacks.

In this study, we presented empirical evidence for strong, increasing
trade-offs between urban living functions and agricultural production
functions at the county level, which are consistent with those reported
in theYangtze RiverDelta (Yang et al., 2015) andhave been identified as
a cause for concern. Urban expansion for residence and industrial devel-
opment has resulted in lost, fragmented, transformed, and isolated agri-
cultural landscapes and a decline in agricultural land use intensity,
which may undermine the sustainability of agricultural production
(Su et al., 2011; Jin et al., 2016; Zhong et al., 2017). Additionally, wide-
spread urban expansion may have a harmful impact on climate, soil,
and biodiversity. For example, the emission of greenhouse gasses may
lead to increased surface temperatures and decreased net primary pro-
duction (NPP) (Kalnay and Cai, 2003; Fu et al., 2016; Davis et al., 2016).
Urbanizationmay also lead to biotic homogenization (Vörösmarty et al.,
2010; Concepción et al., 2015). Correspondingly, urban living functions
were significantly negatively correlated with soil conservation, climate
regulation, and biodiversity conservation, which is similar to findings
in Denmark (Turner et al., 2014). The effects urban land use are often
delayed by slow environmental processes, like groundwater flow, thus
land use legacies are potentially important to consider for long-term
planning (Pijanowski et al., 2007; Tayyebi et al., 2015).

Prominent and increased synergies between water regulation and
urban living functions were consistent with those reported at a water-
shed scale (Qiu and Turner, 2013). This is primarily due to superior nat-
ural resources and transportation along the Yangtze River and Yellow
Sea, which are important for socioeconomic development. Despite the
requirement of local governments to pay for water-quality treatment
and improvement and of tourism operators to suspendwater recreation
whenwater quality is poor (Raudsepp-Hearne et al., 2010), water regu-
lation generally decreased between 2000 and 2015. Water regulation
had a positive impact on urban development; however, the great de-
mand for water in developing intensive agriculture to improve crop
and livestock provisioning, as well as afforestation and reforestation
for improving forest product provisioning and carbon sequestration,
have been the drivers of trade-offs between water regulation and both
agricultural production functions and climate regulation (Long and
Pijanowski, 2017).

4.3. Implications for land use planning and management

In this study, we identified four LUF zones that were associatedwith
distinct social-ecological systems and were spatially aggregated in the
study area. These patterns can be explained by historical social-
ecological interactions among people and nature (Raudsepp-Hearne
et al., 2010; Andersson et al., 2015; Queiroz et al., 2015). Identifying dis-
tinct function zones at the county level is one effective approach for in-
tegrated land use planning and management (Bennett et al., 2009).

As expected, our results showed that the riverside metropolis devel-
opment zone had dense, widespread urbanization and had the highest
disparity between agricultural production and urban development. It
is necessary for the region to put land use transition into practice to re-
duce stresses on the limited natural resources (Long, 2015). The intelli-
gent manufacturing industry and modern service industry should be
encouraged to improve land use efficiency. Food security and resilience
should also be considered in strategic land use planning (Daily et al.,
2009; Camps-Calvet et al., 2016). In addition, green infrastructure plan-
ning as a land sharing approach should be considered in land use plan-
ning as it can improve the environment in the area (Stott et al., 2015;
Baró et al., 2016).

The cropland ecological protection zone andmosaic cropland livestock
reserve zone are both sparsely urbanized and populated, which explains
the low observed values for urban living functions. Both regions are im-
portant bases for agricultural production; although, despite already
high values, it is important to strengthen basic farmland construction
and manage for the stability and improvement of agricultural produc-
tion in these areas. However, increasing crop and livestock provisioning
pose a considerable threat to sustainable land use through agricultural
non-point source pollution (Shen et al., 2014; Ouyang et al., 2014).
Unique agricultural industries, such as ornamental agriculture and agri-
tourism, are key aspects of the efficient and low-pollution development
models of modern agriculture. Also, the occupation of arable land for
non-agricultural developmentmust be strictly limited and the exploita-
tion of ecological protection zones must be prohibited.

