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Wind Tunnel Tests Reveal Aeolian Relocation Processes Related
to Land Cover and Surface Characteristics in the Souss Basin,
Morocco

Miriam Marzen 1,*, Mario Kirchhoff 1, Ali Aït Hssaine 2 and Johannes B. Ries 1

1 Department of Physical Geography, Trier University, DE-54286 Trier, Germany
2 Department of Geography, Université Ibn Zohr, Agadir MA-80060, Morocco
* Correspondence: mmarzen@uni-trier.de

Abstract: The Souss Basin is a dryland environment featuring soil, surface and climatic conditions
enhancing processes of wind erosion and mineral and organic dust emissions while subject to frequent
grazing, tillage and driving. The fine-grained compacted surfaces are covered by physical and
biological crusts and stone cover and are sparsely vegetated by open argan woodland and patchily
distributed bushes. Wind-tunnel experiments and soil sampling were conducted on the deeply
incised alluvial fans originating from High Atlas and Anti-Atlas mountains to investigate the dryland
ecosystem, including the open argan woodland, for information on local wind-induced relocation
processes and associated dust emission potential. To investigate possible connections between
dryland environmental traits and dust emissions, we used two approaches: (a) surface categories
(stone cover, crust and cohesionless sand) and (b) Land Cover Classes (wasteland, woodland and
wadi). The results indicate omnipresent dynamic aeolian surface processes on a local to regional
scale. Wind impact is a powerful trigger for the on-site relocation of available mineral and organic
dust and may be crucial to explain the heterogeneous spatial distribution of soil organic carbon and
nutrients associated with mineral fines. Aeolian dust flux showed statistically significant relations
with surface categories and, to some extent, with Land Cover Classes. While wind erosion processes
are key to understanding on-site sediment and nutrient dynamics between fertile dryland islands,
the results also indicate a considerable dust emission potential under increasing climate impact and
anthropogenic pressure.

Keywords: wind erosion; dust emission; drylands; sediment connectivity; degradation; land use and
land cover change (LULCC)

1. Introduction

Aeolian dust includes mineral and organic particles and is a paramount factor in
understanding local, regional and global substrate relocation dynamics and resulting on-
site and off-site impacts. On a local to regional scale, wind erosion and dust dynamics
are key drivers of substrate relocation, including nutrients, particularly in semi-arid and
arid environments but are rarely addressed [1]. The transport dynamics are of particular
importance in dryland environments and differ strongly from that of surface runoff in terms
of temporal and spatial characteristics of entrainment and deposition. Variations of mineral
and organic matter relocation and deposition may affect sediment characteristics on a small
temporal and spatial scale but may also be a powerful influence on pedogenesis [2]. The
degradation from grassland to shrubland increasingly limits the spatial distribution of
soil nutrients to fertile islands in the vicinity of plants surrounded by depleted soil and
bare surfaces [3,4]. Process studies and quantification of horizontal fluxes are the basis for
understanding and explaining the distribution of soil nutrients, including dynamic matter
and organic carbon (OC), but are generally scarce [5]. While dust sources and atmospheric
dust loads on a regional to global scale are determined with increasing accuracy by means of

Land 2023, 12, 40. https://doi.org/10.3390/land12010040 https://www.mdpi.com/journal/land
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satellite-derived data mapping and tracking of dust plumes [6], observations about local to
regional aeolian dynamics in the low atmospheric layer and particularly at the earth surface
level are rare. North Africa is assumed to be the main contributor to the atmospheric dust
cycle emitting more than 50% of the total global dust emissions [7]. The output is estimated
to equal 170 to 1600 Tg yr−1 [8], including 11 to 15 Tg yr−1 of particles ≤ 20 μm [9]. In
the arid and semi-arid regions of Moroccan environments, aeolian processes are mostly
investigated in the context of dust emissions from particularly active source regions into
higher atmospheric levels induced by sand storms or dust devil activities (e.g., [10,11]).
Although the processes of wind erosion and dust emission are ubiquitous phenomena in
Morocco, investigations based on measurements and observation data are scarce.

In this study, we focus on a semi-arid environment in the Souss Basin. As one of
the most fertile and productive regions in North Africa, the Souss Basin is under severe
pressure from land use and climate change which are identified as the main triggers of
degradation and desertification [12]. While desertification threatens the greatest part of
Morocco [13,14], the National Action Plan [15] identifies the regions Southeast, Southwest
and Oriental as being particularly endangered from the south winds Chergui and Scirocco,
impacting the lower valley of Drâa, Tafilalet and Souss-Massa. The characteristic landscape
includes the endemic open argan woodlands, areas of sparsely vegetated bushland, the dry
riverbed of the Souss River and mostly episodic streams deeply incised into the alluvial fan
material originating from torrential flood events, which is one of the most characteristic
forms of dryland morphology. Ground measurements to investigate aeolian particle flux
are crucial for the understanding of dryland environments [16] and reliable quantification
of local to regional dust emissions [17]. Model results are supposed to improve greatly by
incorporating surface properties [18] and geomorphological features [19]. On-site methods
such as low- and high-volume samplers or particle counters, as well as passive collectors for
measurement of dust load per volume air, require electricity and permanent maintenance,
which is often not feasible due to lacking personnel and equipment as well as remoteness of
test areas or safety issues. Field wind-tunnel tests are a valuable tool to close data gaps and
gain information about local dust entrainment and flux, particularly in remote areas. They
have been increasingly applied for various research aims such as dust emissions due to
anthropogenic activity [20], investigation of fine dust development from desert regions [21],
wind erosion related to specific crops [22] and the diffusion of salt particles from a dry lake
site [23].

To investigate the research hypotheses (H1, H2), aeolian horizontal dust flux was quan-
tified by means of wind tunnel tests on autochthonous substrate surfaces representative
of the Souss Basin landscape and morphology. The results were interpreted concerning
potential local and regional dust flux dynamics and statistically tested for correlations
between dust flux and environment characteristics.

H1 Aeolian flux dynamics on the surface level are a relevant factor for local and
regional redistribution processes of mineral and organic material;

H2 Measured aeolian flux is associated with specific (a) surface characteristics and
(b) Land Cover Classes.

2. Materials and Methods

2.1. Location of Study Area

The study areas were located in the Souss-Massa Region (30–31◦ N and 7–9◦ W,
Figure 1) surrounded by the High Atlas in the north with Paleozoic, Mesozoic and Cenozoic
rocks, the Anti-Atlas in the south with Precambrian and Paleozoic rocks [24] and the Siroua
massif in the east with volcanics and granites [25]. The Souss-Massa Basin covers an area
of 27,000 km2 with a plain area (up to 700 m height) of 5700 km2 and 21,300 km2 mountain
area [26]. It is characterized by coalescing alluvial fans with Pliocene-Quaternary fluvial,
fluvio-lacustrine and aeolian sediments [27,28]. Alluvial fans build the transition section
from mountain range to floodplain and constitute the basic morphological structure of the
greatest part of the basin. The basin is the catchment of the traversing River Souss, which is

2



Land 2023, 12, 40

the regional base level for the wadis developing in the fan material from the surrounding
mountains. The region’s climatic conditions are semi-arid to arid, with 24 ◦C mean annual
temperature showing a trend to temperature rise and a constant negative water balance [29].
The annual precipitation of 200 mm is highly variable, often characterized by torrential
rains, and shows a marked decreasing trend over the period 1976–2006 (−3 to −30%),
including an ongoing increase in evaporation [30]. The tests were conducted in Taroudannt
province and Aït Baha province in winter 2019/2020 during a prolonged period of drought
with minor precipitation in the months before and no precipitation during tests [31].

Figure 1. Location of study area (a) at provinces Taroudannt and Chtouka-Ait Baha and (b) in the
Souss Basin.

Since the Souss Basin is one of the most productive agricultural regions of Morocco,
there is a very high land-use pressure from fruit-tree plantations, irrigated greenhouses
and uncontrolled livestock grazing. Overgrazing is one of the top reasons for global
desertification, and 90% of Morocco’s land area is under grazing impact from local and
nomadic herds [32], as well as a severe issue in the Souss Basin [33]. Combined with increas-
ing water scarcity, the geomorphological consequences range from sinking groundwater
tables to intensified gully and badland development and severely affect the vulnerable
environment [34,35].

2.2. Tested Sites

The Taroudannt sites are situated on an alluvial fan formed by the Wadi Irguitène,
which originates from the High Atlas in the north, the Site in Aït Baha is located on an
alluvial fan originating from the Anti-Atlas Mountains in the south. The substrates are
compacted and crusted fluvial sediments, substrate types that are associated with the most
active dust sources globally [10]. The soils are Fluvisols and weakly developed Regosols
with loamy texture and 48% sand, 35% silt and 17% clay [36]. Ten test sites were chosen in
three environments/ Land Cover Classes (LCC) representative for the Souss Basin: open
woodland including one established site and one reforestation site (Figure 2a,b), wasteland
(Figure 2c) and wadi (Figure 2d).

3
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Figure 2. Sites (a) argan woodland, (b) reforestation area, (c) wasteland, (d) wadi (with marked
test areas).

The Souss-Massa region is the remaining habitat of the endemic keystone species
argan tree (Argania spinosa) that grows in a characteristic open woodland on an area of
ca. 950,000 ha [37]. Adapted to the extreme conditions of the semi-arid to arid environment
along the Sahara peripheries, it is considered a buffer against desertification but severely
threatened by degradation [38]. The traditional agrosilvopastoral land use includes har-
vesting of argan fruit, speculative rainfed agriculture and pasture for browsing goat and
camel herds. Tillage is applied in autumn for preparation of seedbed, but lacking rain may
prevent the seeds from germination. As a measure against argan woodland degradation,
great areas are covered with reforestation sites, but young plants seem to suffer severely
under uncontrolled browsing and drought. The surfaces included structural crusts, stone
and litter cover and destroyed crust from fresh tillage (Table 1). Wasteland occurred ubiqui-
tously and was related to not or very sparsely vegetated bushland without obvious use
or management (Figure 2c). The respective specific site’s origin was not implied by its
current appearance and may comprise climate, substrate or abandonment and degradation
of formerly forested land or incision by fluvial processes. The third LCC was Wadi bed
(Figure 2d) with different surface characteristics. One surface type was cohesionless sand
which was patchily accumulated in specific locations on the dry river bed. The second type
was stone cover on a loamy crust.
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2.3. Experimental Procedure

The Trier Portable Wind Simulator’s test section measures 4 m in length, 0.7 m in
width and 0.7 m in height. The test section for wind erosion tests is 2.2 m2 open ground
to test an undisturbed soil surface on-site (Figure 3a). The air stream is generated by a
rotor-type fan led through a 4 m-long transition section and through a honeycomb in order
to generate a quasi-laminar airflow. The produced air stream is reliably stable concerning
temporal and spatial variability of wind velocities and shows a logarithmic wind-velocity
profile up to 0.15 m height [39,40]. Applied wind velocity was 7.5 m s−1 at 0.3 m height.

 

Figure 3. (a) mobile wind tunnel on site and (b) outlet area with collectors (modified from
Marzen et al. 2020 [31]).

The test duration was 10 min. Airborne material was collected by means of Modified
Wilson and Cook samplers (MWAC, [41]) mounted at 4.0 m in flow direction (the end of
tunnel and test section) at 0.02, 0.10, 0.20 and 0.30 m height on a beam (Figure 3b). Collector
efficiency was found to be good, particularly for fine-size classes [42,43]. Additionally, two
wedge traps [39] were applied for collection of a greater quantity of eroded material with
openings 0.02 m ∗ 0.3 m positioned 3.70 m distance in flow direction from test section
start. The collected material thus ranges in size from fine dust to coarse particles. We
used the term “dust” as a generalized term related to transport by air rather than referring
to specific size classes. The experimental device is applied to study effects of a steady
wind stream on undisturbed soil surfaces in remote regions where measurement data are
lacking. The measured values represent the easily erodible material mainly entrained
by fluid impact, since the test section length is not sufficient for onset of effects such as
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abrasion and avalanche [44]. The experimental setup’s physical limitations concerning
reliability, validity and upscaling of experimental setup, as well as adequate application of
experimentally derived results, are addressed in Iserloh et al. (2013) [45] and Marzen et al.
(2017) [46].

2.4. Surface Parameters

The plot surface was estimated concerning stone and crust cover, available fine ma-
terial, litter and vegetation by visual observation. Inclination and exposition were mea-
sured using an inclinometer and compass. Surface roughness was approached after Saleh
(1993) [47]: Cr = (1-L2/L1) ∗ 100 with L1 = Length of chain and L2 = Length of plot. Shear
strength was measured by means of a pocket vane test device (Eijkelkamp Product Code
14.10) and given as the mean of 10 tests per surface type in kg cm−2.

2.5. Laboratory Analysis

Samples for soil analysis were collected at 0–0.05 m depth, air dried and sieved for
fine fraction (<2 mm). Gravimetric soil water content (%) and particle size distribution
(PSD, [48]) were measured. Percolation stability was assessed by means of a Mariotte
bottle [49–51] and corrected for total sand [52]. Eroded and collected material was stored
>24 h in a thermo-constant room and weighed by means of precision scales to 0.0001 g.
Organic carbon (OC) was derived by means of Euro CHNS Elemental Analyzer 3000 by
HEKAtech in concentration (%) of tested sample.

2.6. Horizontal Dust Flux

The eroded material (g) was calculated by subtracting the weight of the collector before
from the weight after the experiment. The dust flux q (g m−2 min−1) was calculated by
dividing the mass values (g) by collector opening (0.000028 m2) and duration of experiment
(10 min). For comparison of q, values from heights 0.02, 0.10 and 0.20 m were added since
not all cases included values from height 0.30 m.

For cases with four available measurement values (heights 0.02, 0.10, 0.20 and 0.30 m),
an integration was conducted to estimate the total horizontal mass flux over the whole
height profile (g m−1 min−1). A non-linear regression was calculated and fitted to the
data for all heights. We chose an exponential decay function (Equation (1)) as proposed by
Ellis et al. (2009) [53] and Poortinga et al. (2014) [54].

qz = q0 e−βz (1)

where q0 represents the horizontal mass flux at surface level, z is the elevation, β is the
decay coefficient and qz represents the horizontal mass flux at elevation z. The integration
of Equation (1) between heights z = 0 m and z = 1 m gives the total mass transport over this
height in g m−1 min−1. Since this operation is not valid for only three values, we chose to
conduct the statistical analyses by means of the smaller yet reliable measurement values
instead of the integrated values.

From OC values (% of sample weight), enrichment ratios were calculated by dividing
the concentration of OC in eroded sediment by the concentration of OC in the parent
material. Horizontal OC flux (g m−2 min−1) was calculated per sample.

2.7. Statistical Analysis

The nonparametric analysis of variance after Kruskal–Wallis was applied to test both
defined categories for differences between mean horizontal fluxes, including a general dif-
ferentiation (significance level 0.05) and subsequent 2-sided test of asymptotic significances
(significance level 0.05) for each pair. Correlation analysis was performed for nonparamet-
ric dataset by means of Pearson’s Rho. Analyses were performed with SPSS 27 [55] and
boxplots derived using SigmaPlot 11 [56].

7
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3. Results

3.1. Soil and Surface Parameters

Soil and surface parameters are given in Table 1. Each ID marks one test. The soil type
was classified as weakly developed Regosol for all sites, reflecting the uniform genesis of
the alluvial fan morphology. Pictures of a selection of test plot surfaces are given in Figure 4.
While most surfaces are found in a specific range of characteristics, such as percentage
crust, stone cover and vegetation, some surfaces have very special characteristics, such as
available cohesionless sand grain in the wadi and a dense litter cover underneath the argan
tree. The tested sites included various surface characteristics and LCC representativefor
the dryland environment in the Souss Basin.

 

Figure 4. Tested surfaces (selection).
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3.1.1. Particle Size Distribution

The particle size distribution (PSD) shows the relative homogeneity of the alluvial fan
material in the Souss Basin with median particle diameter (D50) in the narrow range of
0.052–0.084 mm for most substrates. Exceptions are the substrates found in the wadi bed
with D50 of 0.54 and 0.45. Following the categorization according to LCC, substrates from
woodland show a comparably broad range with their main share in the fine sand to medium
silt range and with median particle diameter D50 of 0.057 mm (coarse silt); wastelands had
the highest mean percentage of fine sand and a resulting mean D50 (0.07 mm). Wadi is the
most variable group concerning surface conditions (sand/rock/crust) but shows a very
narrow as well as similar PSD with a D50 of 0.49 mm (medium sand).

3.1.2. Organic Carbon (OC)

Organic carbon (OC) values were derived per site. The lowest and highest percentages
of OC in parent material are 0.09% in sandy wadi substrate and 3.6% underneath the argan
tree. All other values are found in a narrow range from 0.49 to 0.78%. OC values from
eroded material were a maximum of 4.52% from open argan forest and a minimum of 0.15%
from the sandy wadi surface, with a mean of ca. 3% for the other sites. Enrichment rates
ranged from 0.86 for the litter-covered under-tree area and 1.72 for sandy wadi to ca. 5 for
most other sites up to 9.29 from the crusted surface in the open woodland area.

3.2. Categories (a) Surface and (b) Land Cover Class

(a) Surface
The categorizationssoil crust, stone cover and cohesionless sand are based on the

specific surface characteristics (Table 2).

Table 2. Mean characteristics of surface classes.

(a)
Surface

Stones Crust
Loose

Grain < 2 mm
Litter Vegetation

Soil
Organic
Carbon

Shear
Strength

Roughness
(Cr)

D50

% (kg cm−2) (mm)

Cohesionless
sand 6.67 0.00 93.33 0.00 0.00 0.09 0.10 1.86 0.54

Soil crust 26.00 47.72 16.22 10.06 0.28 1.05 1.38 8.43 0.08
Stone
cover 76.11 7.78 12.78 2.78 1.67 0.57 1.48 4.41 0.15

D50 = median particle diameter.

The sand class was related exclusively to a wadi with cohesionless, predominantly
medium and coarse sand (<2 mm) and low shear strength (0.1 kg cm−2.). The sand was
transported during the latest flash flood event from undefined locations in the catchment
area and accumulated where velocity and turbulence ceased to keep the material sus-
pended. Soil crust included diverse surface characteristics, including a strong physical
and/or biological crust of 5.0–10.0 mm (mean 48%), partly embedded but mostly loose
stones originating from residual accumulation (mean 26%) and intense compaction (mean
shear strength 1.38 kg cm−2). The stone cover class (origin either residual accumulation,
accumulation by overland flow or anthropogenic) with stones loose or embedded (mean
76%) also included loose grains (mean 1 %) or crust (mean 8%) and measured the highest
shear strength (mean 1.48 kg cm−2).

(b) Land Cover Classes
The LCC wasteland, open woodland and wadi are based on landscape features

(Figure 2). Considering the investigated surface characteristics, there is a broad heterogene-
ity for most classes, including a variety of associated surface traits (Table 3).
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Table 3. Mean characteristics of LCC.

(b) LCC
Stones Crust

Loose
Grain < 2 mm

Litter Vegetation
Soil

Organic
Carbon

Shear
Strength

Roughness
(Cr)

D50

% (kg cm−2) (mm)

Wasteland 72.78 11.67 12.22 1.67 1.67 0.69 2.03 3.79 0.07
Woodland 20.20 50.93 16.80 11.73 0.33 1.16 1.28 9.32 0.06

Wadi 35.83 10.00 54.17 2.50 0.00 0.09 0.15 3.84 0.49

D50 = median particle diameter.

Wasteland has the highest percentage of stone cover (72.78%) and the highest shear
strength (2.03 kg cm−2). Woodland shows the highest percentage of crust (50.93%), litter
cover (11.73%), the highest OC content (1.16%) and the highest roughness (9.32). Wadi is a
highly variable class with three tests on 100% sand cover and three tests on crusted/stone
cover surfaces (Table 1). The mean values for loose grain are 54.17%; it has the lowest OC
value (0.09%), lowest shear strength (0.15 kg cm−2) and the highest D50 (0.49 mm).

3.3. Horizontal Dust Flux

A total of 30 tests were conducted on 30 test plots. Horizontal dust flux was measured
on all tested surfaces (Table 1). The measured flux ranged over three orders of magnitude
mainly due to the impact of great q values from cohesionless sand wadi surface (Table 1).
Related to geomorphology, the mean q on the alluvial fan (24 tests) was 15.10 g m−2 min−1

and 2066.94 g m−2 min−1 in the wadi bed (6 tests). The single results are highly diverse,
with a standard deviation of 13.65 for the alluvial fan and 2066.94 for the wadi. The lowest
measured q was 1.56 g m−2 min−1.measured on soil crust/woodland, and the highest
value was 11,080.72 g m−2 min−1 from wadi/cohesionless sand (Figure 5).

Figure 5. Mass flux for geomorphology per site (each site = three tests). Solid lines show the medians.

Related to (a) surface and (b) LCC are different mean values for a variable number of
tests (Table 4).
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Table 4. Mean horizontal dust flux and organic carbon flux for surface and LCC categories.

Surface Categories Land Cover Classes

g m−2

min−1

Stone Cover Soil Crust Cohesionless Sand Woodland Wadi Wasteland
Mean N SD Mean N SD Mean N SD Mean N SD Mean N SD Mean N SD

Dust flux 4.33 9 3.48 19.15 18 13.66 4126.52 3 6028.28 20.40 15 14.68 2066.94 6 4430.16 6.27 9 4.27
OC flux 0.15 9 0.16 0.62 18 0.15 6.09 3 8.89 0.69 15 0.53 3.06 6 6.53 0.23 9 0.16

SD = Standard deviation.

Of the three surface types, cohesionless sand and stone cover produced the highest
and lowest mean q with 4126.52 and 4.33 g m−2 min−1, respectively. Soil crust produced
19.20 g m−2 min−1 with the comparably lowest standard deviation (13.66). Organic carbon
flux was 0.15 g m−2 min−1 from stone cover, 0.62 g m−2 min−1 and 6.09 g m−2 min−1

from cohesionless sand. Of the three LCCs, wadi and wasteland produced the highest and
lowest mean q with 2066.94 g m−2 min−1 and 6.27 with the highest standard deviation for
wadi (4430.16). Woodland produced 20.40 g m−2 min−1 with the lowest standard deviation
(14.69). OC flux was 3.06 g m−2 min−1 for wadi, 0.69 g m−2 min−1 for woodland and 0.16
g m−2 min−1 for wasteland sites.

3.4. Horizontal Mass Flux by Integration

Measurements show a vertical transport pattern with reduced flux with increasing
height (Figure 6), which is in line with findings from studies carried out with vertically
mounted catcher systems (e.g., [57,58]). For the mean values of each surface type or
landscape unit, exponential decay functions were applied (Figure 7). Power functions fitted
best for most cases but overestimated surface creep, especially for the wadi/cohesionless
sand surface type. Total transport between 0 and 1 m height was obtained by integration
of the curves’ equations. The LCC type wadi showed the highest value with 74.95 g m−1

min−1, while the values for woodland and wasteland were much lower with 1.84 and
0.59 g m−1 min−1, respectively. The surface type cohesionless sand showed an even higher
value of 160.09 g m−1 min−1. The soil crust showed 1.70 g m−1 min−1 and stone cover had
the lowest value of 0.37 g m−1 min−1.

Figure 6. Horizontal mass flux total and in different measurement heights with respect to (a) surface
and (b) LCC. Solid lines show the medians, dots the outliers and whiskers mark the 10. and
90. percentile.
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Figure 7. Exponential decay functions fitted to vertical distribution of horizontal mass flux.

3.5. Nonparametric ANOVA

By testing both categories’ surfaces (Table 5) and LCC (Table 6) for significant differ-
ences concerning the explained dust flux values, the nonparametric analysis of variance
(K-W) finds highly significant differences between groups for LCC (0.011). The post-hoc
test confirms partly significant results by adjusted significance between wasteland and
wadi (0.047), wasteland and woodland (0.017), but not between woodland and wadi (1.000).

Table 5. Pairwise comparisons surface.

Post-Hoc Pairwise Surface Test Statistic Std. Error
Std. Test
Statistic

Sig. Adj. Sig. a

Stone cover–Soil crust 9.847 3.508 2.807 0.005 0.015
Stone cover–Cohesionless sand 21.200 5.795 3.658 0.000 0.001

Soil crust–Cohesionless sand 11.353 5.513 2.059 0.039 0.118
a. Significance values have been adjusted by the Bonferroni correction for multiple tests.

Table 6. Pairwise comparisons of LCC.

Post-Hoc Pairwise LCC Test Statistic Std. Error
Std. Test
Statistic

Sig. Adj. Sig. a

Wasteland–Woodland 10.289 3.712 2.772 0.006 0.017
Wasteland–Wadi 11.222 4.640 2.419 0.016 0.047
Woodland–Wadi -0.933 4.252 -0.219 0.826 1.000

a. Significance values have been adjusted by the Bonferroni correction for multiple tests.

The nonparametric analysis of variance (K-W) finds highly significant differences
between groups for surface characteristics (0.000). The group stone cover differed clearly
from soil crust (0.015) and cohesionless sand (0.001). Soil crust differed from cohesionless
sand by simple significance (0.039) but not by adjusted significance (0.118).

3.6. Correlation Analysis for Horizontal Mass Flux and Surface/Substrate Parameters

The Spearman rank analysis was performed to correlate horizontal dust flux q with
the substrate and surface characteristics of all test plots (Table 7). The rank analysis found
dust flux positively correlating with the available loose grain (0.395) and fine soil content
(0.579) and negatively with stone cover (−0.665) and litter cover (−0.368).
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The OC content (%) was positively correlated with silt (0.565) and clay (0.557) and
negatively correlated with D50 (−0.747) and sand (−0.756), while enrichment was positively
correlated with crust (0.632), fine soil content (0.479) and silt (0.398).

4. Discussion

4.1. Research Hypotheses

Hypothesis 1 (H1). Aeolian flux dynamics on the surface level are a relevant factor for local and
regional redistribution processes of mineral and organic material.

Aeolian transport and deposition are measured on all tested sites and be a paramount
factor for mineral and organic material dynamics on site and also on a regional scale. A
mean of 15.10 g m−2 min−1 was measured on the alluvial fans, including woodland and
wasteland surfaces and 2066.94 g m−2 min−1 on wadi bed surfaces under a wind velocity
that is not exceptional for the region. Measured fluxes are probably, to a great percentage,
constantly redistributed material, detached and accumulated by the prevailing SW- and,
to a lesser extent, NE-winds in the Basin. Another factor is the redistribution of dust
material originating from the Sahara with the periodically passing dust plumes. Dry or wet
deposition of this material in the basin could both be enhanced by trapping effects of the
surrounding mountain ranges and would introduce autochthonous material, potentially
enriching the Basin substrates. However, the input of autochthonous material has not
been quantified yet. Local to regional redistribution affects mineral components as well
as organic material of various sizes according to the respective transport process. The
wind, thus, is not only a factor of redistribution but also fragmentation of larger particles.
It leads to a scouring effect that disintegrates organic material such as dry leaves, which
may be considered a crucial preparation for further processing by soil organisms. This
assumption may be supported by relatively large percentages of organic carbon on total
eroded material and also the enrichment factors, which show that a large quantity of
organic material is subject to very dynamic transport processes. The lowest enrichment
factor, 1.72, was measured on the sandy Wadi substrate (parent substrate 0.09%), and the
highest factor, 9.29, was measured from a crusted woodland site (parent substrate 0.49%).
In an Australian semi-arid to arid environment, Webb et al. 2013 [5] found, during a
longer-term sampling study, even higher enrichment factors of 7.75–30.67% on a sandy,
vegetated dune crest (parent substrate 0.12% OC) and 5.94–31.18% in woodland (parent
substrate OC 0.93%). They could also show seasonal variations. The organic soil material is
generally of a lighter and more easily erodible texture as well as associated with the fine
fractions, which explains increasing percentages of OC with measurement height from 0.09
to 2.00 m [5]. A general low OC on all sites except underneath the trees shows an ongoing
severe depletion of soils by erosion [59] and is in line with findings from other semi-arid
and arid environments [53,54]. Entrained coarser particles in creep and saltation mode
may lead to the scouring of the soil surface. The entrained material may not even leave
the site if one considers the often-changing SE/NW winds. During the process of constant
transport and reduction of particle size, the material may be at some point integrated into
local to regional pedogenic processes or available to processes of long-range transport.
Knowledge about the residence time of OC in the landscape is the basis for understanding
the Souss basin dryland environment as a carbon sink or source. The specific spatial
characteristics of drylands ecosystems have been discussed to enhance considerable abiotic
transport through connected pathways due to a high proportion of bare soil and patchily
distributed vegetation [1]. This concept is confirmed for a variety of typical landscapes
associated with the Souss Basin region by our measurements. The main characteristics
of the tested environment are associated with the dryland vegetation zone of the Souss
Basin region in the transition section from the Mediterranean to the Sahara desert zone [60].
The “fertile islands” concept originally investigates enrichment of specific soil nutrients in
the vicinity of shrubs and associated depletion of inter-shrub area in contrast to a uniform
distribution in grassland [3]. In the Souss Basin, we found the open argan woodland
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exhibits a similar spatial heterogeneity with areas of higher fertility in contrast to a less
nutrient-rich surrounding inter-tree area. The argan tree area was found enriched with
OC with highest OC values measured directly underneath the tree crown (3.6%), while
values from all other spots related to the open argan forest range were much lower (mean
0.6%). The impact of the tree may be direct by shed leaves, fruit and fruit skin, as well as
the attraction of grazing livestock or wild animals that gather among or in the trees with
subsequent feces and hair accumulating in the close vicinity of the trees. Particularly, the
impact of grazing livestock is assumed to be crucial in the development of heterogeneous
distribution of nutrients [61]. The accumulation of soil organisms may be assumed in the
direct vicinity of the tree stem and root system as well as underneath the crown caused
by a slightly more advantageous microclimate (e.g., temperature and soil moisture). The
higher rate of actual humification and mineralization of available organic material explains
the relatively high OC underneath the trees as well as the burring activity which caused a
greater mixing of organic material in the soil [62]. Kirchhoff et al. (2021) [63] also found
enrichment of OC underneath argan trees with a steep gradient radially outwards with the
highest values of OC in the plant lee from the main wind direction (SE), which supports
the study results.

With the wind as a major redistributor of available material, the key role of the argan
tree may be further supported as the essential source of organic matter not only for the
direct vicinity and the local scale but also for the regional scale. The depletion of inter-
shrub soil area and the resulting spatial heterogeneity of soil properties is stated as a key
threshold in the desertification process [3]. The argan forest south of the Souss River is
considered in a state of severe degradation with grasses with short generation periods and
short appearance during advantageous periods [64].

Hypothesis 2 (H2). Measured aeolian flux is associated with specific (a) surface characteristics
and (b) Land Cover Classes.

(a) Surface characteristics

Aeolian dust flux showed statistically significant relations to surface categories. The
surface type least prone to wind erosion was the stone cover; cohesionless sand produced
the highest and most strongly crusted surfaces produced medium emission fluxes. While
the lower values from stone cover and high values from cohesionless sand are in line
with findings from other studies, crusts are generally assumed to be relatively stable,
particularly against minor abrasion (e.g., [65–67]). After the destruction of the intact
crust, high emissions were reported for car driving [68], military personnel trampling [69]
and animal trampling [70]. Since slight disturbances occur either by burying insects
(ants, termites), (animal) trampling, driving or dry cracks, it may be assumed for a large
percentage of crusted surfaces in semi-arid and arid regions. The concept of “intact crusts”
reported in the literature may also be restricted to a very small scale related to the observed
test area. Once tilled, the completely destroyed crust releases highest emissions compared to
other test conditions, which is in line with findings from several other experimental studies
(e.g., [70,71]). Agricultural activities and grazing result in the advancing disintegration
of soil aggregates, subsequently leading to a higher amount of wind erodible material
and high emissions of fine dust [20]. The highest OC enrichment factors were associated
with soil crust and higher silt content of topsoil, which is in contrast to results showing
the highest enrichment from sandy parent soil [5]. A second factor is a possible detention
function for dry or wet deposited dust from regional to trans-regional transport, as well
as material entrained and accumulated during prior interrill erosion. Both factors would
provide readily available material for the subsequent wind event. However, the budgeting
of the dust emission dynamics on site is not possible without data concerning the actual
input of long-range transported Sahara dust by dry or wet deposition.

(b) Land Cover Classes (LCC)
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Aeolian dust flux showed, to some extent, statistically significant relations to Land
Cover Classes. The LCC woodland and wasteland were found to differ significantly, thus
offering an opportunity to approach dust emission potential from the site by considering a
rather broad LCC. The class woodland has a broader range of dust flux which prevents this
LCC from being statistically distinguishable. The woodland class comprised a great variety
of surfaces, including crusts and litter cover, as well as all surfaces related to agricultural
activity (old and freshly tilled sites). The wadi class also involves a great variety of surface
characteristics and shows different dust fluxes from sandy and stone-covered plots. The
wasteland site shows the smallest variability in surface characteristics and is mostly covered
by stone. Compared to the surface approach, the LCC approach was much less applicable
for the estimation of aeolian flux dynamics but gave insights into the spatial distribution
of OC. The highest percentage of OC is included in the woodland substrate (mean 1.16%),
redistributing the organic material from the closest vicinity of the trees (4.52%) to areas
further away. The wasteland sites show less OC (0.69%) as well as organic output, while
the sandy material accumulated on the wadi bed (OC 0.06%) yielded the greatest amount
of wind-eroded sediment by far. Compared to Sterk et al. (2012) [72], who measured
mean values ranging from 7.9 to 835.9 kg m−1 for similar substrate and highly dependent
on the duration of the measured storm event, our wadi test results (calculated for the
same units and durations) ranging from 41.1 to 198.7 kg m−1 seem plausible. The strong
connection between wind and water erosion, especially in arid and semi-arid regions, has
been acknowledged as “aeolian-fluvial transport corridors” [73] and is also indicated by
the results presented herein.

4.2. Possible Development of Dust Emission Potential in the Souss Basin

Remote sensing studies suggest a steady degradation of the argan forest during the
past decades [74] with increasing fragmentation of important stabilizing shrubs [75]. Most
authors associate desertification with high population and livestock pressure (e.g., [76,77])
accompanied by intensifying water scarcity due to declining aquifer recharge [78] and a
rising risk of water shortages [79]. The overexploitation of water resources is aggravated by
climate change [80]. Under the ongoing degradation of tree area, the bare and susceptible
surface in between the individuals increases [81]. It may also trigger wind erosion and
dust emissions due to increased connectivity [82], with effects ranging from reduced soil
fertility (e.g., [83,84]) and abrasion and deflation damage of young crops to infrastructure
damage such as the regional decreased efficiency of solar modules by settled airborne
dust [85]. Direct health risks associated with dust production are contamination of drinking
water and respiratory diseases (e.g., [86–88]) and may include bacteria whose species and
abundance relate to land use [89]. Adapted land management is a powerful tool against
degradation, desertification and the mitigation of climate change effects [30].

Apart from the local impact, the combined impact of the decreased forested area
together with potentially highly erodible substrates may lead to a marked impact on dust
emissions regarding potential long-range transport and connection to the global dust cycle.
Wadis are specifically highlighted as dust sources [90] and yielded the greatest amount
of erodible material during wind tunnel tests in this study, but the large mean grain sizes
(medium sand) suggest a limited transport on the local to regional scale. On the basis
that abrasion processes in the saltation layer are well known for generating fine dust
available for long-range aeolian transport [91,92], the vast amount of entrained material
may lead to a great release of fine dust into the atmosphere. Experimental studies highlight
particulate matter (10 μm) to originate from bombardment and inter-particle contact during
saltation [21], while other authors find the origin of clay and silt particles mostly related
to mineral coatings of the carrying sand grain [92,93]. Compared to non-sandy soils with
high percentages of fine-sized clay and silt, active sands are a minor contributor to global
dust [18] but may act as a potent scour agent over longer temporal scales, releasing the fine
material from the alluvial fans.
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5. Conclusions

• Entrainment of aeolian dust, including mineral and organic material, is a paramount
factor in understanding local, regional and global matter dynamics in the Souss Basin.
Under moderate-wind conditions, considerable amounts of mobilized dust were
measured for various surfaces related to the characteristic dryland environment and
land management.

• Effects of wind erosion partly explain the heterogeneity of OC distribution in the argan
woodland environment.

• If thorough field studies and characterization of surface parameters are not possible, a
less complex classification oriented on landscape features, as applied in this study, has
shown to provide valuable and reliable data to some extent.

• The revision of the concept of “intact crusts” in all semi-arid and arid regions with
probable animal or anthropogenic activity could increase the understanding and
modeling quality of dust emission potential. The status “intact” for an entire area may
be based on very small-scale plot observations, whereas on a larger scale, the crust
may be found to be disturbed.

• For a thorough understanding and budgeting of the dust emission dynamics from
the Souss Basin, the actual input of long-range transported Sahara dust by dry or wet
deposition is needed.
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Abstract: Polycyclic aromatic hydrocarbon (PAH) pollution in the soil of industrial legacy sites is a
prominent problem when reusing urban land. To estimate the potential risks of PAHs, this study
investigated 16 priority PAHs in the soil at different depths in a typical decommissioned industrial
site in Tianjin. PAH concentrations were determined via gas chromatography-(tandem) quadrupole
mass spectrometry. Incremental lifetime cancer risk (ILCR) assessment was applied to assess the
potential risks to the population after land reconstruction. The total concentrations of PAHs in
the soil at different depths ranged from 38.3 ng·g−1 to 1782.5 ng·g−1, which were below the risk
control standard for soil contamination of development land (GB 36600-2018). Low-ring (two-three
ring) PAHs exhibit a dominant component, and the variations in PAH compositions were closely
related to the former production units and soil properties. Compared to silty clay layers, PAHs
tended to accumulate in the permeable miscellaneous fill layers. Incremental lifetime cancer risk
assessment values associated with different exposure pathways for children, adolescents, and adults
were calculated. The results showed potential carcinogenic risks for people of varying ages in this
area, but they were still acceptable. In general, this legacy site can meet the demands of sustainable
land development.

Keywords: PAHs pollution; risk assessment; industrial legacy sites; vertical distribution; land reuse

1. Introduction

China is currently undergoing an important restructuring of urban industrial struc-
ture and optimization of spatial layout [1]. Dramatic changes in land-use patterns have
introduced a series of challenges, such as environmental pollution, climate change, and
land deterioration, making soil resources increasingly strained [2,3]. With the pursuit of
sustainable development, the remediation and reuse of polluted or degraded land have
become increasingly important. So far, a large proportion of traditional industries have
closed down or moved out of cities so that precious land resources can be reconstituted.
However, most industrial legacy sites are polluted to varying degrees, making it impossible
to reuse them directly, and polycyclic aromatic hydrocarbon (PAH) contamination is one
of the major types of pollution [4,5]. PAHs are a type of semivolatile organic compound
(SVOC) with low vapor pressure and hydrophobic property [6]. They are carcinogenic,
teratogenic, and mutagenic contaminants, which can be easily bioconcentrated, can be
transported over long distances [7–9], and have attracted great attention in terms of the
global environment and public health [10,11]. PAHs originate from a wide range of sources,
and the dominant contributing sources are the incomplete combustion of fossil fuels and
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organic matter diagenesis. Therefore, PAHs are widely present in the environment, espe-
cially in areas with coal-combustion activities [12]. Due to their properties, more than 90%
of released PAHs finally enter the soil (or sediment) through various pathways, making
soil (or sediment) an important reservoir for PAHs [13,14]. After entering the soil, PAHs
can be used as the sole carbon source and energy source for biological metabolism via soil
microorganisms. If properly performed, the biodegradation of PAHs could represent a
remediation strategy for petroleum-contaminated sites [15]. PAHs can combine with other
organic matter for co-metabolism [16]. If PAHs are co-metabolized with organic maters and
converted into phenols, quinones, and aromatic carboxylic acids via soil microorganisms
and photochemical degradation, the conversion products are more toxic than the parent
polycyclic aromatic hydrocarbons, resulting in a more severe threat to the environment [17].
Therefore, PAH pollution in the soil has always been a popular research topic.

Lately, there has been increasing research on PAH pollution in industrial legacy sites.
Determining the characteristics of PAH in the soil will lay a solid foundation for soil
remediation and land utilization [18]. Ma et al. [19] investigated the legacy sites left by
relocating 26 chemical enterprises in Beijing and found that more than 30% of the sites were
polluted by petroleum hydrocarbons and polycyclic aromatic hydrocarbons. Li et al. [20]
studied PAH residues and the carcinogenic risks of dust samples at the surfaces of industrial
legacy construction sites and in soil samples and found that the spatial distribution of
PAHs in the dust was consistent with ∑16PAHs in the soil, and carcinogenic PAHs of
industrial legacy sites should be regulated for regeneration. Cao et al. [9] investigated
the contamination status of PAHs in the top soils of three industrial legacy sites (i.e.,
steelworks, a coking plant, and a gas station) and showed that the total concentration of
16 PAHs ranged from 371.1 ng·g−1 to 4073.9 ng·g−1, and PAH pollution varied greatly
among different types of enterprises. Most studies focus on the industrial legacy sites
of petrochemical, coking, steel, and chemical industries [21,22], but few have focused on
coal-fired power plants. PAHs are an integral part of the coal structure. During combustion
processes, organic fragments are released through which cyclization or radical condensation
reactions occur, leading to the formation of PAHs [23]. The characteristics and toxicity
effects of parent PAHs and halogenated PAHs from active coal-fired power plants have
been thoroughly studied [24,25]. However, the residual components of PAHs in the soil of
a closed coal-fired power plant years after its abandonment remain unknown. Moreover,
many studies have concentrated on PAH contamination in the surface soil of industrial
legacy sites, but PAHs that remains in the soil for a long time may further contaminate
groundwater [26,27]. Understanding the longitudinal pollution of PAHs from these sites
remains an urgent matter.

Due to a high level of industrialization for several decades, several studies have re-
ported a high level of PAH contamination in the sediment, water, and atmosphere of the
Haihe River Basin in Tianjin [28,29]. Since coal-fired thermal power plants are a possible
contributor to PAH pollution, in the present study, 7 drilling soil cores with a depth of
5 m from a typical former coal-fired thermal plant site, located in the human settlements
in Tianjin, downstream of the Haihe River Basin, were collected for investigation. The
objectives of this study were (1) to evaluate PAH contamination and longitudinal distribu-
tion at a former thermal power plant, (2) to identify the pollution contribution of different
production units, and (3) to assess the risks posed by PAH residues at the study site to
the environment and human health. The results will provide an environmentally relevant
methodology and useful information for managing and remediating PAH contaminated
sites. Additionally, this case study can provide data support for further exploration of land
reuse and ecosystem response at decommissioned industrial sites.