The coastal wetland exploitation zone was located along the Yellow
Sea and had appreciably higher aquatic product provisioning than
other zones. Sea aquaculture and port industry development based on
abundant resources in this zone have improved agricultural provision-
ing and promoted regional socioeconomic development effectively.
However, a weak economic foundation and homogeneous industrial
structure have become limiting factors for sustainable development in
the region. In terms of spatial planning, this area requires a combination
of industrial expansion and industrial clustering development to realize
intensive land use. Green space also should be preserved for land spar-
ing during the land use planning process (Stott et al., 2015); arranging
ecological corridor construction between clustering urban and indus-
trial spaces is a way for increased ecological security.

4.4. Limitations and research prospect

Data similar to those used in this study are likely available for
other regions. Although we consider the indicators selected to be
relevant to the study area and LUFs assessment to be credible and sa-
lient for regional spatial planning purposes since all the indicators
have been applied in other assessments of LUFs (Polasky et al.,
2011; Leh et al., 2013), our study was challenged by the limitations
of data collection and quantification methods. For example, cultural
service needs to be analyzed from social-behavioral perspectives,
but the lack of data for large-scale assessments makes it difficult to
fully integrate it in an operational quantification process
(Paracchini et al., 2014). Validation or improvement of cultural ser-
vice assessment could be achieved through detailed surveys of
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human behavior, natural protection zones, public cultural facility,
etc., which are costly and time-consuming in the study area consid-
ering the broad geographical area and large population.

Another limitation of this study was the spatial scale. Our study was
conducted at, and provided directions for, strategic spatial planning and
management at the county level. A refinement of spatial scale is needed
in future research for the application of these kinds of assessments to
identify problematic areas and address specific problems in land use
practice. Satellite-basedmethod is a key technique for LUFs assessment
and allows for a more systematic assessment of large areas than statis-
tical data at a fine scale due to its convenience and low cost (Rötzer
et al., 2014; Zawadzki et al., 2016; Zhang et al., 2016). For example, me-
dium and high-resolution satellite data (e.g., GLDAS, SMOS and ASCAT,
LANDSAT TM/ETM+) are available for monitoring cones of depression
caused by intensive pumping of water from aquifers for consumption,
irrigation, industrial, or mining purposes (Rötzer et al., 2014;
Zawadzki and Kȩdzior, 2014; Zawadzki et al., 2016; de Jeu and Dorigo,
2016). Cones of depression can limit biomass productivity, and there-
fore has a straightforward influence on agricultural production
(Zawadzki and Kȩdzior, 2014; Zawadzki et al., 2016). Synthetic aperture
radar (SAR) data can be used to map urban impervious surfaces, which
is important for broadening the contents of urban living functions
(Zhang et al., 2014; Zhang et al., 2016). All thesemethods are necessary
endeavors for improving analysis of fine-scale LUFs assessment in the
future.

5. Conclusions

In this study, we presented a novel classification system for
assessing LUFs from the perspective of spatial planning. We combined
geospatial modeling methods (e.g., InVEST, RUSLE) based on fine-scale
data with statistical summary methods based on socioeconomic data
to comprehensively assess LUFs. To our knowledge, this is the first
study to use this combination of data; although, geospatial modeling
methods have been employed to assess ecosystem services in other
studies. The application of these methods improves the reliability of in-
dicators for LUFs assessment. Our results showed that agricultural pro-
duction functions increased more significantly in northern Jiangsu than
in southern Jiangsu between 2000 and 2015, which is likely associated
with the large swaths of plains and contiguous high-quality farmland
in northern Jiangsu. The hot spots of urban living functions were highly
concentrated in southern Jiangsu, which corresponds to the highly ur-
banized area and diverse industries in the area in both years. This cor-
roborates the growing negative correlation between agricultural
production functions and urban living functions. Urban living functions
are also negatively correlated with ecological maintenance functions;
the hotspots of ecological maintenance functions in northern Jiangsu
decreased significantly during the study period. Finally, this study pre-
sented four types of function zones based on LUFs assessments in
2000 and in 2015. We found that significant differences of LUFs in dis-
tinct function zones. The proposal of function zones can provide a feasi-
ble approach to spatial planning and the implementation of land
management policies in Jiangsu Province, as well as a pathway for
achieving integrated social-ecological systems and sustainable
development.
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