2. Materials and Methods

2.1. Study Area and Sampling

The legacy site of the former thermal power plant is located in the downtown Hexi
district in Tianjin, northeast and adjacent to the Haihe River. The plant was put into
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production after its completion in 2005, and after 10 years of production and operation, the
unit in the plant was shut down in 2015. Since then, the land has been left vacant, with the
original buildings on the site remaining intact until demolition beginning in October 2019.
The historical production activities in this site were quite specific, mainly coal-fired power
generation. The whole production process included the following steps: the combustion
of coal in the boiler to generate heat, the heating of water into steam, the use of steam to
drive steam turbine power generation, the power supplied to the power grid after being
adjusted by the transformer, and the smoke and dust discharged through the bag filter and
desulfurization device after generation.

2.2. Sampling

It has been preliminarily speculated that PAH contamination in soil is closely related
to the different production processes, such as ground flushing, ash and slag stacking, and
coal conveying [30]. Additionally, the daily maintenance of steam turbines, generators, and
other equipment used in coal-fired power plants may also cause potential leakage. Based
on the historical production processes at this site and the stationing conditions, a total of
seven core sampling sites were set up to investigate the longitudinal characteristics of PAH
in this legacy site, as shown in Figure 1. The drilling of the 7 core samples was executed
before the demolition of the main structure, in case of disturbance.

 
Figure 1. Locations of core sampling sites at the thermal power plant legacy site, Tianjin, China.

The terrain where the site is located is low and flat. The stratigraphic conditions
from top to bottom are as follows: (1) the artificial soil filling layer, with a thickness of
2.3–3.7 m; (2) the silty clay layer, with a thickness of 2.3–4.1 m. The buried depth of stable
groundwater level ranges from approximately 1.8 to 2.4 m. According to the results of the
geological surveys, the soil cores were sampled by Geoprobe (7822DT, USA) at a depth
of 6 m with horizon as a base depth in December 2021. Each soil core was sampled at a
different depth of 0.3 m, 0.6 m, 0.9 m, 1.2 m, 1.5 m, 2.4 m, 3 m, 4 m, and 5 m. Finally, a
total of 70 samples (14 random, duplicated samples excluded) were collected and placed in
polyethylene zipper bags and transported on ice to the laboratory. All the samples were
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naturally air-dried, ground, passed through 80-mesh sieves to remove non-soil materials
such as plant roots and stones, and stored at −20 ◦C before analysis. A small amount was
taken out from each sample to analyze the physical and chemical properties of the soil, as
seen in Table S1 in Supplementary Materials. The lithology and location information of
7 core sites are listed in Table 1.

Table 1. Lithology and location information of 7 core samples sites.

Drilling Sample Cores Description of Lithology
Processing Units of the

Sampling Point

T1
miscellaneous fill layer (0–3.6 m) region of ashery

silty clay layer (3.6–6.0 m)

T2
miscellaneous fill layer (0–3.6 m)

region of gas desulfurization
silty clay layer (3.6–6.0 m)

T3
miscellaneous fill layer (0–3.4 m)

silty clay layer (3.4–6.0 m)

T4
miscellaneous fill layer (0–5.1 m)

region of boiler and oil pump
silty clay layer (5.1–6.0 m)

T5
miscellaneous fill layer (0–5.4 m)

silty clay layer (5.4–6.0 m)

T6
miscellaneous fill layer (0–3.9 m)

region of transformer
silty clay layer (3.9–6.0 m)

T7
depth of miscellaneous fill layer

(0–2.7 m)
silty clay layer (2.7–6.0 m)

2.3. Sample Preparation and Analysis

PAH congeners were analyzed following a method described in [31], with some modifi-
cations. Approximately 5 g of each soil sample spiked with surrogate standards (naphthalene-
d8, acenaphthene-d10, phenanthrene-d10, chrysene-d12, and perylene-d12) was extracted
with a mixture solvent of 100 mL acetone/n-hexane (V:V = 1:1) using an automatic Soxhlet
extractor. Afterward, the extraction was solvent-exchanged to hexane and concentrated to
approximately 1 mL by employing a rotary evaporator. The purification and fractionation
processes were performed with a solid-phase extraction column (SPE, florisil, 1 g/6 mL). The
column was first washed with 4 mL of n-hexane, and then 1 mL sample extract was trans-
ferred to the SPE column. A total of 10 mL of an eluent (a mixture solvent of dichloromethane
and n-hexane) was added to the SPE column to achieve the elution of the target PAHs. The
clean extract was then evaporated to 1 mL under a gentle stream of high-purity nitrogen and
transferred to a 1.5 mL brown bottle before the instrument analysis.

The 16 priority PAHs designated by the United States Environmental Protection Agency
(USEPA), naphthalene (Nap), acenaphthene (Acy), acenaphthene (Ace), fluorene (Fle), phenan-
threne (Phe), anthracene (Ant), fluoranthene (FLu), pyrene (Pyr), benz[a]anthracene (BaA),
chrysene (Chr), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene
(BaP), indeno [1,2,3-cd]pyrene (IcdP), dibenz[a, h]anthracene (DBA) and benzo[g, h, i]perylene
(BghiP), were analyzed via gas chromatography-(tandem) quadrupole mass spectrometry
(TQ8040, Shimadzu, Japan) in the electron-impacting (EI) mode. The chromatographic column
was equipped with a DB-5ms fused silica capillary column (30 m × 0.25 mm × 0.25 μm, J&W
Scientific, Folsom, CA, USA). The oven program for chromatographic column was set as
follows: the initial temperature was set at 60 ◦C (for 1 min), then increased to 200 ◦C at a rate
of 20 ◦C/min, followed by 1 min retention, and then lifted to 300 ◦C at a rate of 8 ◦C/min
followed by 5 min retention, and finally to 310 ◦C at a rate of 5 ◦C/min. Helium was assigned
as the carrier gas with a flow rate of 1.2 mL/min. The temperatures of ion source, transfer line,
and quadrupole trap were maintained at 220 ◦C, 310 ◦C, and 150 ◦C, respectively. Multiple
reaction monitoring (MRM) was utilized for quantitative analysis.
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2.4. Quality Assurance/Quality Control

Besides the recovery of surrogate standard in every sample, procedure blanks, spiked
blanks, spiked matrices, and randomly duplicated samples were also extracted and analyzed
in the same way as the real soil samples in every batch of 8 samples. After the injection of
each batch of samples, a calibration standard and a solvent blank were injected to check the
background and stability of the instrument. The limit of detection (LOD) was quantified as
the average of PAHs’ concentration determined in blank samples summed with three times
standard deviation values of each PAH compound (LOD = average ± 3 × SD) [32,33], and
the limit of quantitation (LOQ), calculated as 3 times LOD, was 0.38~6.24 ng·g−1. Only a
few PAH congeners with rather low concentrations were detected in the procedure blanks,
excluding Nap. Since Nap has great volatility and a high background level, we calculated the
other 15 PAHs, excluding naphthalene. The average recoveries obtained from the surrogate
standard of d-acenaphthene, d-phenanthrene, d-chrysene, and d-perylene were 70.0 ± 9.2%,
84.4 ± 12.2%, 89.4 ± 11.3%, and 97.5 ± 14.2%, respectively. Recovery rates in the spiked
matrices and blanks were 74.3%~118.32%, with a standard deviation of 8.5%–15.3%. The
quantitation of PAHs was using an external calibration curve method with correlation
coefficient (R2) ≥ 0.99.

2.5. Lifetime Cancer Risk Assessment

The USEPA standard [34,35] model of Lifetime Cancer Risk Assessment was used to
assess the ILCR associated with PAH exposure in the soil of the legacy site. The calculation
of ILCR for different population groups in terms of direct ingestion, dermal contact, and
inhalation was as follows:

ILCRsIngestion =

CS ×
(

CSFIngestion × 3

√(
BW
70

))
× IRsoil × EF × ED

BW × AT × 106 (1)

ILCRsDermal =

CS ×
(

CSFDermal × 3

√(
BW
70

))
× SA × AF × ABS × EF × ED

BW × AT × 106 (2)

ILCRsInhalation =

CS ×
(

CSFInhalation × 3

√(
BW
70

))
× IRair × EF × ED

BW × AT × PEF
(3)

where CS is the PAH concentration in soil exposure in the topsoil of the study area (μg·kg−1)
(namely PAH concentration in the surface soil), which was obtained by converting the
concentrations of PAHs exposure according to toxic equivalents of BaP using the toxic
equivalency factor [36]. The other parameters in the formula are listed in Table 2 [37,38].

Table 2. Parameters used in the ILCR calculation formulas.

Parameter Unit
Child (2–10 Years Old) Adolescent (11–17 Years Old) Adult (18–70 Years Old)

Male Female Male Female Male Female

Body weight (BW) kg 17.2 16.5 47.1 44.8 60.2 53.1
Exposure

frequency (EF) d·year−1 350 350 350 350 350 350

Exposure duration
(ED) year 6 6 14 14 30 30

Soil intake rate
(IRsoil) mg·d−1 200 200 100 100 100 100

Inhalation rate
(IRair) m3·d−1 10.9 10.9 17.7 17.7 17.5 17.5
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Table 2. Cont.

Parameter Unit
Child (2–10 Years Old) Adolescent (11–17 Years Old) Adult (18–70 Years Old)

Male Female Male Female Male Female

Dermal surface
exposure (SA) cm2·d−1 1800 1800 5000 5000 5000 5000

Solid dust produce
factor (PEF) m3·kg 1.36 × 109 1.36 × 109 1.36 × 109 1.36 × 109 1.36 × 109 1.36 × 109

Dermal adsorption
fraction (ABS) Dimensionless 0.1 0.1 0.1 0.1 0.1 0.1

Dermal adherence
factor(AF) mg·cm−2 0.2 0.2 0.07 0.07 0.07 0.07

Average life span
(AT) d 25,550 70 70 70 70 70

Carcinogenic slope
factor (CSF) ingestion (mg·kg−1·d−1)−1 7.3 7.3 7.3 7.3 7.3 7.3

Carcinogenic slope
factor (CSF) dermal (mg·kg−1·d−1)−1 25 25 25 25 25 25

Carcinogenic slope
factor (CSF)
inhalation

(mg·kg−1·d−1)−1 3.85 3.85 3.85 3.85 3.85 3.85

The toxic equivalency quantities (TEQs) of PAHs were calculated first based on the
following equation:

TEQ = ∑(CPAH × TEF) (4)

where CPAH represents the concentration of individual PAHs.

3. Results and Discussion

3.1. Levels of PAHs in the Legacy Site

In this study, 70 samples from 7 drill holes were obtained from the former thermoelec-
tric plant legacy site. The concentration of PAH compounds ranged from 38.3 ng·g−1 to
1782.5 ng·g−1 (dry weight, dw), with an average concentration of 542.2 ng·g−1 dw (Nap
was excluded). Table 3 presents the summary of the detection ranges of the individual
PAHs. In total, the detection ratios of high-ring PAHs (5–6 rings) were significantly lower
than those of low-and middle-ring PAHs (2–4 rings), which suggested an obvious source
of incomplete combustion [8]. This is consistent with the expected characteristics of PAH
pollution at this site. The maximum concentration of individual PAHs was anthracene
(818.97 ng·g−1), followed by phenanthrene (712.91 ng·g−1). The standard deviation of all
samples for each individual in this area was between 2.41 and 176.84, indicating that there
are large differences between different samples at different locations or depths.

The lowest concentration of ∑15PAHs was detected at a depth of 5 m at site T1, the
edge of the former plant, far away from the production area in the upwind direction. The
highest concentration was found at 3 m depth (1782.5 ng·g−1) at T4, which was influenced
by the temporal production process [32] as well as the vertical migration of PAHs [39]. The
accumulated concentration of ∑15PAHs of all sectioned samples from each soil core was
also calculated, and the highest cumulative concentration of ∑15PAHs was also detected at
site T4. This again proved the speculation that PAHs originated from local contamination,
which was closely related to the production process (boiler and oil pump unit). Seven kinds
of carcinogenic PAHs, i.e., BaA, Chr, BbF, BkF, BaP, DBA, and IcdP, were calculated at levels
ranging from 4.3 ng·g−1 to 597.1 ng·g−1, with an average of 105.8 ng·g−1, which accounted
for 19.5% of the average content of ∑PAHs. Despite the proportion not being particularly
high, risks from PAHs at the industrial site still exist for groundwater and human health,
even though the site has been abandoned for a long time.
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Table 3. Statistical detection ranges of the individual PAHs in all soil samples.

PAH
Categories

Ring
Number

Detectable
Ratio (%)

Range of
Concentration

(ng·g−1)

Average
Concentration

(ng·g−1)

Standard
Deviation

Variable
Coefficient

TEFs

Acy 2 98.5% n.d.–42.3 4.3 5.83 1.37 0.001
Ace 2 78.5% n.d.–40.2 7.1 9.01 1.26 0.001
Fl 2 7.1% n.d.–98.9 2.0 12.16 5.96 0.001

Phe 3 100% 1.0–712.9 227.3 176.84 0.78 0.001
Ant 3 100% 2.9–818.9 70.4 139.57 1.98 0.01
FLu 3 100% 2.7–265.1 61.4 63.09 1.03 0.001
Pyr 4 100% 2.8–191.5 49.6 48.52 0.98 0.001
BaA 4 44% n.d.–149.3 5.5 21.69 3.96 0.1
Chr 4 80% n.d.–237.3 32.3 43.59 1.35 0.01
BbF 4 21.4% n.d.–22.5 0.5 2.86 5.50 0.1
BkF 4 100% 0.05–176.6 36.5 36.60 1.00 0.1
BaP 5 42.9% n.d.–401.2 25.9 56.39 2.18 1
IcdP 5 31.4% n.d.–24.4 1.1 3.88 3.50 0.1
DBA 5 27.1% n.d.–13.7 0.8 2.41 2.84 1
BghiP 6 24.3% n.d.–18.8 0.6 2.92 4.87 0.01

∑PAHs / / 38.3–1782.5 542.2 386.5 0.71 /

The contents of PAHs in this thermal power plant legacy site were lower than those
of the eastern coastal developed regions of China, which have a longer industrial history
contributing to the pollution of PAHs in soil, such as the Pearl River Delta Region and
the Yangtze River Delta Region. It was reported that the highest content of PAHs in soil
samples collected from an e-waste recycling site in Guiyu reached 18,600 ng·g−1 [40], and the
highest ∑16PAH concentrations in soils from another e-waste recycling site in the Taizhou
area reached 361,600 ng·g−1 [41], which were tens to hundreds of times higher than the
content of PAHs at this site. PAH contamination here was comparable to the residual
levels of other industries in the Beijing–Tianjin–Hebei region, such as a cement factory
(536.7 ng·g−1) [42], steel factories (1342 ng·g−1), and coking plants (735.3 ng·g−1) [9,38],
which reflects the coordinated development and governance of the Beijing–Tianjin–Hebei
region. In addition, the local PAH contamination was also compared with that of other
coal-fired power plants in domestic and in the surrounding area. In this study, the PAH
concentration in soil was comparable to that in Huainan City, a typical coal resource city
in China (528.06 ng·g−1) [43]. However, it was lower than that in the surrounding surficial
soil of Xuzhou, China (1089.69 ng·g−1) [25], and it was even lower in fly ash samples and
bottom ash samples from an operating power plant in Anhui, China [23]. PAH contents
here were also far lower than those in the soils of industrial heritage cities from other
countries, such as Indonesia (11,720 ng·g−1) [44], Germany (15,879 ng·g−1) [45], South Africa
(28,670 ng·g−1) [21], and France (181,000 ng·g−1) [46]. The relatively low PAH levels in the
present study might be related to lower historical input and atmospheric deposition [43].
When compared to the background value around this region (336 ng·g−1 on average) or
compared to values from some countries that have always attached importance to cleaner
production—for instance, Switzerland (225 ng·g−1) [47] and Japan (320 ng·g−1) [48]—PAH
pollution in this legacy site was at a non-negligible level.

3.2. Vertical Profiles of PAHs at the Legacy Site

The vertical distribution of PAHs at different soil depths is illustrated in Figure 2. PAH
contents at the surface soil samples (at a depth of 0.3 m) varied within a large range, from
124.4 ng·g−1 to 1258.8 ng·g−1. The grading criteria of PAH contamination stipulate that
PAH contamination levels can be divided into four grades: no contamination (∑PAH con-
centration < 200 ng·g−1, slight contamination (200 < ∑PAHs concentration < 600 μg/kg),
moderate contamination (600 < ∑PAHs concentration < 1000 μg/kg), and severe contamina-
tion (∑PAHs concentration > 1000 μg/kg). PAH concentrations of over half of all the surface
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soil samples in this study exceeded moderate and even severe contamination (site T4 and
site T6), reflecting severe pollution of the current soil status [25,49].

Figure 2. Longitudinal distribution of PAH in each sampling core related to former production unit
of the coal-fired power plant; the dividing line indicates the approximate boundary of soil lithology.

Moreover, the longitudinal distribution of ∑15PAHs showed a trend of first increasing,
then decreasing, and then continuing to rise to the highest point, then declining, according
to Figure 2. The first remarkable rise started at a depth of 0.9–1.2 m. The amounts of LMW
PAHs were maintained at a high level, and the concentration of high-molecular-weight
PAHs (HMW PAHs) exhibited a prominent increase (especially at T5, T6, and T7), which
indicated that PAH accumulation corresponded with the release of the production process
at that time; compared to low-molecular-weight PAHs (LMW PAHs), high-molecular-
weight PAHs are more likely to seep into the soil nearby [50]. As the soil depth deepened
to below 1.8 m, the total concentration of PAHs dropped to the inflection point, then a
second increase occurred. Apparently, the amounts of low-molecular-weight PAHs led to a
second rise. This was because low-molecular-weight PAHs migrated downward more with
groundwater seepage [51] and caused greater accumulation, while high-molecular-weight
PAHs were enriched in the upper soil due to their low solubility and strong affinity to
organic matter, which severely limited their vertical transport to deep soil [52]. A significant
decrease in PAHs appeared in deeper soil at 3.0~5.0 m, which could be attributed to the
change in soil lithology, as seen in Figure 3. A remarkable change took place in soil lithology
from the miscellaneous fill layer to the silty clay layer at a depth of about 3.5 m. The poor
permeability of the silty clay layer with high viscosity and low gravel makes it a barrier to
the vertical migration of pollutants [53].
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Figure 3. Vertical fractions of PAHs with different ring numbers in the soil of the legacy site.

The composition of PAHs at different depths of soil sampling points involved in this
study is shown in Figure 3. In general, the 2–3 ring PAHs were the dominant contaminants
out of all 15 PAHs at different soil depths, followed by the 4-ring PAHs. The composition
of PAHs in topsoil (above 0.3 m) was not the same as that at other soil depths, with a high
proportion of 5–6 ring PAHs (i.e., IcdP, DBA, and BghiP), which should be attributed to
sources after shutting down the coal-fired plant, such as vehicular emission [44]. Besides
this, PAHs with a low number of rings in the topsoil can also be easily revolatilized into the
atmosphere [54]. Therefore, the content of PAHs in topsoil is unstable.

An obvious variation was revealed in the deep soil below the topsoil layer. The compo-
sition of PAHs in subsurface soil (at a depth of 0.3–0.9 m) samples mainly included 2–3 ring
PAHs, whose proportion could reach more than 50%. Meanwhile, with the increase in depth
(until a depth of about 1.8 m), the proportion of medium- and high-ring PAHs increased
significantly. Additionally, as the depth of soil samples continued to increase, the proportion
of low-ring PAHs increased again, and the proportion exceeded that of low-ring PAHs in
surface soil. This regularity of PAH vertical composition manifested in the soil cores was
partly due to the physicochemical properties of PAHs. Low-ring PAHs are of greater solubil-
ity and permeability than high-ring PAHs, and they are much more mobile to downward
migration to deeper soil [51,55]. The composition of PAHs found in the mid-deep soil layers
(1.2–3.0 m) was altered greatly compared to deep layers (4.0–5.0 m) and upper soil layers
(0–0.9 m). The changes in organic matter in soil properties played a role in the variations,
because soil organic matter content reaches its highest value in the soil surface layer and
decreases significantly with increasing depth, which affects the adsorption and desorption
processes in the soil to a great extent [56]. Accordingly, a better linear correlation between the
TOC contents in soil samples and the ∑PAHs concentration—especially the HMW PAHs, as
seen in Figure 4—verified the theory that soil organic matter (SOM) is usually responsible for
the binding of PAHs in soil [57].

The PAH compositions at sampling sites T4 and T6 were clearly different from the
others, with 4–6 ring PAHs dominant in the upper soil layers and the mid-deep soil layers.
This may closely relate to the previous production status. These points were located
at a downwind area of the boiler and oil pump units and transformer units. A major
reason for the imparity of PAH was the impact of wind, and consequently the HMW-PAHs
originated from the scattering and spreading of ashes and slags of process units deposited
downwind [57,58].
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Figure 4. The correlations of TOC contents with ∑PAHs (a), LMW-PAHs (b), and HMW-PAHs (c)
and the correlation coefficient (R2) and significance level (p) are given.

3.3. Influence of Different Process Units on PAH Pollution Status

There was an obvious discrepancy in PAH characteristics in the soil at different
sampling sites. The results were concordant with our hypothesis that different process
units would lead to different degrees of PAH contamination. In the present study, the
Kruskal–Wallis (K–W) nonparametric analysis was applied to investigate the discrepancy
of PAH contamination within the regions of the four process units. As seen in Table 4,
PAHs in soil samples from different regions of process units exhibit significant differences,
because the p values for both ∑PAHs and HMW-PAHs were lower than 0.05 [59]. However,
for LMW-PAHs, the data show non-significant differences, because LMW-PAHs are easily
volatilized into the atmosphere and settle down over a period of time.

Table 4. Statistical data results of Kruskal–Wallis test, PAHs in soil from different regions of pro-
cess units.

Statistical Analysis ∑PAHs LMW-PAHs HMW-PAHs

Kruskal–Wallis (χ2) 13.419 9.709 14.594
p value 0.037 (<0.05) 0.137 0.024 (<0.05)

Figure 5 provides the contamination status of PAHs at key depths of each point, which
was collected based on the location of the process unit in the legacy site. The soil at T4
and T5, distributed in the region of the boiler and oil pump, was heavily polluted with
PAHs compared to soil in other process regions. According to the distribution of process
units in Figure 5, the boiler room was the unit directly related to coal combustion. Due
to coal-combustion production activities, the generated PAH first affected the nearby soil,
resulting in a high cumulative PAH content in the surrounding soil. This was basically
consistent with the results reported by Yang that the highest PAH content in soil was
located in the heat-generating area [60]. Besides the area around the boiler and pump, PAH
contents in the soils at sites T6 and T7 around the power-generation transformer were
slightly higher than in other regions. This result may be related to the consumption or
leakage of transformer oil during operation at that time; previous research has mentioned
that aromatic hydrocarbons (polycyclic aromatic hydrocarbons and benzene series) make
up more than 5% of common naphthenic transformer oil [61].

Due to the long-term operation of the transformer in this site, PAHs entered the
surrounding environment with the phenomenon of “running, emitting, dripping, and
leaking” and caused different degrees of pollution to the surrounding soil. The pollution
content of PAHs at points T2 and T3 in the desulfurization area was lower than that in the
soil at the other two regions mentioned above. Although large amounts of PAHs can be
found in flue gases from thermal processes that involve incomplete combustion [62], the
applied air pollution control devices had a significant effect on the removal of PAH in both
particulate and gas phases [63]. The influence of natural factors such as monsoon climate
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can also weaken the sedimentation of pollutants in the atmospheric environment [64].
Therefore, the pollution content in the soil around the chimneys, such as T2 and T3, was
relatively low.

 

Figure 5. The contamination status of PAHs at key depths of each point collected based on the
location of process unit in the legacy site.

Overall, process units contributed differently to PAH pollution in soil within the legacy
area. The degree of different production units’ PAH pollution ranked in the order of boiler
process > power generation and transformation process > flue gas desulfurization process
> boundary region (upwind direction).

Regarding the distribution of pollutants, there was no non-point source pollution of
PAHs at this legacy site, which suggested that the soil pollution mainly comes from the
production activities of the original plant. Additionally, the distribution of PAHs in the
soil at different depths also reflected the obvious longitudinal migration of local pollution.
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Affected by the change of soil lithology, the migration depth accumulated to about 3.6 m
underground at the demarcation of different soil lithologies, and the possibility that PAH
continued to migrate slowly downward cannot be ruled out.

3.4. Risk Assessment of Reconstructed Regional Population

The PAH status of this site was compared with the values stipulated in the “Risk
control standard for soil contamination of development land (GB 36600-2018)” implemented
by China, as seen in Table 5. The controlled individual PAHs cited in the control standard
above were all below the specified value, indicating that this legacy land would be classified
as non-sensitive. The comparison between total PAHs in this site and the evaluation criteria
proposed by Maliszewska [51] showed that 14.3% of all samples were considered heavily
polluted (>1000 ng·g−1), 21% were considered moderately polluted (600–1000 ng·g−1), and
62% were considered mildly polluted (200–600 ng·g−1). What is particularly noteworthy
is that all the samples were from different depths of just seven soil cores; thus, the total
amount of PAHs accumulated in the longitudinal direction was a relatively high level,
posing important risks to soil–plant system transportation [65] and even groundwater [26].

Table 5. Comparison between PAH in the target site and the “Risk control standard for soil contami-
nation of development land (GB 36600-2018)”.

Stipulated
Individuals

Concentration
Range (ng/g)

Risk Control Standard for Soil
Contamination of

Development Land (GB
36600-2018)

Comparison to the
Controlled Value

BaA n.d.–149.33 5500 (mg/kg) below
BbF n.d.–22.51 5500 (mg/kg) below
BaP n.d.–401.23 550 (mg/kg) below
IcdP n.d.–24.38 5500 (mg/kg) below

BghiP n.d.–13.69 550 (mg/kg) below

Since the land met the criteria for reconstruction, it was necessary to evaluate the
Incremental Lifetime Cancer Risk Assessment (ILCR) for the reconstruction regional popu-
lation. The ILCRs of PAHs in the legacy site, classified for children, adolescents, and adults,
were further calculated with Equations (1)–(3), and the results can be seen in Table 6. An
ILCR of 10−6 or less is considered a negligible risk, while ILCRs greater than 10−4 indicate
potentially high risk; ILCR values between 10−6 and 10−4 indicate an acceptable potential
health risk [38,66]. In general, the carcinogenic risk values of direct ingestion, dermal con-
tact, and inhalation for all populations estimated in this study ranged from 1.2 × 10−8 to
2.1 × 10−6, 1.2 × 10−8 to 6.2 × 10−6, and 4.2 × 10−10 to 1.5 × 10−7, respectively. Although
none of the ILCR values exceeded 10−4, 28.6% of the soil samples exceeded the value of
10−6, indicating a potential risk to the local population at this site after reconstruction.

Table 6. Incremental lifetime cancer risks (ILCRs) for people via different exposure pathways.

Exposure
Pathways

Range of ILCR for Child Range of ILCR for Adolescence Range of ILCR for Adult

Male Female Male Female Male Female

Ingestion 1.99 × 10−8 to
1.81 × 10−6

2.08 × 10−8 to
1.88 × 10−6

1.19 × 10−8 to
1.08 × 10−6

1.23 × 10−8 to
1.11 × 10−6

2.17 × 10−8 to
1.96 × 10−6

2.35 × 10−8 to
2.13 × 10−6

Dermal contact 1.23 × 10−8 to
1.12 × 10−6

1.26 × 10−8 to
1.16 × 10−6

3.41 × 10−8 to
3.14 × 10−6

3.53 × 10−8 to
3.25 × 10−6

6.21 × 10−8 to
5.71 × 10−6

6.75 × 10−8 to
6.21 × 10−6

Inhalation 4.28 × 10−10 to
3.94 × 10−8

4.46 × 10−10 to
4.01 × 10−8

8.29 × 10−10 to
7.63 × 10−8

8.57 × 10−10 to
7.88 × 10−8

1.49 × 10−9 to
1.37 × 10−7

1.62 × 10−9 to
1.49 × 10−7

Total ILCRs 3.27 × 10−8 to
2.96 × 10−6

3.38 × 10−8 to
3.08 × 10−6

4.68 × 10−8 to
4.29 × 10−6

4.84 × 10−8 to
4.44 × 10−6

8.52 × 10−8 to
7.81 × 10−6

9.27 × 10−8 to
8.49 × 10−6
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There was no significant difference in the risks associated with different exposure
routes between males and females. However, for different age groups (children, adolescents,
and adults), the risks associated with the three exposure routes varied greatly. As shown in
Figure 6, the risk of direct ingestion was greater than that of dermal contact and inhalation
for children. Meanwhile, for adults and adolescents, the risk of exposure routes decreased
in the following order: dermal contact > direct ingestion > inhalation. This is similar
to other research in that differences existed in exposure pathways between children and
adults [11]. Through all the health risk assessments, the results show potential risks in the
legacy site if there is reconstruction, but the integrated lifetime cancer risks associated with
exposure to soils with average PAH concentrations for different populations are acceptable.

Figure 6. Contributions of different exposure pathways for children, adolescents, and adults calcu-
lated by ILCR model.

4. Conclusions

The contaminated soil left after the relocation of industrial factories has attracted great
attention. This study focused on the PAH contamination of soil in a typical thermal power
plant legacy site in Tianjin, North China, aiming to determine the contamination status
and vertical distribution of PAHs at the legacy site, and identify the intimate connection
between different process units and the pollutant distribution. This study also provided a
preliminary discussion on risk assessment after reconstructing a legacy site. Research on a
single industrial site is not universal, but it can provide some methods and ideas for future
research. In the thermal power plant legacy site examined, the total concentration of all
PAHs ranged from 38.3 ng·g−1 to 1782.5 ng·g−1 (542.2 ng·g−1 on average), which was at a
comparable level to that from heavy industries in the Beijing–Tianjin–Hebei region. The
2–3 ring PAHs were the dominant contaminants among all individual PAHs at different
soil depths at this site. PAH contents and constituents at different soil depths showed
significant imparity since they were influenced by the physicochemical properties of PAHs
as well as the variation of the soil lithology. Additionally, the poor permeability of the
silty clay layer with high viscosity and low gravel makes it a barrier to pollutants’ vertical
migration. The distribution characteristics of PAHs in soil were also closely related to the
production processes in the former factory. The degree of different production units in PAH
pollution ranked in the order of boiler process > power generation and transformation
process > flue gas desulfurization process. Health risks were assessed according to the
incremental lifetime cancer risk assessment. In reality, there were potential carcinogenic
risks for people of varying ages from this legacy site, but the values of all ILCRs were below
10−4, so the risks were still acceptable.

The present study is a reanalysis of pollution status and risk assessment of PAHs of
the industrial legacy site, which has been abandoned and flagged as a residential area.
The results of the current study provide an environmentally relevant methodology and
useful information for managing and remediating industrial legacy sites. However, the
contamination of other chemicals, such as heavy metals, volatile organic compounds,
polychlorinated biphenyls and petroleum hydrocarbons, which are always associated
with the operation of the coal-fired power plant, remain unexplored. Further studies
should be focused on the pollution status of other chemicals, and the complex pollution
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mechanism, providing a basis for assessing the possibility of remediating industrial legacy
sites for reuse.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/xxx/s1, Table S1: Basic physicochemical properties and PAH concentration of
collected soil samples.
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Abstract: Changes in land use have several impacts on soil organic carbon (C) and nitrogen (N)
cycling, both of which are important for soil stability and fertility. Initially, the study area was
barren uncultivated desert land. During the late 1960s, the introduction of a canal in the arid region
converted the barren deserts into cultivated land. The objectives of the present study were to evaluate
the effects of various land use systems on temporal changes in soil organic C and N pools, and
to evaluate the usefulness of different C and N management indices for suitable and sustainable
land use systems under arid conditions. We quantified soil organic C and N pools in five different
land uses of the Ghaggar flood plains, in hot, arid Rajasthan, India. The study focused on five land
use systems: uncultivated, agroforestry, citrus orchard, rice–wheat, and forage crop. These land
use systems are ≥20 years old. Our results showed that total organic carbon (TOC) was highest
(7.20 g kg−1) in the forage crop and lowest in uncultivated land (3.10 g kg−1), and it decreased
with depth. Across different land uses, the very labile carbon (VLC) fraction varied from 36.11 to
42.74% of TOC. In comparison to the uncultivated system, forage cropping, rice–wheat, citrus orchard,
and agroforestry systems increased active carbon by 103%, 68.3%, 42.5%, and 30.6%, respectively.
Changes in management and land use are more likely to affect the VLC. In soil under the forage crop,
there was a considerable improvement in total N, labile N, and mineral N. Lability index of C (LIC),
carbon management index (CMI), and TOC/clay indices were more sensitive to distinguishing land
uses. The highest value of CMI was observed in the forage crop system followed by rice–wheat and
agroforestry. In the long term, adoption of the forage crop increased soil quality in the hot, arid desert
environment by enhancing CMI and VLC, which are the useful parameters for assessing the capacity
of land use systems to promote soil quality.

Keywords: carbon and nitrogen pools; soil quality; carbon and nitrogen management index; land
use; arid environment

1. Introduction

Hot, arid regions of India spanning across ~31.7 million hectares are characterized by a
variety of landforms, soils, fauna, flora, and water resources as well as human activities [1,2].
As population and food demand continuously increase, these desert soils of hot, arid regions
of India are being converted into arable lands, and more rapidly for the last 60 years. Desert
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soils, however, have been harmed by increased wind erosion and salinity due to agricultural
exploitation. There is an enormous amount of carbon (C) stored in desert ecosystems, and
they store almost one-third of all terrestrial C (total C) [3,4], whereas 10% of the worldwide
soil organic carbon (SOC) stock is found in arid and semiarid regions [5]. However,
intensive cultivation, shrinking water resources, low biological productivity, severe erosion,
and extreme climatic conditions in the arid regions of India have decreased the SOC [4,6].
As a result, identifying and implementing appropriate management techniques and land
uses for arid regions to maintain or improve the SOC stock and recalcitrant or passive C
pool are needed to enhance and sustain productivity while mitigating climate change.

Soil organic matter (SOM) is a critical component of soil quality and consequently
a primary predictor of agricultural system sustainability [7]. Climate and management
methods or cropping systems are the primary determinants of SOM maintenance in diverse
land use systems. An important function of the SOM is to store nutrients, promote plant
growth, and also sustain soil biodiversity, drive the nutrient cycle, maintain soil structural
stability, increase infiltration of water, maintain porosity, and prevent erosion [8]. The
dynamics of soil quality are determined by changes in SOM under crop cultivation. The
primary constituents of SOM, SOC, and total nitrogen (TN) are strongly linked to a wide
range of physical, chemical, and biological aspects of soil. Therefore, SOC and TN are
used as important indicators of soil quality [9,10]. Since these labile forms of C and N are
particularly sensitive to changes caused by agricultural management, they are employed to
quantify SOM [11]. The total soil N content is the sum of all N pools in soil, most of which
are organic in form and turn inorganic upon decomposition of SOM. For many arable crops,
organic N mineralization is the primary process of N nutrition, and its potential in soil is
regarded as a superior measure of fertility. Therefore, derived C and N indices such as
carbon/N lability, carbon lability index, carbon pool index, and carbon management index
(CMI)/nitrogen management index (NMI) may be used to analyze changes in SOM [7,12].

Knowledge of variations in SOC and TN under diverse land uses is required to
understand the feasibility of applying conservation techniques to maintain production and
safeguard the environment. CMI and NMI are good early indicators of whether or not
a specific agricultural system is contributing to better soil quality. Land use changes can
have a big influence on soil C storage. Agroforestry systems, diversified crop cycles, higher
cropping intensity, and horticultural crops might all help to boost soil C sequestration [13].
However, very little information is available on these aspects for sandy desert soils of India.
The current study examines the impact of diverse land uses on various soil organic C and N
pools, as well as CMI and NMI. The objectives of this research were (a) to assess the effects
of different land use patterns/systems on temporal variations in soil organic C and N pools
in India’s hot desert area; and (b) to evaluate the use of several C and N management
indices as early indicators of overall C and N changes in various land uses in dry (arid)
conditions. This knowledge would enable farmers to cultivate desert soils appropriately
for long-term sustainability.

2. Materials and Methods

2.1. Study Sites

The study sites were the central state farm and central cattle breeding farm in the
Suratgarh block of Sri Ganganagar district, Rajasthan, which lie between 29◦20′53′ ′ N to
29◦24′47′ ′ N latitude and 73◦30′0′ ′ E to 73◦37′38′ ′ E longitude and are situated at 171 m
above mean sea level (Figure 1). The physiography was western plain–semiarid transitional
plains, which constitute hot, arid sandy plains, and the agro-eco sub-region of the Ghaggar
flood plains. The major soil series was Suratgarh soil series (fine, loamy, mixed (cal.)
hyperthermic family of Ustochreptic Haplocambids). The dominant soils are deep to very
deep. The soils are slightly alkaline (pHw of 8.31) and organic C and CaCO3 were 0.20 and
4.8%, respectively [14].
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Figure 1. Study area and soil sampling locations in various land use systems of a hot, arid desert
climate.

2.2. Land Use Changes

Initially, the study area was barren uncultivated desert land during the 1950s. In
the late 1960s, the introduction of a canal in the arid region converted the barren deserts
into cultivated land. The lands were brought under field as well as plantation crops
and agroforestry trees since 1955. For this study, five different land use systems, namely
(i) uncultivated, (ii) agroforestry, (iii) citrus orchard, (iv) rice–wheat system, and (v) forage
crops were selected. All of the selected land uses were more than 20 years old, to examine
the long-term impact of land uses on the buildup of SOC and N and their pools. Here, we
compared SOC and N pools of different land uses with uncultivated land considering the
initial soil condition with reference to climatic and topographic conditions (Table 1).

Table 1. Description of land use systems prevailed in the hot arid regions of India.

Land Use
Systems

Year Started Age (Year) Management Practices

Uncultivated 1955 60 Uncultivated areas—mixed shrub and uncontrolled wild grass species, had not been
disturbed in over six decades.

Agroforestry 1995 20 Agroforestry systems—Eucalyptus plantation + pulse crop, either mung (Vigna
radiata)/black gram (Vigna mungo) (summer).

Citrus orchard 1995 20 Citrus (4 m × 4 m). Fertilizer application @ 0.6 kg N plant−1, 0.2 kg P2O5plant−1, and
0.3 kg K2O plant−1. FYM at the rate of 30 kg plant−1.

Rice–wheat 1975 40
Rice (summer)–wheat (winter) cropping system. Fertilizer application at the rate of
150 kg N, 80 kg P2O5, and 60 kg K2O ha−1 (rice crop). Wheat at the rate of 120 kg N,
60 kg P2O5, and 40 kg K2O ha−1. FYM at the rate of 5 Mg ha−1 (wheat every year).

Forage crops 1985 30

Forage crops (Berseem, oat, and Lucerne). Fertilizer application at the rate of 25 kg N,
120 kg P2O5, and 40 kg K2O ha−1. FYM at the rate of 25 Mg ha−1. First

harvest—60–65 days after sowing. Following harvests were performed every 20 to
25 days after that.
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2.3. Soil Sampling and Analyses

During May 2015, three composite soil samples were taken using an auger at five
intervals of 0–20, 20–40, 40–60, 60–80, and 80–100 cm from each land use type. Each
sampling site had three plots, and as a result a total of 75 (5 land uses × 5 depths × 3 plots)
composite samples were considered for laboratory analysis. Core samples were collected
separately for determination of bulk density (BD).

The collected samples were analyzed for BD, pH, electrical conductivity (EC), cation
exchange capacity (CEC), texture, and different pools of soil organic C and N following stan-
dard protocols. Soil BD was determined by core sampler (with known value) method [15].
Soil texture, pH, EC, and CEC were measured by Jackson’s technique [16]. The rapid
titration technique was used to examine calcium carbonate (CaCO3) [17]. Wet oxidation
method was used to determine total organic C (TOC) in soil [18]. By treating the soil with
0.02 M KMnO4, oxidizable carbon (KMnO4-C) was calculated [19]. Particulate organic
carbon (POC) was determined following the procedure as outlined by Camberdella and
Elliot [20]. The difference between TOC and POC was used to determine mineral-associated
organic carbon (MOC). Wet oxidation was used to estimate the oxidizable organic C (OOC)
content of soil [21]. For the estimation of very labile C (VLC), labile C (LC), less labile C
(LLC), and non-labile C (NLC), the modified Walkley and Black technique was used [22]
with different concentrations of H2SO4 (5, 10, and 20 mL of concentrated (36.0 N) H2SO4 in
the ratios of 0.5:1, 1:1, and 2:1). The amount of TN in the soil was assessed by digesting it
with concentrated H2SO4 [23]. Keeney and Nelson’s approach for determining inorganic N
(NH4

+-N and NO3
—-N) was followed [24]. Organic N (Org-N) was calculated by deduct-

ing inorganic N from TN. The mineralizable N (labile N) was determined by the alkaline
potassium permanganate (KMnO4-N) method [25].

2.4. Soil Quality Indices

Carbon management index (CMI) and nitrogen management index (NMI) were de-
rived using the dynamics of SOC and N. The reference was an uncultivated soil near the
experimental field; CMI and NMI were both set to 100.

CMI was calculated using the Blair et al. [7] mathematical methodologies, which are
detailed below:

CMI = CPI × LIC × 100 (1)

CPI is for C pool index, while LIC stands for C lability index. The following are the
formulas for calculating the CPI and LIC:

Carbon Pool Index (CPI) =
Total C in sample

(
mg g−1)

Total C in reference soil (mg g−1)
(2)

Lability Index of C (LIC) =
Lability of C in sample soil

Lability of C in reference soil
(3)

Lability of C (LC) =
C in fraction oxidized by KMnO4

(
mg labile C g−1 soil

)
C remaining unoxidized by KMnO4

(
mg labile C g−1 soil

) (4)

The NMI was estimated using the techniques described by Gong et al. [26], which are
identical to CMI [7]:

NMI = NPI × LIN × 100 (5)

NPI stands for N pool index, while LIN stands for N lability index. The NPI and LIN
are calculated using the following method:

Nitrogen Pool Index (NPI) =
Total N in sample

(
mg g−1)

Total N in reference soil (mg g−1)
(6)
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Lability Index of N (LIN) =
Lability of N in sample soil

Lability of N in reference soil
(7)

Lability of N (LN) =
N in fraction oxidized by KMnO4

(
mg labile N g−1soil

)
N remaining unoxidized by KMnO4

(
mg labile N g−1 soil

) (8)

C/N, POC/TOC, OOC/LBN, TOC/clay, C stratification ratio (CSR), and N stratifi-
cation ratio (NSR) have all been proven to be good indicators for assessing soil quality
(SQI) [27]. The ratio of TOC concentration to the TN concentration gave soil C/N ratio,
and the other indices were derived by considering the same criteria. CSR and NSR were
determined by comparing parameter values in the surface soil (0–20 cm) to those at a
deeper depth [27,28].

2.5. Carbon and Nitrogen Stock

The SOC and N stock was calculated by multiplying their respective TOC and TN
value with BD and depth of soil as:

SOC stock (Mg ha−1) = TOC (or TN) (g kg−1) × BD (Mg m−3) ×Depth (m) × 10 (9)

2.6. Statistical Analysis

Duncan’s multiple range test (DMRT) at p < 0.05 was performed to find out specific
differences between means of different soil depths as well as land use systems. Pearson’s
correlation matrix was used to assess the link between distinct pools of organic C and N
and soil characteristics. A principal component analysis (PCA) was used to summarize
the entire variance of the data for the examined depth (0–100 cm) data utilizing land use
systems, which included all fractions of soil organic carbon and nitrogen as well as soil
quality indicators (SQI). All these statistical analyses were performed by the R software
version 3.6.2 [29]. The prncomp() function and ggplot2 package of R were used for principal
component analysis and graph preparation, respectively.

3. Results

3.1. Effects of Land Use Systems on Soil Properties

The mean BD varied from 1.47 (forage crop) to 1.52 Mg m−3 (agroforestry) (Table 2).
The mean BD, on the other hand, was not significantly altered depending on the land use
scheme. The soil EC varied from 0.18 to 0.51 dS m−1 across the land use systems, with
forage crop soils having considerably lower soil EC (p < 0.05) than the other land use
systems. However, there was no substantial change in soil pH and EC across soil depths
within the land use system. The pattern of CEC became more uneven as soil depth increased
across all land uses. The agroforestry system showed higher total CaCO3 compared to
all land uses. CaCO3 concentration rose by 57.8%, 72.8%, 16.6%, and 1.11% in 0–20 cm
soil depth in fodder crop, rice–wheat, citrus orchard, and agroforestry, respectively, over
uncultivated soil. With respect to particle size fractions, i.e., sand and silt contents, which
varied from 23.0 to 37.65% and 34.19 to 47.74%, respectively, soils under diverse land uses
did not differ substantially (p < 0.05). The clay content ranged from 22.69 to 39.64% across
various land uses and the mean clay content of the various land use systems did not differ
much. However, with increasing depth there were significant changes in clay contents in
forest and rice–wheat land use systems.
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Table 2. In a hot, arid climate, the depth-wise distribution of soil attributes as influenced by various
land use systems.

Land Use
Depth
(cm)

BD
(Mg m−3)

pHw
EC

(dS m−1)
CaCO3

(%)

CEC
(cmol (p+)

kg−1)

Sand
(%)

Silt
(%)

Clay
(%)

Uncultivated 0–20 1.46 abA 8.47 aA 0.39 aA 2.73 aA 11.36 bAc 23.00 bA 45.85 aA 31.15 aA

20–40 1.49 aA 8.64 aA 0.50 aA 2.36 abAB 11.63 bA 26.71 aA 44.36 aA 28.92 aA

40–60 1.56 aA 8.54 abA 0.51 aA 2.47 abAB 11.19 cA 29.19 aA 40.04 aA 30.77 aA

60–80 1.58 aA 8.64 aA 0.32 aA 2.30 bAB 11.00 aA 30.52 aA 39.96 bA 29.52 aA

80–100 1.50 abA 8.92 aA 0.37 aA 2.05 aB 10.00 bB 37.65 aA 39.65 aA 22.69 bA

Mean 1.52 yz 8.64 z 0.42 z 2.38 yz 11.04 y 29.42 z 41.97 z 28.61 z

Agroforestry 0–20 1.46 abA 8.22 abA 0.30 abA 2.70 aA 11.07 cBC 34.53 abA 40.28 aB 25.20 aB

20–40 1.52 aA 8.64 aA 0.26 bA 2.79 aA 11.76 abAB 32.30 aA 44.77 aAB 22.92 aB

40–60 1.52 aA 8.75 aA 0.30 bA 2.81 aA 13.39 abA 26.04 aAB 46.58 aB 27.38 aB

60–80 1.55 abA 8.75 aA 0.33 aA 2.82 aA 9.33 bD 20.87 aB 47.74 aB 31.39 aAB

80–100 1.53 aA 8.78 abA 0.28 abA 2.35 aA 10.00 bCD 17.72 bB 42.64 aAB 39.64 aA

Mean 1.52 yz 8.63 z 0.29 y 2.70 z 11.11 y 26.29 z 44.40 z 29.31 z

Citrus
orchard 0–20 1.56 aA 8.05 abcB 0.32 abA 2.34 abA 11.07 cB 28.21 abA 44.19 aA 27.59 aA

20–40 1.57 aA 8.39 bAB 0.35 bA 2.31 abA 13.23 aA 27.53 aA 38.24 aA 34.23 aA

40–60 1.53 aA 8.69 aA 0.23 bA 2.65 abA 13.62 aA 25.14 aA 43.06 aA 31.80 aA

60–80 1.52 abA 8.66 aA 0.21 abA 2.37 abA 11.00 aB 30.50 aA 41.34 bA 28.15 aA

80–100 1.52 abA 8.63 abA 0.23 bA 2.09 aA 10.10 bB 31.52 aA 43.44 aA 25.04 bA

Mean 1.54 z 8.48 z 0.27 y 2.35 xyz 11.80 yz 28.58 z 42.06 z 29.36 z

Rice–
wheat 0–20 1.42 abB 8.00 bcB 0.25 bA 1.58 bB 12.74 bA 37.21 aA 34.19 aA 28.59 aAB

20–40 1.49 aAB 8.08 cAB 0.27 bA 2.08 bA 12.56 abA 28.86 aA 36.91 aA 34.23 aA

40–60 1.53 aA 8.21 bAB 0.21 bA 2.19 bA 11.79 bcA 24.48 aA 42.73 aA 32.80 aAB

60–80 1.50 bAB 8.40 aA 0.26 abA 2.21 bA 12.27 aA 30.17 aA 42.68 abA 27.15 aAB

80–100 1.51 abAB 8.37 bAB 0.25 bA 1.99 aA 11.86 aA 31.18 aA 43.44 aA 25.37 bB

Mean 1.49 yz 8.21 y 0.25 y 2.01 x 12.25 z 30.38 z 39.99 z 29.63 z

Forage
crops 0–20 1.39 bB 7.70 cB 0.29 abA 1.73 bA 15.01 aA 37.21 aA 34.19 aA 28.59 aA

20–40 1.48 aAB 8.08 cA 0.28 bA 1.79 bA 12.69 abB 32.19 aA 41.24 aA 26.56 aA

40–60 1.50 aA 8.17 bA 0.27 bA 2.32 abA 10.70 cC 24.48 aA 42.73 aA 32.80 aA

60–80 1.48 bAB 8.35 aA 0.18 bB 2.39 abA 12.18 aB 30.17 aA 43.68 abA 26.15 aA

80–100 1.49 bAB 8.40 bA 0.24 bAB 2.30 aA 12.10 aB 31.18 aA 43.44 aA 25.37 bA

Mean 1.47 y 8.14 y 0.25 y 2.11 xy 12.54 z 31.05 z 41.06 z 27.90 z

According to Duncan’s multiple range test, values with different lower case (a–d) and upper case (A–D) superscript
letters are significantly different (p < 0.05) between land uses for each soil depth and between soil depths for each
land use, respectively, while mean values in a column with different lower case letters (w–z) are significantly
different (p < 0.05). BD, bulk density; EC, electrical conductivity; CEC, cation exchange capacity.

3.2. Effects of Land Use on TOC, POC, MOC, and KMnO4-C

Although the content of TOC, POC, MOC, and KMnO4-C varied greatly amongst land
uses, their order of magnitude remained stable throughout different depths (Table 3). The
average TOCs for various land uses were varied in the order of forage crop (7.20 g kg−1)
> rice–wheat (4.70 g kg−1) > citrus orchard (4.11 g kg−1) > agroforestry (3.54 g kg−1) >
uncultivated (3.10 g kg−1). It was observed that different land uses significantly affected the
MOC fraction. In uncultivated, agroforestry, citrus orchard, rice–wheat, and fodder crops,
MOC varied from 1.10 to 2.81, 0.97 to 3.79, 1.76 to 3.67, 0.94 to 5.51, and 2.92 to 7.38 g kg−1,
respectively, along the depth. In comparison to uncultivated land, the KMnO4

−C rose by
31.7 to 104.8% in various cultivated land uses.
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Table 3. Depth-wise distribution of total organic carbon (TOC), particulate organic carbon (POC),
mineral-associated organic carbon (MOC), and KMnO4 oxidizable carbon (KmnO4-C) as affected by
different land use systems in a hot, arid environment.

Land Use Depth (cm) TOC (g kg−1) POC (g kg−1) MOC (g kg−1) KMnO4-C (g kg−1)

Uncultivated 0–20 4.27 dA 1.46 dA 2.81 cA 0.24 dA

20–40 3.60 cB 1.37 dAB 2.23 bB 0.21 bAB

40–60 3.24 cB 1.19 cB 2.05 bcB 0.19 cB

60–80 2.36 cC 0.94 dC 1.42 cC 0.14 dC

80–100 2.02 bC 0.91 bC 1.10 bcC 0.12 cdC

Mean 3.10 v 1.17 v 1.92 x 0.18 w

Agroforestry 0–20 6.06 cA 2.27 cA 3.79 bcA 0.35 cA

20–40 3.48 cB 1.48 dB 2.01 bB 0.28 bB

40–60 3.12 cB 1.42 cB 1.70 cB 0.21 bcC

60–80 2.95 bcB 1.47 bB 1.49 bcBC 0.26 bBC

80–100 2.10 bC 1.14 aB 0.97 cC 0.27 aB

Mean 3.54 w 1.55 w 1.99 x 0.27 x

Citrus orchard 0–20 6.72 cA 3.06 bA 3.67 bcA 0.38 cA

20–40 4.20 bcB 2.11 cB 2.09 bB 0.33 bA

40–60 3.68 cBC 1.21 cC 2.47 bcB 0.18 cB

60–80 3.20 bC 1.28 bcC 1.92 bB 0.19 cB

80–100 2.75 bC 0.99 abD 1.76 bB 0.17 bB

Mean 4.11 x 1.73 x 2.38 xy 0.25 x

Rice–wheat 0–20 8.59 bA 3.08 bA 5.51 bA 0.56 bA

20–40 5.20 bB 2.53 bB 2.67 bB 0.53 aA

40–60 4.76 bB 1.97 bC 2.79 bB 0.29 bB

60–80 2.86 bcC 1.11 cdD 1.75 bcC 0.13 dC

80–100 2.09 bD 1.16 aD 0.94 cC 0.12 dC

Mean 4.70 y 1.97 y 2.73 y 0.32 y

Forage crops 0–20 11.07 aA 3.69 aA 7.38 aA 0.90 aA

20–40 8.62 aB 3.11 aB 5.51 aAB 0.63 aB

40–60 7.04 aBC 2.38 aC 4.66 aBC 0.42 aC

60–80 5.23 aCD 2.07 aC 3.16 aC 0.34 aD

80–100 4.04 aD 1.12 aD 2.92 aC 0.16 bcE

Mean 7.20 z 2.47 z 4.73 z 0.49 z

According to Duncan’s multiple range test, values with different lower case (a–d) and upper case (A–D) superscript
letters are significantly different (p < 0.05) between land use for each soil depth and between soil depths for each
land use, respectively, while mean values in a column with different lower-case letters (w–z) are significantly
different (p < 0.05).

3.3. Effects of Land Use on OOC and its Fractions

The OOC and its fractions are extensively used in several agricultural sustainability
or environmental quality monitoring programs. In the forage crop, rice–wheat, citrus
orchard, and agroforestry systems, OOC buildup was 7.29, 5.95, 5.17, and 4.34 g kg−1,
respectively, compared to 2.95 g kg−1 in uncultivated soil (0–20 cm depth) (Table 4). The
increases in OOC under the forage crop and rice–wheat was 116% and 74% greater over the
uncultivated soil. The magnitude OOC under a gradient of oxidizing environments was as
follows: under all land uses, NLC > LLC > LC > VLC. VLC concentrations in diverse land
uses ranged from 0.19 to 1.27 g kg−1 along the soil profile up to a depth of 100 cm. The LC
and LLC concentrations of various land uses ranged from 0.46 to 2.60 g kg−1 and 0.43 to
3.41 g kg−1, respectively. NLC concentration was found to be maximum (3.78 g kg−1) in
0–20 cm of the forage crop and minimum (0.92 g kg−1) in 80–100 cm of uncultivated land.
In all land uses, the share of passive carbon pools (LLC and NLC) was higher than the
active carbon pools (VLC and LC). There was no significant difference in OOC fractions
with depth in agroforestry and uncultivated land.
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Table 4. In a hot, arid environment, the depth-wise distribution of oxidizable organic C (OOC) and
its fractions as impacted by different land use systems.

Land Use Depth (cm)
OOC

(g kg−1)
VLC

(g kg−1)
LC

(g kg−1)
LLC

(g kg−1)
NLC

(g kg−1)
AP

(g kg−1)
PC

(g kg−1)

Uncultivated 0–20 2.95 eA 0.46 dA 1.07 cA 1.43 cA 1.31 bA 1.53 cA 2.74 dA

20–40 2.21 dB 0.40 dA 0.85 bB 0.95 bB 1.39 bA 1.25 dB 2.35 bAB

40–60 1.77 cC 0.29 cB 0.65 cBC 0.82 abBC 1.47 bA 0.95 bC 2.29 cAB

60–80 1.30 cD 0.21 cBC 0.46 cC 0.62 aBC 1.06 cA 0.67 bD 1.69 cBC

80–100 1.10 cD 0.19 cC 0.47 bC 0.43 bC 0.92 abA 0.67 bD 1.35 bC

Mean 1.87 w 0.31 v 0.70 w 0.85 w 1.23 y 1.01 w 2.08 x

Agroforestry 0–20 4.34 dA 0.69 cA 1.21 cA 2.44 bA 1.72 bA 1.90 cA 4.16 cA

20–40 2.46 cdB 0.64 cA 0.99 bB 0.83 bB 1.02 bABC 1.63 cdB 1.85 bB

40–60 1.79 cB 0.42 bcB 0.75 bcC 0.61 bB 1.33 bAB 1.17 bC 1.95 cB

60–80 2.17 abB 0.31 abBC 0.86 aBC 0.99 aB 0.79 cBC 1.18 aC 1.77 cB

80–100 1.68 bB 0.22 cC 0.50 cD 0.95 abB 0.42 bC 0.73 bD 1.38 bB

Mean 2.49 x 0.46 w 0.87 x 1.17 x 1.06 y 1.32 x 2.22 x

Citrus
orchard 0–20 5.17 cA 0.90 bA 1.80 bA 2.47 bA 1.56 bA 2.70 bA 4.03 cA

20–40 3.08 cB 0.82 bA 1.24 abA 1.02 bB 1.12 bA 2.06 bcB 2.14 bB

40–60 2.35 bcC 0.47 abB 0.62 cC 1.25 abB 1.33 bA 1.09 bC 2.59 bcB

60–80 1.57 cD 0.28 bcC 0.41 cC 0.87 aB 1.63 bA 0.69 bC 2.51 bB

80–100 1.37 bcD 0.25 bcC 0.39 bC 0.73 abB 1.39 abA 0.64 bC 2.11 bB

Mean 2.71 x 0.54 x 0.89 x 1.27 xy 1.41 y 1.44 x 2.68 y

Rice–wheat 0–20 5.95 bA 1.04 bA 2.10 bA 2.81 abA 2.64 abA 3.14 bA 5.45 bA

20–40 4.33 bB 0.89 bB 1.61 aB 1.83 aB 0.88 bC 2.49 abB 2.71 bBC

40–60 2.88 abC 0.62 aC 0.88 abC 1.39 abBC 1.88 bAB 1.50 aC 3.27 bB

60–80 1.74 bcD 0.35 abD 0.50 cCD 0.90 aCD 1.11 bcBC 0.84 bD 2.01 bcCD

80–100 1.41 bcD 0.33 bD 0.39 bD 0.68 abD 0.69 bC 0.72 bD 1.37 bD

Mean 3.26 y 0.65 y 1.09 y 1.52 y 1.44 y 1.74 y 2.96 y

Forage
crops 0–20 7.29 aA 1.27 aA 2.60 aA 3.41 aA 3.78 aA 3.87 aA 7.20 aA

20–40 5.18 aB 1.02 aB 1.75 aB 2.40 aB 3.44 aA 2.78 aB 5.84 aAB

40–60 3.22 aC 0.50 abC 0.99 aC 1.73 aC 3.82 aA 1.49 aC 5.55 aAB

60–80 2.34 aD 0.41 aC 0.70 bD 1.24 aC 2.89 aA 1.10 bD 4.13 aBC

80–100 2.21 aD 0.44 aC 0.61 aD 1.17 aC 1.83 aA 1.04 aD 3.00 aC

Mean 4.05 z 0.73 z 1.33 z 1.99 z 3.15 z 2.06 z 5.14 z

According to Duncan’s multiple range test, values with different lower case (a–d) and upper case (A–D) superscript
letters are significantly different (p < 0.05) between land use for each soil depth and between soil depths for each
land use, respectively, while mean values in a column with different lower-case letters (w–z) are significantly
different (p < 0.05). OOC, oxidizable organic C; VLC, very labile C; LC, labile C; LLC, less labile C; NLC, non-labile
C; AC, active C; PC, passive C.

3.4. Effects of Land Use on TN and its Fraction

Higher accumulation of TN, Org-N, and KMnO4-N in the surface layers observed
under all the land uses and different pools of lability showed a decreasing trend with
increasing soil depth (Table 5). With respect to concentration of C fractions, the distribution
of N fractions throughout depth in each land use followed a decreasing pattern. Average
TN content followed the order: forage crop (488 mg kg−1) > rice–wheat (323 mg kg−1) >
citrus orchard (316 mg kg−1) > agroforestry (244 mg kg−1) > uncultivated (254 mg kg−1).
However, a similar pattern was observed in the distribution of TN and Org-N contents
with respect to organic carbon distribution and was comparatively higher in the forage
crop followed by the rice–wheat system than in other land uses. Significantly higher mean
KMnO4-Nwas maintained up to 100 cm soil depth in the forage crop (50.1 mg kg−1) over
the rice–wheat (47.9 mg kg−1) and uncultivated land (28.3 mg kg−1). All the land uses
showed higher accumulation of mineral N in the 0–20 cm soil depth and then decreased
with depth.
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Table 5. Depth-wise distribution of total N and its fractions as impacted by different land use systems.

Land Use Depth (cm)
TN

(mg kg−1)
KMnO4-N
(mg kg−1)

Org-N
(mg kg−1)

NH4-N
(mg kg−1)

NO3-N
(mg kg−1)

Uncultivated 0–20 338 cA 42.5 cA 324 cA 7.07 cA 6.40 bA

20–40 307 bcA 25.8 cB 299 bcA 4.57 bcB 2.90 dB

40–60 244 cB 24.4 bB 239 cB 2.53 aC 2.38 abBC

60–80 200 cBC 26.5 aB 196 cB 2.10 abC 1.77 abBC

80–100 181 bC 22.4 bB 178 bB 1.69 aC 1.39 aC

Mean 254 x 28.3 x 247 x 3.59 xy 2.97 x

Agroforestry 0–20 392 cA 45.6 cA 380 cA 6.07 cA 6.40 bA

20–40 244 cB 39.4 bB 237 cB 3.90 cB 2.99 dB

40–60 243 cB 25.6 bC 239 cB 2.38 aC 2.05 bBC

60–80 198 cBC 24.6 aC 195 cBC 1.43 bC 1.40 bC

80–100 144 bC 21.7 bC 141 bC 1.69 aC 1.25 aC

Mean 244 x 31.4 x 238 x 3.10 x 2.82 x

Citrus orchard 0–20 504 bA 61.9 bA 489 bA 7.73 bcA 8.07 abA

20–40 308 abB 56.3 aA 297 bcB 6.23 abA 4.66 cB

40–60 252 cB 34.9 aB 247 cB 2.87 aB 2.72 abC

60–80 261 bB 28.3 aBC 256 bB 2.37 aB 2.10 abC

80–100 257 aB 23.9 abC 253 aB 2.03 aB 1.85 aC

Mean 316 y 41.1 y 308 y 4.25 yz 3.88 y

Rice–wheat 0–20 548 bA 98.6 aA 528 bA 9.73 aA 10.07 aA

20–40 350 bB 54.8 aB 335 bB 6.90 aB 7.90 aB

40–60 338 bB 33.8 aC 332 bB 3.20 aC 3.05 aC

60–80 220 bcC 26.8 aD 215 bcC 2.70 aC 2.37 aC

80–100 160 bD 25.5 abD 155 bD 2.36 aC 2.18 aC

Mean 323 y 47.9 z 313 y 4.98 z 5.11 z

Forage crops 0–20 815 aA 100.4 aA 799 aA 9.07 abA 7.73 bA

20–40 585 aB 57.8 aB 573 aB 6.23 abB 5.90 bB

40–60 462 aC 36.6 aC 457 aC 2.87 aC 2.72 abC

60–80 317 aD 28.8 aD 312 aD 2.37 aC 2.10 abC

80–100 262 aD 26.9 aD 258 aD 2.13 aC 1.95 aC

Mean 488 z 50.1 z 480 z 4.53 z 4.08 y

According to Duncan’s multiple range test, values with different lower case (a–d) and upper case (A–D) superscript
letters are significantly different (p < 0.05) between landscape for each soil layer and between soil layers for each
land use, respectively, while mean values in a column with different lower-case letters (w–z) are significantly
different (p < 0.05). TN, total N; KMnO4-N, KMnO4oxidizableN; Org-N, organic N; NH4-N, ammoniacal N;
NO3-N, nitrate N.

3.5. Carbon and Nitrogen Stock

The SOC stock distribution revealed a diminishing trend with depth across all land
uses (Figure 2). The forage crop showed a maximum SOC stock (26.36 Mg ha−1) at 0–20 cm
soil depth. It was found to be highest in the rice–wheat system at soil depths of 20–40 and
40–60 cm, with 18.01 Mg ha−1 and 12.59 Mg ha−1, respectively. SOC stock in the soil profile
up to 100 cm depth was highest in fodder crops (52.74 Mg ha−1) and lowest in uncultivated
land (22.92 Mg ha−1). TN stock followed a similar pattern as SOC stock across various land
uses and depths. When compared to rice–wheat, citrus orchard, and agroforestry land use
systems, forage crop land use systems had considerably larger TN stock (1.42 Mg ha−1)
at the 0–20 cm depth. Rice–wheat (1.13 Mg ha−1) TN stock was also different from citrus
orchard and agroforestry systems. Only in the 0–20 cm depth, the difference in TN stock
between the fodder crop (0.78 Mg ha−1) and rice–wheat (0.25 Mg ha−1) was significant
(p < 0.05). The TN stock did not differ between land use systems at 60–80 and 80–100 cm
depths. All land uses showed no significant changes in N stock in the bottom soil layer.
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Figure 2. (a,b) Soil organic carbon and nitrogen stock at different soil depths in different land use
systems in hot, arid environment. UC, uncultivated; AF, agroforestry; CO, citrus orchard; RW,
rice–wheat system; FC, forage crop.

3.6. Relationship with Soil Properties and Pools of Soil C and N

KMnO4-C displayed a negative and substantial connection with BD (r = −0.447b), pH
(r = −0.691b), CaCO3 (r = −0.396b), and silt fractions (r = −0.290a) according to Pearson’s
correlation matrix (Table 6). However, it was shown to have a strong and positive relation-
ship with CEC (r = 0.453b). TOC was significantly (p < 0.01) and inversely linked with BD
(r = −0.421b), pH (r = −0.766b), and CaCO3 (r = −0.364b). The SOC and N fractions had
a substantial and positive relationship with the silt fractions. CEC and KMnO4-N were
shown to have a substantial correlation (r = 0.504b). BD, pH, CaCO3, and silt fractions all
exhibited a negative and substantial relationship with N fractions. SOC and N fractions
were not related to EC, sand, and clay.

Table 6. Correlation coefficient (r) between soil properties and various organic C and N pools in soils
under different land use systems.

Parameters BD pH EC CaCO3 CEC Sand Silt Clay

TOC −0.421 b −0.766 b −0.097 −0.364 b 0.455 b 0.210 −0.280 a −0.016
WBC −0.462 b −0.731 b −0.072 −0.373 b 0.461 b 0.170 −0.253 a 0.012
POC −0.390 b −0.747 b −0.106 −0.356 b 0.405 b 0.169 −0.266 a 0.026
MOC −0.408 b −0.724 b −0.086 −0.343 b 0.449 b 0.215 −0.268 a −0.036

KMnO4-C −0.447 b −0.691 b −0.104 −0.396 b 0.453 b 0.145 −0.290 a 0.084
VLC −0.329 b −0.735 b −0.109 −0.378 b 0.596 b 0.179 −0.272 a 0.019
LC −0.432 b −0.703 b 0.037 −0.349 b 0.476 b 0.124 −0.202 0.026

LLC −0.473 b −0.658 b −0.128 −0.342 b 0.346 b 0.181 −0.253 a −0.003
NLC −0.221 −0.571 b −0.105 −0.232 a 0.299 b 0.201 −0.230 a −0.054
AC −0.405 b −0.726 b −0.011 −0.364 b 0.524 b 0.144 −0.229 a 0.025
PC −0.388 b −0.712 b −0.134 −0.327 b 0.373 b 0.224 −0.280 a −0.037
TN −0.433 b −0.726 b −0.072 −0.375 b 0.445 b 0.208 −0.286 a −0.008
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Table 6. Cont.

Parameters BD pH EC CaCO3 CEC Sand Silt Clay

Org-N −0.431 b −0.722 b −0.076 −0.376 b 0.442 b 0.208 −0.285 a −0.008
KMnO4-N −0.419 b −0.657 b −0.060 −0.419 b 0.504 b 0.208 −0.346 b 0.051
NH4

+-N −0.357 b −0.634 b 0.114 −0.260 a 0.446 b 0.155 −0.202 −0.017
NO3

--N −0.413 b −0.657 b 0.001 −0.257 a 0.367 b 0.180 −0.246 a −0.009
a Correlation is significant at the 0.05 probability level; b correlation is significant at the 0.01 probability level.

3.7. Soil Quality Indices

Under all land uses, the LI and CPI ranged from 0.92 to 1.18 and 1.00 to 2.54, respec-
tively (Table 7). The ranking of the mean CMI under various land uses was as follows:
forage crop (299) > rice–wheat (251) > citrus orchard (220) > agroforestry (169) > unculti-
vated land (147). Simple linear regression analysis revealed that OOC, KMnO4-C, VLC,
and POC have strong linear correlations with CMI (Figure 3). In the 0–20 cm depth, a
higher regression coefficient was found between CMI with KMnO4-C (R2 = 0.94) followed
by OOC (R2 = 0.85), VLC (R2 = 0.75), and AC (R2 = 0.73). Lower soil depths had a lower
regression coefficient. Rice–wheat and agroforestry had much lower CMI than forage crop
systems in this study. Because rice–wheat systems exhibited considerably lower rates of
soil C rehabilitation than forage systems, these data suggest that forage systems provide
better choices for C sequestration in soils in arid ecosystems than rice–wheat systems. The
highest value of NMI was observed in rice–wheat followed by forage crop, agroforestry,
and citrus orchard. The impacts of land use on soil NPI and NMI followed the same pattern
as soil TN. The reference (uncultivated) value is 100. Values below 100 suggest that the
system is deteriorating, while values over 100 show that the system is improving in terms
of N. The highest NMI values were obtained in the forage crop land use (205 at 0–20 cm,
165 at 20–40 cm, 138 at 40–60 cm, 158 at 60–80 cm, and 157 at 80–100 cm soil depth). The
correlation between NMI and KMnO4-N (R2 = 0.89) was stronger than the correlation be-
tween NMI and mineral N (R2 = 0.60) (Figure 4). However, significantly higher NMI values
were obtained from the continuous agricultural intensification compared to uncultivated
soil.

Table 7. In a hot, arid environment, depth-wise distribution of carbon and nitrogen management
indices as influenced by different land use systems.

Land Use Depth (cm) CPI LIC CMI NPI LIN NMI

Uncultivated 0–20 1.00 dA 1.00 bA 100 dA 1.00 cA 1.00 bA 100 cA

20–40 1.00 cA 1.00 bA 100 bA 1.00 bA 1.00 bA 100 cA

40–60 1.00 cA 1.00 aA 100 cA 1.00 bA 1.00 aA 100 bA

60–80 1.00 cA 1.00 bA 100 dA 1.00 bA 1.00 aA 100 aA

80–100 1.00 bA 1.00 bA 100 bcA 1.00 bcA 1.00 abA 100 aA

Mean 1.00 w 1.00 y 100 w 1.00 x 1.00 y 100 y

Agroforestry 0–20 1.42 cA 1.06 bB 150 cAB 1.17 cA 0.93 bB 107 bcB

20–40 0.98 cB 1.45 abB 142 bAB 0.81 bA 2.11 aA 169 bA

40–60 0.97 cB 1.23 aB 115 bcC 0.98 bA 1.13 aB 106 abB

60–80 1.25 bcAB 1.55 aB 190 bAB 1.02 bA 0.97 aB 97 aB

80–100 1.04 bB 2.23 aA 232 aA 0.80 cA 1.31 abB 103 aB

Mean 1.13 xw 1.51 x 166 y 0.96 x 1.29 z 116 y

Citrus
orchard 0–20 1.58 cA 1.05 bA 162 cA 1.51 bA 1.00 bBC 147 bB

20–40 1.18 cB 1.43 abA 161 bA 1.01 bB 2.52 aA 249 aA

40–60 1.15 cB 0.85 aA 93 cB 1.04 bAB 1.48 aB 152 aB

60–80 1.35 bAB 1.01 bA 137 cAB 1.32 abAB 0.81 abBC 109 aB

80–100 1.36 bAB 0.98 bcA 134 bAB 1.47 abAB 0.73 bC 105 aB

Mean 1.32 xy 1.06 y 137 x 1.27 y 1.31 z 152 z
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Table 7. Cont.

Land Use Depth (cm) CPI LIC CMI NPI LIN NMI

Rice–wheat 0–20 2.02 bA 1.21 abB 242 bA 1.63 bA 1.56 aAB 249 aA

20–40 1.46 bB 1.82 aA 267 aA 1.15 bBC 2.04 aA 237 abA

40–60 1.48 bB 1.07 aBC 158 bB 1.40 bAB 1.05 aB 141 abB

60–80 1.21 bcBC 0.76 bC 90 dC 1.11 bBC 0.93 aB 103 aB

80–100 1.04 bC 0.89 bcBC 93 cC 0.88 cC 1.48 aAB 123 aB

Mean 1.44 y 1.15 y 170 y 1.24 y 1.41 z 171 z

Forage crops 0–20 2.59 aA 1.53 aA 395 aA 2.42 aA 0.98 bAB 236 aA

20–40 2.39 aAB 1.28 abAB 306 aB 1.92 aAB 1.22 bA 233 abA

40–60 2.19 aAB 1.05 aB 226 aC 1.92 aAB 0.83 aAB 150 aB

60–80 2.22 aAB 1.07 bB 237 aC 1.61 aB 0.67 bB 108 aB

80–100 2.01 aB 0.67 cC 130 bcD 1.51 aB 0.81 bAB 118 aB

Mean 2.28 z 1.12 y 259 z 1.88 z 0.90 y 169 z

According to Duncan’s multiple range test, values with different lower case (a–d) and upper case (A–D) superscript
letters are significantly different (p < 0.05) between land use for each soil depth and between soil depths for each
land use, respectively, while mean values in a column with different lower case letters (w–z) are significantly
different (p < 0.05). CPI, carbon pool index; LIC, lability index of carbon; CMI, carbon management index; NPI,
nitrogen pool index; LIN, lability index of nitrogen; NMI, nitrogen management index.

The C/N ratio is a nutrient mineralization and immobilization indicator; a lower C/N
ratio (<15:1) implies a higher mineralization rate. In the top 0–20 cm depth, the forage crop
and rice–wheat systems showed significantly higher C/N ratios as compared to other land
uses. In most land uses, C/N ratios declined from 0–20 cm to 20–40 cm depth, except for
fodder crops, which exhibited a minor rise (Figure 5). Moreover, the C/N ratio in forage
crops was considerably greater (p < 0.05) than in rice–wheat and agroforestry systems
below 40 cm depth.

The C/N ratio in the research region was found to be greater above the standard
range of 10:1 predicted in mineral soils. On the other hand, POC/TOC, OOC/LBN, and
TOC/clay ratio showed differences between land use systems, with the highest values in
the forage crop. Average CSR and NSR in the different land uses decreased in the following
order: rice–wheat > forage crop > citrus orchard > agroforestry > uncultivated (Figure 6).
As a result, the stratification ratio of C and N at lower depths was larger than in the top
layers.

PCA is a more precise data selection approach of which variables or indices were more
influential in differentiating land uses from the combined 0–100 cm data. The dimensional-
ity of the data set in a PCA was defined by correlations and scatter plot matrices between
variables, which selected variable candidates that may explain the variance in sensitivity
indices for various fractions with respective pool sizes. The first two principal components
(PCs) of the data set explained 83.9% and 8.32% of total variance, respectively (Table 8). The
highly weighted variable in PC1 included TOC, OOC, POC, AC, TN, profile C, and N stock.
In the PC2, variables of NLC, NH4-N, and NO3-N were found highly weighted. Regarding
SQI, the PCA allowed a clearer differentiation of the land uses. The PC1 explained 32.0% of
the variance where CMI, NPI, CPI, and CSR presented a positive and significant association
(Table 9). The second PC explained 19.2% of the variance, where LIN, LIC, and POC/TOC
ratio exhibited positive and significant associations in that component. Therefore, consid-
ering the mean value of SQI, it can be assumed that CMI, NPI, CPI, CSR, LIN, LIC, and
POC/TOC ratio were the most sensitive indices for segregating land uses.
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Figure 3. Relationship between carbon management index (CMI) with (a) oxidizable organic carbon
(OOC), (b) KMnO4 oxidizable organic carbon (KMnO4-C), (c) very labile carbon (VLC), and (d) active
carbon (AC) at different soil depths.
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Figure 4. Relationship between nitrogen management index (NMI) with (a) KMnO4 oxidizable
organic nitrogen (KMnO4-N) and (b) mineral N (NH4-N + NO3-N) at different soil depths.

Figure 5. Indicators of soil organic carbon and nitrogen (a) C/N ratio, (b) POC/TOC ratio,
(c) OOC/LBN ratio and (d) TOC/Clay ratio at various soil depths in various land use systems.
UC, uncultivated; AF, agroforestry; CO, citrus orchard; RW, rice–wheat system; FC, forage crop.
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Figure 6. (a) Carbon stratification ratio (CSR) and (b) nitrogen stratification ratio (NSR) at different
soil depths in different land use systems. UC, uncultivated; AF, agroforestry; CO, citrus orchard; RW,
rice–wheat system; FC, forage crop.

Table 8. Principal component (PC) study of soil organic carbon and nitrogen pools in a hot, arid
environment under various land use systems.

Label PC1 PC2 PC3

Eigenvalue 15.10 1.50 0.38
Variance (%) 83.87 8.32 2.12

Cumulative variance (%) 83.9 92.2 94.3
Variables

TOC 0.98 0.20 0.05
OOC 0.97 −0.17 0.09
POC 0.94 −0.07 −0.08
MOC 0.93 0.31 0.11

KMnO4-C 0.93 −0.01 −0.22
VLC 0.92 −0.22 −0.18
LC 0.94 −0.24 −0.15

LLC 0.89 −0.09 0.36
NLC 0.67 0.70 −0.04
AC 0.95 −0.24 −0.16
PC 0.90 0.41 0.16
TN 0.96 0.11 −0.08

Org-N 0.96 0.13 −0.08
KmnO4-N 0.91 −0.25 −0.01

NH4-N 0.85 −0.39 0.16
NO3-N 0.84 −0.43 0.16

Profile C stock 0.97 0.22 0.04
Profile N stock 0.95 0.13 −0.08
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Table 9. In a hot, arid environment, principal component analysis of soil organic carbon and nitrogen
indices under various land use systems.

Label PC1 PC2 PC3

Eigenvalue 3.84 2.31 1.92
Variance (%) 32.0 19.2 16.0

Cumulative variance (%) 32.0 51.2 67.2
Variables

CPI 0.76 −0.11 0.43
LIC 0.19 0.75 0.14
CMI 0.77 0.42 0.35
NPI 0.79 −0.18 0.37
LIN −0.05 0.79 −0.33
NMI 0.60 0.64 −0.08
C/N 0.27 0.00 0.50

POC/TOC −0.46 0.62 0.09
OOC/LBN 0.40 −0.18 0.21
TOC/clay 0.64 −0.25 −0.42

CSR −0.71 0.10 0.56
NSR −0.54 0.01 0.74

The loading of each variable (arrows) and the scores of each land use (points) are
shown in the PCA bi-plot (Figure 7). The length of the arrows and angle between them
(cosine) approximates the variance and their correlations, respectively. The bi-plot between
PC1 and PC2 has four quadrants. Our objective here is to establish some relation between
the land use systems in different quadrants with the SOC and N fractions and their indices.
The bi-plot showed an overlapping pattern while considering individual scores of each
land use. For the TOC, NLC, MOC, PC, and TN, the forage crop was somewhat tilted to
the right along the PC1 axis. Along the PC2 axis, rice–wheat scores were considerably
biased toward greater negative values. The rice–wheat scores were clearly more impacted
toward more positive values along the PC1 axis for the CMI, NPI, CPI, CSR, LIN, LIC, and
POC/TOC ratios, according to SQI in the bi-plot.
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Figure 7. Principal component analysis (PCA) bi-plot for all land use systems involving soil organic
carbon (SOC) and N fractions (a) and indices (b).
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4. Discussion

The soil characteristics along with C and N fractions varied greatly depending on
the land use, but the order of magnitude remained similar throughout the depths. The
difference in BD with soil depth was found to be substantial, with the lower depth layer
having a greater BD than the topsoil layer, because of the overlying soil’s weight, which
produces compaction and a decrease in SOM content [11]. In all land uses, the pH and EC
patterns were more erratic as depth increased. The impacts of land use on soil pH were
not significant. In lower depths, there was no influence on EC. However, in the rice–wheat
combination, a significant drop in EC was noted, which could be ascribed to the use of an
irrigation source to leach off soluble salt [30]. Although there was an increase in clay and
silt in the subsurface layers, along with a decline in sand content, the soils were primarily
sandy [31]. Long-term irrigation under rice–wheat systems may have resulted in increased
fine soil particles due to sediment movement by the canal [1,32].

The current study found that cultivating desert soil for 60 years enhanced TOC and its
fractions under a variety of land uses. Due to the minimal vegetation found in desert soils,
organic matter input into the soil is limited. However, differing land uses and soil layers
were found to have a considerable impact on the KMnO4-C fraction [11,33]. In the surface
depth of the forage crop, TOC and its fraction were much higher than in the lower depths.
Overall, all land use systems and soil management approaches resulted in higher organic
C buildup than uncultivated land. Land use changes can have a significant influence on
SOC dynamics and carbon transport [34]. High TOC might be linked to high vegetative
growth, fast root proliferation, organic matter breakdown, and subsequent organic matter
retention in soil aggregates owing to clay complexes, as seen by the abundance of fine soil
particles. The development of clay–organic complexes and soil aggregates in the arid region
was likely facilitated by soil moisture resulting from alternating wet and dry conditions,
accumulating the greatest amount of SOC. The decrease in TOC on uncultivated land is
due to a drop in organic matter input and oxidation of SOC because of exposing soils to the
blazing sun [35].

In terms of turnover time, the particulate organic matter pool is halfway between the
active and passive organic matter pools (i.e., a slow pool) [20]. The primary sources of POC
in this study were leftover root biomass, agricultural residues, leaf litter, and increased
microbial biomass and plant debris. The various land uses investigated had a significant
impact on the POC values. The high results under land uses were consistent with the
findings of Kalambukattu et al. [36] that changes in land uses can lead to particle organic
matter buildup. POC accounted for 37.7% (uncultivated) to 42% (citrus orchard) of the
TOC across all land uses. In dry or cold climates, the POC reported a 50% greater level
of SOC [37]. The lower POC to TOC ratios in our samples are most likely owing to the
hot, dry environment, which favors biological decomposition of recent organic material
inputs, resulting in less POC buildup [2]. The findings of Camberdella and Elliott [20] and
Six et al. [38] demonstrated that soil disturbances such as tillage can lower POC levels.

Both OOC and TOC decreased with depth in all the land uses studied, probably due
to a decrease in surface litter intake in lower soil layers [33,39,40]. These results are similar
to those reported by Moharana et al. [30] for rice-based cropping systems in India’s hot, dry
region, where long-term farming increased the labile and recalcitrant fractions (LLC and
NLC). Changes in land use were also particularly sensitive to the VLC and LC fractions of
SOC [22]. This showed that monitoring the efficacy of various land uses in sustaining active
C pools, which play a larger role in nitrogen cycling, is crucial. After 60 cm of soil depth, no
significant difference in MOC and KMnO4-C concentrations was observed across all land
uses. These findings corroborated those of Lal [41] and Gelaw et al. [42], who found that
grazing field soils have greater SOC stock than agricultural soils due to more root biomass
and residue returning to the surface.

Below 40 cm deep, a significant fall in the level of N fractions was seen for all land
uses. The higher TN in soil cultivated with the forage crop might be attributed to the
higher organic carbon, which came from the return of plant and root biomass as well
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as residues to the soil system [42,43]. Because of changes in SOM content and cultiva-
tion, Moharana et al. [2] found a substantial difference in KMnO4-N between barren and
cultivated land. Mineral N concentrations in rice–wheat were similarly greater than in
the citrus orchard and uncultivated land, showing that a higher rate of mineral fertilizer
application in the rice–wheat system might boost N concentrations. Surface soil had higher
KMnO4-N levels than subsurface soil, regardless of land use. This might be linked to the
breakdown of root biomass in the surface layer, which releases nitrogen when organic
matter is mineralized, re-leaving available nitrogen.

Despite the fact that pool sizes varied greatly among land use regimes, sensitivity in-
dices for various fractions demonstrated that their susceptibility to change was comparable
to total pools [26]. Due to different land use changes, no single pool could be employed as
a sensitive indicator for SOC and N changes. VLC, LC, CMI, NPI, CPI, CSR, LIN, LIC, and
POC/TOC ratio could be used as sensitive C and N indicators. The VLC was shown to be
substantially more sensitive to management than the TOC. The LLC fraction, on the other
hand, was far less affected by changes in land use than the TOC fraction. LBN (KMnO4-N)
has a lower sensitivity than Org-N and TN, implying that it is ineffective as a sensitive
indicator of land use changes. Westerhof et al. [44] indicated that the NMI was an excellent
indication of N availability but not of total N. This was most likely owing to tillage’s fast
mineralization of labile organic materials. Labile N by KMnO4 is a quick and easy approach
to assess the nitrogen status in soils.

5. Conclusions

Influence of land use and soil depth on variations in soil C and N fractions was
investigated under arid conditions in India. The VLC, CMI, and NMI, among other soil
quality indices, changed dramatically with land use. The VLC was substantially more
responsive to changes in land use than the TOC. Forage crop and rice–wheat soils had
greater TOC and TN than uncultivated soils, showing a large potential for adopting these
methods to adsorb SOC and TN in these soils. The top 0–20 cm of the forage crop contained
the majority of the SOC and TN. The sensitivity indices can be used to assess their utility
and detect changes in SOC and N fractions caused by land use changes. NMI demonstrated
to be a valuable indicator for analyzing changes in soil quality induced by rice–wheat land
use because of the significant correlations between NMI and the OOC and N fractions. The
study found that anthropogenic modifications of desert soils by changing to various land
uses resulted in considerable improvements in C and N stock. In the arid region, therefore,
integrating appropriate forage crops and agroforestry trees into agricultural fields and
adopting restorative land uses can greatly influence the sequestration of both SOC and TN.
Among the various land uses, forage crops, which have a larger biomass, have a higher
TOC and CMI, and are considered the optimal systems for maintaining soil health in desert
soil of India. The findings are particularly unique and useful for researchers, planners, and
policymakers in desert ecosystems; nevertheless, such research can be improved in the
future by considering climate, management, and socioeconomic factors of the region.
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Abstract: Soil salinity and sodicity are significant issues worldwide. In particular, they represent
the most dominant types of degraded lands, especially in arid and semi-arid regions with minimal
rainfall. Furthermore, in these areas, human activities mainly contribute to increasing the degree
of soil salinity, especially in dry areas. This study developed a model for mapping soil salinity and
sodicity using remote sensing and geographic information systems (GIS). It also provided salinity
management techniques (leaching and gypsum requirements) to ameliorate soil and improve crop
productivity. The model results showed a high correlation between the soil electrical conductivity
(ECe) and remote-sensing spectral indices SIA, SI3, VSSI, and SI9 (R2 = 0.90, 0.89, 0.87, and 0.83),
respectively. In contrast, it showed a low correlation between ECe and SI5 (R2 = 0.21). The salt-
affected soils in the study area cover about 56% of cultivated land, of which the spatial distribution
of different soil salinity levels ranged from low soil salinity of 44% of the salinized cultivated land,
moderate soil salinity of 27% of salinized cultivated land, high soil salinity of 29% of the salinized
cultivated land, and extreme soil salinity of 1% of the salinized cultivated land. The leaching water
requirement (LR) depths ranged from 0.1 to 0.30 m ha−1, while the gypsum requirement (GR) ranged
from 0.1 to 9 ton ha−1.

Keywords: soil salinity; sodicity; GIS; RS; leaching and gypsum requirement

1. Introduction

Land degradation is one of the world’s most severe environmental and socio-economic
issues [1–3], occurring due to natural phenomena and anthropogenic factors that nega-
tively impact land’s ability to function effectively in an ecosystem which causes enormous
challenges in achieving sustainable development goals [4–7]. Degraded lands could reach
one-fifth of the total land in some countries [8,9]. Currently, salt-affected soil covers
approximately 1.125 billion hectares, with anthropogenic activities affecting 76 million
hectares. Soil salinity is a primary challenge to global food security and environmental
sustainability. As climate change accelerates, the problem may soon spread to unaffected
areas [10]. The high salinity levels could cause adverse effects on soil characteristics and
plant physiology [11,12].

There is an urgent need to increase the area of agricultural land to meet the increasing
demand for food due to the rapid population growth [13–15]. Therefore, one of the effective
ways to raise the efficiency of the agricultural unit is land reclamation processes [16]. This
helps in fixing one or more defects in the soils that hinder and/or reduce agriculture
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productivity [17]. However, the traditional methods for reclamation operations are costly in
time and effort [16]; therefore, looking to modern technologies to help in these calculations
has become an urgent necessity.

Remote sensing and geographical information systems (GIS) are promising tools for
assessing land degradation [18–22]. These tools can generate relevant maps and reliable
spatial information to support decision making [23–25]. The earliest successful attempts
to use remote sensing for the detection of salt-affected soils were preceded by Mougenot
et al. [26]. The remote sensing and GIS datasets provide accurate information on large
areas. Some satellite ‘images’ are low in cost, and the remote-sensing assessment tasks
can be carried out in a shorter time than conventional fieldwork assessments [27–30]. The
assessment results can be used to adequately manage soil and crops [31–34]. Using Landsat
images allows for assessing the soil salinity features. The Landsat images are the best to
capture soil salinity extent with different salinity levels [35–41]. In Egypt, several studies
have also been conducted to map soil salinity using remote sensing and GIS datasets and
showed reliable soil salinity results [42–57].

The prevalence of saline/sodic soils depends on two types of factors, namely, climatic
factors and geomorphologic factors. Saline lands are found in regions with a continental
climate or where droughts prevail, which leads to increased evaporation and salt accumu-
lation [58–60]. Saline/sodic soils also spread in the lands of lakes, rivers, and sedimentary
valleys, and abound in dry and semi-arid areas with little rain and high temperatures.
All conditions are identical in the study area where the evaporation process accelerates
the formation of salts and their ascent to the surface of the soil through its capillary prop-
erty [31,32,61,62]. Saline soils have higher salt concentrations than usual, whereas sodic
soils have higher concentrations of Na+ than usual. Saline soils cause a chemical drought
while sodic soils, conversely, cause waterlogging in soils [33]. Leaching is a vital soil
management technique applied to salt-affected soil by adding supplemental irrigation
water to remove salts from the root zone layers [26–28]. Understanding the hydraulic
properties of the soil, water mobility, and salt dynamics are essential to correctly conduct
the required leaching [63–65], while adding gypsum (CaSO4 × 2 H2O) to salt-affected soil
is one of the oldest amendment methods. This method promotes the efficient replacement
of Na+ by exchangeable Ca2+ leading to the improvement in the soil’s physical–chemical
and enzymatic properties [66–73].

In Egypt, salinity accumulation, sodicity, and waterlogging are the main form of
land degradation. Soil salinity and sodicity seriously affect agriculture production, where
saline/sodic soils occupy 46% of the total Nile Delta area [74]. Egypt’s croplands are
entirely irrigated due to the country’s extremely low rainfall and high rates of evaporation.
The primary cause of secondary soil salinization in Egypt is the extensive irrigation of
agriculture in arid climate conditions [74,75]. Additionally, irrigation with contaminated
water from the polluted drains led to increasing in some metals’ concentration due to
anthropogenic pollution through the spreading of contaminated dredged materials on
agricultural fields [76]. The soil salinization problem in Egypt, caused by the reuse of
irrigation drainage waters and limits on rice plantings due to the shortage of irrigation
water, raises an urgent need for the agricultural productivity of the Nile Delta through,
for instance, subsurface drainage in waterlogged lands, land leveling, and use of gypsum
amendments [74]. Especially in Egypt, at least 20% of all irrigated areas are salt-affected,
and other estimates put the figure as high as 50%. The northern part of the Nile Delta
in Egypt contains a huge region of heavy clay soils with shallow open drainage, limited
permeability, and low productivity.

In the North Delta region, particularly in Egypt’s Kafr El-Sheikh Governorate, there is
a serious lack of irrigation water supply. Farmlands at the end of irrigation canals must use
available drainage water to compensate for the lack of source of water [76–79]. Therefore,
this study aims to integrate remote sensing and GIS techniques to produce amelioration
maps of leaching (LR) and gypsum (GR) requirements in the study area.
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2. Materials and Methods

2.1. Description of the Studied Area

Location: The study area covers 373,191 km2, representing 28.1% of the total area
of the Delta region and about 0.35% of the total area of Egypt. It is located in the Kafr
El-Sheikh Governorate in the northern part of Egypt’s Nile Delta. The latitude ranges from
31◦00′ and 31◦ 15′ in the east and 31◦00′ and 31◦37′ in the north, and an altitude of 9.14 m
above sea level. It is bounded in the north by the Mediterranean Sea, the southern Gharbia
Governorate, the eastern part of Dakahlia Governorate, and the western province of Bihaira.
(Figure 1). In the north part of the area, Lake Burullus is located within the borders of the
governorate with an area of 148,562 hectares. The lake is connected to the Mediterranean
through the Burullus spur, which is 44m-wide.

Figure 1. Location map of the study area.

Landform: The region’s topography has a diversity of natural life due to the diversity
of environments and the diversity of the topography of the land. The natural environments
in the province can be classified into three main types: agricultural and urban environments,
coastal environments, and wetlands. Each of them is unique in its animal life, plants, and
biodiversity [80,81].

Geology: The center and south of the province cover the sediments of the modern
geological age (Holocene era), which are dark-brown formations composed of deposits
of clay, clay, and sandy clay. These sediments are deposited over the ancient marine
sediments (under delta formations) that date back to the Pleistocene era. They are yellow
in color and consist of coarse and fine sand and pebbles consisting of quartz or igneous
and metamorphic rocks. The northern coastal zone is a low, sandy coast consisting of soft,
brittle sediments belonging to the Pleistocene and Holocene [82,83].

All the ancient geological studies show that the Burullus region in the north of the
governorate was less arid than our present era with the presence of many plants. Likewise,
the shore of the delta region was mainly composed of silt, with swamps and depressions
increasing in it. In the flood season, these depressions were filled with fresh water, forming

61



Land 2022, 11, 1041

a series of small lakes and wetlands. These bogs were filled with organic matter and
sediments resulting from the analysis of plant remains, so most of this water was devoid of
oxygen. It was also filled with the shells of some bivalve mollusks, especially the cardium
type. The coastal area consists of a sandy beach as a result of the sediments that were
carried by the waves of the Mediterranean [82,83].

Climate: In general, the climate in Kafr el-Sheikh Governorate is an arid climate
(classified as BWh) by the Köppen–Geiger system. The warmest month is August (31 ◦C),
and the coldest month is January (9.4 ◦C). The total number of rainy days in a year is 31 days,
where January is the wettest month while July is the driest month (0.0 mm/0 inches).

A climate diagram (Figure 2) is based on 30 years of available data from the study
area. From this indication of typical climate patterns and conditions of temperature and
precipitation, it is clear from the figure that the rain is very little, at less than 25 mm, and
most of it occurs in January. Generally, the governorate has a Mediterranean climate, and
the temperature varies between 13.2 ◦C in January (winter) and 26.6 ◦C in July (summer).
The amount of precipitation ranges from 140 mm to 250 mm per year. The winds are
generally western and northwest.

 
Figure 2. Climate parameters of the studied area.

Agricultural land and irrigation water: Soil texture in the study area is classified from
heavy clay to sandy soil. Surface irrigation systems use the Nile water or drainage reuse,
and it has electrical conductivity values between 0.31 and 1.86 dS m−1.

The soil texture classes of the researched area differ between sandy and heavy clay,
according to field surveys and laboratory investigations. Cation-exchangeable capacity
(CEC) was strongly associated with clay content and ranged from 7.36 to 44.87 cmolc kg−1.
These soils ranged from being non-saline to being extremely salty according to the salinity
levels, which ranged from 0.81 to 10.80 dS m−1. ESP and pH values ranged from 1.02 to
36.20 and 7.83 to 8.81, respectively. The study area’s bulk density and soil depth were
between (1.11 and 1.63 Mg m−3) and (120 to 150 cm), respectively. Organic matter generally
is on average 16.2 g kg−1. The high temperature in dry and semi-arid locations, which
causes the decomposition of fresh residuals, is to blame for the low value of OM. CaCO3
content is 7.30 g kg−1 on average.

The area of agricultural land in the governorate represents about 7.5% of the total
agricultural area in Egypt [84–86]. Winter rains that fall on the northern coast of the area are
unreliable. Groundwater cannot be used due to its excessive salinity as a result of seawater
intrusion as well as to limit its effects. The efficiency of the applied surface irrigation system
does not exceed 60% [84]. Recently, the governorate’s share of fresh water available for
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agriculture was about 3.15 billion cubic meters, and agricultural drainage water is mixed
with freshwater canals to meet agricultural water requirements [85]. Drainage water with
low-quality water such as wastewater is used for irrigation [86], especially in the areas
located at the end of irrigation networks that receive inadequate fresh water. There are some
main drains in the area such as West El-Burullus, Gharbia, El-Khashaah, Tirrah, and El-
Hoks [87]. The principal pollutants are biological oxygen demand (BOD), chemical oxygen
demand (COD), and NO3-N. While NH4-N and NO3-N values fall within the normal range
for irrigation, they are in the abnormal range according to Egyptian standards. BOD and
COD values are rated as bad to moderate and moderate. According to Egyptian standards,
the values are within the usual range for irrigation. Furthermore, except for Ni, whose
readings are within the normal range, the levels of the heavy metals Cu, Mn, Pb, and Cd
are higher than what is permitted for irrigation. B values in water samples range from poor
to excellent. In the meantime, irrigation-appropriate pH values ranged from 7.33 to 8.15,
EC values ranged from 1.87 to 4.71 ds m−1, and SAR values ranged from 5.86 to 9.32.

2.2. Soil Analysis

Soil sampling was conducted in the study area, where 66 soil samples were collected at
0–0.3 m depths. The samples were dried, grounded, and passed through a 2.0 mm sieve in
the laboratory (Table 1). The soil reaction (pH) and soil electrical conductivity (ECe, dS m−1)
were identified according to the Page method [87]. The soil organic matter (SOM, g kg−1)
was determined according to Nelson and Sommers method [88]. The Ca2+ as carbonate
(CaCO3, g kg−1) was measured volumetrically using a Collins calcimeter method [89]. The
exchangeable sodium percentage (ESP) was calculated using the [33] equation:

ESP =
100 × (−0.0126 + 0.01475 SAR)
1 + (−0.0126 + 0.01475 SAR)

(1)

where SAR (sodium adsorption ratio) is a measure of the amount of sodium (Na+) relative
to calcium (Ca2+) and magnesium (Mg2+) in the water extracted from a saturated soil paste.
It is the ratio of the Na concentration divided by the square root of one-half of the Ca + Mg
concentration. SAR is calculated from the equation:

SAR = Na+/[(Ca2+ + Mg2+)/2]0.5

Table 1. Basic variables for the sixty-six soil samples’ studied soil properties.

Variable Unit Min Max Mean

pH (1:2.5 suspension) - 7.83 8.81 8.32
ECe (paste extract) dS m−1 0.81 10.80 5.81

SAR - 1.56 39.33 20.45
ESP - 1.02 36.20 18.61

SOM g kg−1 10.5 21.9 16.2
CaCO3 g kg−1 0.33 14.27 7.30

Soils that have values for sodium adsorption ratio of 13 or more may have an increased
dispersion of organic matter and clay particles, reduced saturated hydraulic conductivity
and aeration, and a general degradation of soil structure.

2.3. Soil Amelioration

Leaching requirements (LR, depth cm) were calculated using the [90] equation:

LR =
ECiw

5 × (ECe − ECiw)
(2)

where ECiw is the electrical conductivity of the irrigation water and ECe is the soil electrical
conductivity.
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Gypsum requirements (GR, Mg ha−1) were calculated using the [33] equation.

GR =
ESPi − ESPf

100
× CEC × 4.1 (3)

where ESPi: actual ESP of the soil; ESPf: ESP required to be reached by reclamation; and
CEC: cation exchange capacity (cmolc kg−1).

2.4. Image Preprocessing and Analysis
2.4.1. Remote-Sensing Data

Remote sensing provides spatial coverage by measuring reflected and emitted elec-
tromagnetic radiation from the earth’s surface and surrounding atmosphere over a wide
range of wavelengths. Remote sensing implies collecting data without making physical
contact with the studied object. This study used Landsat 8 (OLI) images (path 177, row 38)
in May 2021.

2.4.2. Image Preprocessing

Image distortions and degradations occur during the acquisition process of remotely
sensed images. Preprocessing satellite data are required to remove sensor errors during data
acquisition and display the correction, band selection, data dimensionality reduction, and
computing complexity reduction. The team conducted radiometric to eliminate radiometric
problems in images such as nonuniformity, stripe noises, and defective lines, for proper
conversion of digital numbers to reflectance values, geometric, and atmospheric corrections
on the studied Landsat OLI images to increase the visual distinction between features.

2.4.3. Atmospheric Correction Using FLAASH Tool

The team conducted atmospheric correction using The FLAASH (fast line/of/sight
atmospheric analysis of spectral hypercubes) tool in ENVI 5.1 software to have better
reflectance. The team used the native file in a BSQ format for the correction and converted
the images to BIL and BIP format to be compatible with the FLAASH tool.

2.5. Surface Interpolation Using the Ordinary Kriging Technique

The team used the interpolation method to determine the spatial variability and pattern
of the soil characteristics in two-dimensional soil data sets in the topsoil. The geostatistical
analyst extension (Arc GIS 10.4.1) [91] was used to develop the semi-variogram between
each pair of points and interpolate between the sampling locations using the kriging
method to predict the soil salinity in the study area. Ordinary kriging was used to estimate
the value of continuous soil salinity (z) at an unsampled location (u) using only data on
this characteristic [z(uα), α = 1, n] as a linear combination of neighboring observations:

Z∗
ok(U) =

n(u)

∑
α=1

λα(u)Z(u∝) (4)

The ordinary kriging weights were chosen to minimize the estimation or error variance,

σ
2
E
(u) = Var[Z(u)− Z(u)] (5)

The weights were obtained by solving a system of linear equations:

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

n(u)
∑

β=1
λβ(u)γ(u∝ − uβ)− μ(u) = γ(u∝ − u)

n(u)
∑

β=1
λβ(u) = 1 α = 1, . . . , n (u)

(6)
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To ensure the estimator was unbiased, constraining the weights to sum to one requires
the definition of the Lagrange parameter m (u).

2.6. Soil Salinity Indices

The team examined fourteen different spectral salinity indices related to salt detection
and soil salinity mapping developed in numerous studies. The most commonly used
salinity indices taken into account in this study (NDSI, SIA, SI 1, SI 2, SI 3, SI 4, SI 5, SI 6,
SI 7, SI 8, SI 9, NDVI, SAVI, and VSSI) are presented in Table 2.

Table 2. Soil salinity indices based on different band ratios of Landsat.

No Index Name Formula Ref.

1 Salinity index (SI)
√

Band 3 × Band 4 [92]

2 Soil salinity index for arid and semi-arid conditions (SIA)
SIA =

((
Blue × Red

Green

)
×

(
Red × Near In f rared

Green

))
(

Blue − Red
Blue + Red

) [93]

3 Normalized difference salinity index (NDSI) Band 3 − Band 4
Band 3 + Band 4

[94]

4 Vegetation soil salinity index (VSSI) 2 × Band2 − 5 (Band 3 + Band 4) [92]
5 Normalized differential vegetation index (NDVI) Band4 − Band 3

Band3 + Band 4
[94]

6 Soil adjusted vegetation index (SAVI) (1 + L)Band 4 −
(

Band 3
L

)
+ Band 4 + Band 3 [95]

7 Salinity index 2 SI =
√

G × R [92]
8 Salinity index 3 SI =

√
G2 + R2 + NIR2 [96]

9 Salinity index 4 SI =
√

G2 + R2 [96]

10 Salinity index 5 SI =
B
R

[97]

11 Salinity index 6 SI =
B − R
B + R

[97]

12 Salinity index 7 SI =
B × R

B
[97]

13 Salinity index 8 SI =
B × R

G
[98]

Where: B, G, R, NIR, SWIR1, and SWIR2 refer to the reflectance in visible blue, green, red, near-infrared, Shortwave
infrared 1, and 2, respectively.

The processing steps of mapping soil salinity using Landsat 8 image by the superior
index among the used indices through assessing soil salinity from soil samples are shown
in Figure 3. Firstly, FLAASH model was applied to remove the atmospheric effects [98–100].
Then, image processes were applied, i.e., image morphology, conversion from digital
number to reflectance value, cloud filtering [101], and image enhancement. Subsequently,
indices were computed and analyzed. Then, indices were normalized in Excel software.
Secondly, the soil samples were analyzed with the spectral reflectance of the image. The soil
salinity is estimated by the measured laboratory EC. Based on the results, the relationship
was determined between reflectance values and indices of soil salinity to estimate the soil
salinity from the image. It was noted that various soil types reflect solar radiation differently.
The variation in reflectance makes it possible to identify the type of soil at the surface layer.
Validation samples were taken from different land use/land cover types, including Sabkha,
water bodies, waterlogged, bare soil, and cultivated land. The sample locations are selected
at different salinity intrusion degrees. Finally, leaching water requirements and Gypsum
requirements were calculated as shown in Figure 3.
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Figure 3. The workflow of saline soil amelioration using Landsat 8 OLI image.

3. Results

3.1. The Relationship between ECe and Remote-Sensing Spectral Indices

Various spectral indices derived from the initial Landsat bands in the study area
validated the developed spatial model of soil salinity; Figure 4. The statistical correlation
between soil electrical conductivity (ECe) and remote-sensing spectral index revealed that
the salinity index (SIA), salinity index 3 (SI3), vegetation soil salinity index (VSSI), and
salinity index 9 (SI9) had a significant correlation with ECe (R2 = 0.90, 0.89, 0.87, and 0.83,
respectively). However, salinity index 5 (SI5) had a low correlation (R2 = 0.21). The models
with the highest R2 values, indicating a high correlation between field measurement data
and satellite data, were chosen as the best regression model to produce the soil salinity
map of the study area. Overall, the brightness index with bands (R and NIR) of the image
dated May 2021 had the highest correlation of 90%. Therefore, this obtained regression
equation was used for soil mapping, while the density-slicing method was used to classify
the different salinity levels, according to the different salinity classes. These salinity classes
were defined using the international salinity thresholds.

The SIA, SI2, SI3, SI4, SI7, SI8, and SI9 indices are positively correlated between the
actual ECe and the modeled ECe, and negatively correlated with NDS1, SI6, and SI5. All
of the studied indicators followed a normal distribution for the low-salinity class (2 and
4 dS m−1), while the higher-salinity class resulted in negative skewness. It was noted that
there was a high level of uncertainty and variability for all indicators with higher salinity
levels, but a lower level of uncertainty with lower salinity content (Figure 2).
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(a) 

 
Figure 4. Cont.
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(b) 

Figure 4. (a) The correlation between actual ECe and soil salinity indices. (b) The pair plot (up) and
correlation (down) between the actual ECe and that extracted from satellite images.

3.2. Land Use

The land use in the study area was 373,191 ha and can be classified into four dominant
classes: cultivated land, water bodies and lake Burrulus, fish ponds, and urban area. The
cultivated land was the main class, the second class was water bodies and lake Burrulus,
the third class was fish bonds, and the fourth class was the urban area, which covered
about 72, 12, 10, and 6% of the total area, respectively (Table 3).

Table 3. The main land use categories in the study area.

Land Use Categories Area (%) Area (ha)

Cultivated land (C.A.) 72% 269,628
Water bodies and lake Burrulus 12% 43,512

Fish ponds 10% 37,739
Urban 6% 22,310

Total studied area 100% 373,189

3.3. Soil Quality Index (SQI)

The results related to classifying the different salinity levels by the salinity index SIA
with bands (R and NIR) are given in Table 4 and Figure 5. The results of the proposed
model revealed that the assessment of salinity levels was classified into four classes: the low
salinity (4 < dS m−1) class occupies 118,580 ha (44% of the cultivated area); the moderate-
salinity class (4–8 dS m−1) occupies 73,177 ha (27% of the cultivated area); the high-salinity
class (8–16 dS m−1) represents 77 ha (28% of the cultivated area); and the extreme-salinity
class (>16 dS m−1) represents 145 ha (1% of the cultivated area). The results indicated that
the salt-affected soils in the study area represent 56% of the cultivated land.

Table 4. The main salinity class categories in the study area.

Salinity Class (dS m−1) Area ha Area (%)

4< 118,580 44
4–8 73,177 27
8–16 77,726 28
16> 145 1

The cultivated study area 269,628 100%
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Figure 5. Results of soil salinity index for arid and semi-arid conditions (SIA) in the study area.

3.4. Soil Amelioration
3.4.1. Leaching Water Requirements

Figure 6 shows the different leaching requirements that should be added to the soil to
reduce soil salinity. The different leaching water requirement depths were classified into
six classes: (1) 0.01 to 0.1 m ha−1 for an area of about 27,607 ha (10% of the cultivated area);
(2) 0.1 to 0.2 m ha−1 for an area of about 62,335 ha (23% of the cultivated area); (3) 0.2 to
0.3 m ha−1 for an area of about 66,775 ha (25% of the cultivated area); (4) 0.3 to 0.4 m ha−1

for an area of about 83,453 ha (31% of the cultivated area); (5) 0.4 to 0.6 m ha−1 for an area
of about 15,447 ha (5% of the cultivated area); (6) 0.6 to 0.9 m water depth ha−1 for an area
of about 14,012 ha (5% of the cultivated area).

 

Figure 6. Different leaching requirements by satellite images for the study area.
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3.4.2. Gypsum Requirements

Figure 7 illustrates the different gypsum requirements that should be added to the soil
to reduce soil sodicity. As is clear from the figure, the gypsum requirement was classified
into six classes: (1) 0.10 to 1 ton ha−1 for an area of 41,346 ha (15% of the cultivated area);
(2) 1 to 2 ton ha−1 for an area of about 69,754 ha (26% of the cultivated area); (3) 2 to
3 ton ha−1 for an area of about 65,86 ha (24% of the cultivated area); (4) 3 to 4 ton ha−1 for
an area of about 49,171 ha (18% of the cultivated area); (5) 4 to 6 ton ha−1 for an area of
about 34,234 ha (13% of the cultivated area); (6) 6 to 9 ton ha−1 for an area of about 9265 ha
(3% of the cultivated area).

 
Figure 7. Different gypsum requirement assessments by GIS for the study area.

4. Discussion

Assessment of salt-affected soil using remote sensing and GIS is beneficial due to its
low cost and efficiency. This will improve the management of the salt-affected soil [1]. It
was clear from the results obtained that using Landsat images can capture soil salinity with
a significant correlation between the ECe values and bands of the Landsat images [40–46].

Our results indicate that the correlation between the remote-sensing spectral index
and ECe (salinity index (SIA), salinity index 3, vegetation soil salinity index, and salinity
index 9) was highly significant. This agrees with the views of [102,103] who emphasized
that the salinity index (SI) has the highest correlation with soil salinity based on the image
enhancement method. Elhag [104] indicated that the SI-3 and SI-9 have a high correlation
with soil salinity indices.

The results showed that the salt-affected soils in the study area represent 56% of
cultivated land. These results agree with one study [80,93], which stated that more than 50%
of the soil in Kafr El-Sheikh Governorate suffers from land degradation. Additionally, good
or non-saline soils in the study area decreased by 33% during the period 1961 to 2016 [81].
Another study conducted by Enar [105] indicated that the low-salinity soil increased by
0.46%, while moderate salinity, high salinity, and extreme soil salinity increased by 16%,
52%, and 20% during the period 2000 to 2020, respectively.

The added value of the paper is in mapping the soil water leaching and gypsum
requirements using remote-sensing and GIS techniques. Limited studies have covered this
topic so far. The method used to calculate the leaching water requirements (cm, depth) and
gypsum requirements (GR, Mg ha−1) according to the concentration of salts is reliable and
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accurate [33,90]. The leaching water depths required to reduce the ECe ranged between
0.01 and 0.90 m ha−1, while the gypsum required to reduce the initial ESP in different study
zones ranged from 0.1 to 9 tons ha−1.

The investigated salt-affected soils are formed as a result of climate and inappropriate
soil management. This is in addition to the effect of irrigation water, water logging, and
saline water intrusion of the Mediterranean. Saline, saline–sodic, and sodic soils have a
strong presence in the area with an average of 55% of the total cultivated soils (Table 2).
The south part of the area is threatened by sodicity according to the low-salinity soils and
highly carbonated irrigation water, while the north of the area contains the highest area of
saline and saline–sodic soils, reaching 33%. Poor drainage in addition to reuse of saline
drainage water supports the buildup of salinity and sodicity [106]

The most popular method for reclaiming salt-affected soils in the region is a gypsum
amendment (CaSO4 2 H2O) combined with intermittent leaching. Another two ways
for adapting and mitigating salinity and sodicity accumulation in the region are furrow
irrigation and rice production under ponding.

The salts are spread in the soil profile, especially in the northern areas of the study area,
adjacent to the water-logged areas, Sabkha, and along the coastline. The dominant salts
in the delta are saline, and sodic soils are sodium sulfate (Na2SO4) and sodium carbonate
and bicarbonate (Na2CO3 and NaHCO3). The solubility of these salts decreases sharply
with temperature decreases; accordingly, the reclamation and leaching processes should
be applied during the summer warm season only. Improving drainage and preventing
industrial and sanitary wastes in the agricultural drain is a must [107]. Land degradation
in coastal areas, increased distribution of soil salinity, and reduced crop productivity in the
region are the manifestations of climate change that have already appeared in the region
from rising sea levels, coastal erosion, reduced Nile flow, increased summer temperature,
changing rainfall patterns [108–112], and increased evapotranspiration [113].

In the study case, saline soils should be treated, and subsequently sodic soils, in order
to reduce the concentration of salts to the appropriate degree for the growth of plant roots
and even the appropriate depth for the roots [114–120].

Proper agricultural practices should be followed such as: adding organic fertilizers,
developing and maintaining drainage, following an appropriate agricultural cycle, using a
digger plow, and choosing salt-tolerant crops and an appropriate irrigation system.

Nitrate, phosphate, and potassium fertilization increase the resistance of plants to
salinity. Salt-tolerant crops such as barley and sorghum are the most salt-resistant cereal
crops, followed by rice and wheat, while maize is the least resistant. Cotton and sugar beet
are the most important salt-tolerant crops, while sugar cane, fava beans, and peas are the
least tolerant of salinity. Most vegetable crops are moderately resistant to salinity, while
most fruit crops, especially deciduous, are sensitive to salinity [114–124].

5. Conclusions

The physico-chemical characteristics of 60 soil profiles were investigated. The results
showed remarkable differences among various sites. The differences were very clear be-
tween the southern regions, where they are often affected by a slight or medium degree
of deterioration and are often concentrated in soil compaction, while the northern regions
were greatly degraded due to the presence of most types of soil deterioration such as salin-
ity, alkaline, and waterlogging. The GIS, Landsat OLI satellite images, and multi-temporal
satellite image analysis were used to estimate the rate and extent of salinized areas. These
proven tools are handy for providing accurate and timely geospatial information depicting
soil conditions. The results reflected that 56% of cultivated land of the Kafr El-Sheikh
Governorate suffers from salinization. Zoning or classifying the area into zones can lead to
better management and amelioration of the different salinity zones. Therefore, using this
technology improves the management of salt-affected soil on a large scale and can be re-
garded as one of the best management strategies for increasing crop production. The causes
of salinity in investigated soils are thought to be a result of seawater intrusion—especially
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in the coastal zone of the area—high water table level, accumulation of salt in the upper
soil layers due to unsuitable irrigation management, and inadequate drainage conditions.
Salinity problems require sustainable management strategies, including identifying and fur-
ther developing crop cultivation practices adapted to saline conditions, enhanced drainage
systems, using salt-tolerant varieties/crops, and exchanging knowledge and transferring
practical and adaptive solutions. Water is fundamental in agriculture; different sources of
pollution such as sewage and industrial wastewater are discharged onto the drains. So,
the water in this drain has very low quality, which in turn may cause hazards to soil and
grown crops. It could be concluded that drains may be used for irrigation purposes under
controlled precautions with good soil management, e.g., good tillage, deep plowing, land
leveling, applying soil and water amendments, and finally a suitable cropping system.
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Abstract: In recent decades in the Mediterranean basin there has been a considerable increase in
both the number of wildfires and the extent of fire-damaged areas, resulting in ecological and socio-
economic impacts. Protected areas are particularly vulnerable and many characteristics underpinning
their legal protection are threatened. Several studies have been devoted to mitigating wildfire risks
inside the protected areas, however often only in regard to natural heritage losses. Based on the
adaptive wildfire resilience approaches, this work proposes a framework of actions that integrates
natural, social and economic components. Starting from the Vesuvius National Park case study,
affected by wildfires in 2017, the paper proposes a framework of action, envisaging two main phases:
(i) the identification of priority intervention areas, by means of spatial multicriteria decision anal-
ysis, and (ii) damage assessment by using a monetary approach to value ecosystem services (ESs).
The results identified priority areas where to concentrate economic and material resources, and esti-
mated ecosystems damage, demonstrated ESs losses in areas adjacent to the burnt ones. This work,
by integrating the relation between environmental sciences and policy, underpins a medium-long
term development planning process. The aim of this work is to support landscape management and
planning that includes socio-economic components such as sustainable development measures.

Keywords: wildfires; natural protected areas; decision support system; scenario-based analysis;
ecosystem services

1. Introduction

Wildfires have been one of the primary forces shaping Mediterranean ecosystems and
landscapes, and recurrent fire disturbances shape vegetation patterns and processes and
their resilience over time [1]. Although wildfires are perceived as catastrophic disturbances
by the public [2], in most ecosystems they have been recognized as an important natural
process [3,4]. Wildfires’ disturbance patterns exert strong selective pressure on the life-
history strategies of various plant species, affecting the survival and spread of some plant
communities [5], and may, in turn, provide a variety of benefits to humankind, e.g., pasture
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management [6]. In recent decades in the Mediterranean basin there has been a considerable
increase both in the number of wildfires and the extent of fire-damaged areas, resulting in
increased ecological and socio-economic impacts. Fire damage has therefore attracted the
attention of many scholars, with studies focusing on various aspects of wildfires, such as
their possible causes (e.g., human-made, natural) exacerbated by global warming and
extreme weather events [7–9], GIS based vulnerability assessment [10,11], propagation
models [12,13], effects on ecosystems and damage quantification [14–16], and prevention
measures [17–20].

Protected areas (PA) are recognized as a strategic focus in wildfire management, both in
terms of resource protection (i.e., habitat and species conservation, ecosystems services
production, local livelihoods and national development support, recreation and social
benefits and the economic value associated) [21,22] and in terms of vulnerability, because
of the presence of unmanaged vegetation, potentially susceptible to ignition and easy
propagation of fires [23,24]. These areas are strategic in landscape management, specifically
because, as defined by the IUCN, they are devoted to the protection and maintenance of
biological diversity [25,26]. Despite this, as reported by San-Miguel-Ayanz et al. (2017) [27],
between the years 2000 and 2012, about 80,000 ha per year of Natura 2000 sites have burned.
Furthermore, during the year 2017, wildfires affected protected areas from many countries
of the Mediterranean basin; Portugal, Spain, and Italy were the most affected ones [11].
The traditional fire suppression and ignition prevention measures proved themselves to be
insufficient [28].

PA ordinary management and planning are complex processes due to the time and
spatial scales involved, as well as the diversity and interconnection of effects and the
number of stakeholders involved [29]. According to the forest landscape restoration ap-
proach, promoted by the IUCN and WWF International [30], integrated approaches must
be implement [31–33] considering the ecological processes at the landscape level as a whole.
Among the landscape planning methodologies, the MultiCriteria Analysis (MCA) is con-
sidered to be an appropriate approach to examine the impact of different policy options
relevant for natural resources and environmental management [34–36]. Specifically, the spa-
tial multicriteria decision analysis (S-MCDA) [37], can be significantly supportive due to:
(i) integrating geographic information systems (GIS) and multicriteria decision analysis;
(ii) handling large amounts of complex geo-referred data that is derived from different
sources and elaborated at multi-spatial, multi-temporal and multi-scale levels; (iii) linking
driving forces with pressure and effects on the landscape; (iv) facilitating communication
between decision-makers and stakeholders, including value judgments, preferences and
uncertainties; and (v) allowing an overall assessment for choosing among alternative ac-
tions, hypotheses and localizations [37,38]. The ability to link driving forces with pressure
and impacts on the landscape and to facilitate communication between decision-makers
and stakeholders makes the S-MCDA a useful tool for wildfire management as well.

In these contexts, the landscape planning and management approaches, based on
the holistic criterion, can significantly contribute to the scientific and operational debate
on wildfires, both in terms of prevention and landscape restoration, via ex ante anal-
ysis, damage assessment, risk assessment, scenario building, monitoring and decision
support systems [39]. Although aspects connected with modelling or assessment of fire
risk and vulnerability, principally devoted to forest types, have been extensively investi-
gated [40,41], their implementation into a general conceptual framework, considering all
the social, economic and environmental components, is quite recent [30,31,42] and needs
to be implemented and validated. The awareness that landscape management, starting
from land-use/cover changes, has direct implications on fire risk [43], not only in terms
of land composition (e.g., the abandonment of agricultural lands or afforestation activi-
ties), but also in terms of configuration (creation of new interface areas between urban
and natural/agricultural ones), leads resource managers to consider a new approach for
fire management, extended to landscape planning [44], as introduced by the concept of
adaptive and transformative resilience [28,45,46]. Within the categories of adaptive re-
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silience, the present work focuses attention on the social perspective (landscape planning),
rather than on an ecological perspective (specific interventions on ecosystems and natural
habitats burned).

In line with their potential, landscape planning approaches are moving towards
decision-making support processes which explicitly highlight the importance of integrating
nature’s contribution to people’s wellbeing [47] through the ecosystem services theory (ES).
An explicit valuation of ESs helps to not only quantify the effects on the landscape of a spe-
cific cause, it also suggests the possible consequences of different intervention scenarios on
the environment itself [48,49]. The value of ecosystems and their services is generally ex-
pressed in different ways: biophysical, socio-cultural and economic [50–53]. ESs valuation
in economic terms is certainly the most commonly used and discussed [51,54–56].

Based on the literature, the present work, rather than proposing new ES assessment
methods or multicriteria analysis processes, aims to implement the ES assessment into an
action framework. The framework considers scholars’ expertise and perspectives, working
phases and approaches, and the conditions of the Mediterranean basin. As a matter of fact,
many of the European protected areas are facing strong human pressure [57–59]. For these
contexts, integrated landscape management typical of the land-planning approaches helps
to ensure a balance among nature conservation, the socio-economic needs of the population,
and the touristic and scientific use of the area [60].

Given the aforementioned need to integrate different approaches, the present work is
based on the driving forces-pressures-state-impacts-responses (DPSIR) model [61–63], inte-
grated with the spatial-multicriteria decision analysis and ecosystem services approaches.
The DPSIR is a theoretical approach widely used for investigating environmental problems
by establishing cause-effect relationships between anthropogenic activities and their envi-
ronmental and socio-economic consequences [64]. The DPSIR model is used in landscape
and land-use planning not only in the management of the ordinary lands, but also for the
protected natural areas thanks to its flexibility and integrability [65–67].

In the present work, the management of protected natural areas in relation to fire risk
is considered as a landscape system, which can be evaluated through a combination of
ecological factors linked to the physical asset of the territory and the social conditions of
the population in the area. The work is based on the case study of the Vesuvius National
Park (Southern Italy), where multiple wildfires occurred in the summer of 2017 that burned
3350 ha of forest and shrubland [68,69]. The study area is traditionally subject to summer
fires, generally of modest size (Italian National Geoportal), from 4 to 140 ha/y in the last
twenty years. The extent and severity of the 2017 fires caused a notable alteration in the risk
of forest fires for the coming summer seasons. It is estimated that the extensive mortality of
conifer reforestation, the necromass accumulated on the ground, the opening of the foliage
in the broad-leaved woods and the development of herbaceous and shrubby vegetation,
in the next decade, may lead to a progressive increase in fuel [68]. This condition, in the
absence of appropriate management, could contribute to increasing the ignition of new
fires capable of spreading over large surfaces.

The aim of the work is to test the suggested framework of action, in the immediate
post-fire management phase, within Mediterranean protected areas, in order to:

• take into account the different context components, different objectives and different
stakeholders “points of view”;

• make the decision-making process more transparent and, thus the decisions more sharable;
• make timely and rapid responses, considering both biotic and abiotic component requirements.

In the first part of the paper, priority intervention areas (PIAs) were identified to verify
the predictable effects derived from the planned interventions. The priority intervention
areas neither coincide with the park priority management areas or other institutional and
literature classification types [70–74], nor with the areas of first intervention during the
wildfire. Their identification is more linked to the adaptive resilience approach applied
to identify which areas to concentrate the immediate post-fire recovery and remediation
activities. The identification of the PIAs is processed not only according to the wildfire’s
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severity but also to the role that those areas play in terms of (i) safety from hydrogeological
instability; (ii) renewal of processes for the biodiversity support; (iii) recovery of anthropic
activities (fruition or production); and (iv) restoration of the landscape image and of its
sense of identity. In this paper the identification of PIAs arises from the need to plan specific
interventions and to distribute economic resources for strategic areas within the park.

In the second part, damage assessment was carried out via ES valuation to support
the design of interventions in landscape planning and management, and was merged
with bio-physical parameters in order to compare different time steps and different action
scenarios. GIS-based models were then adopted, obtaining the spatial distribution of ES in
pre- and post-wildfires phases.

The methodological approach used to integrate specific post-fire restoration mea-
sures aims to become as a useful tool for the management of different environmental
risks inside the protected areas, implementing proactive risk management and helping to
recognize the complexity of physical and socio-economic dynamics which characterize all
landscape systems.

2. Materials and Methods

2.1. Study Area

Vesuvius National Park (International Union for Conservation of Nature—IUCN—
Category II—National Park, 40◦49′15.05′′ N; 14◦25′35.85′′ E) was established in 1995 to
preserve an area of outstanding natural and socio-cultural importance. It includes “animal
and plant species, plant and forest associations, geological singularities, paleontological for-
mations, biological communities, biotopes, scenic and panoramic values, natural processes,
hydraulic and hydrogeological balances, ecological balances of the Vesuvian territory”.
It covers (Figure 1) about 8250 ha (from 44 m to 1275 m a.s.l.), comprising one National
Reserve, two sites of community importance and one special protection area. The area
includes the only volcanic complex, namely Somma-Vesuvius, which is still active in main-
land Europe [75]. The area is characterized by a mosaic of land covers/uses, with 54% of
the area in natural and semi-natural areas, 38% farmland, and the remaining 8% in man-
made structures and infrastructures. Overall, the forest areas account for about 3800 ha
(~46% of the total park area), consisting of pure and mixed broadleaved stands, even-aged
monospecific and mixed coniferous stands and shrubland. Some coniferous stands are
currently listed as sites of community importance for Habitat 9540—Mediterranean pine
forests with endemic Mesogean pines [69,76]. The area has major tourism potential due
to the singularity of the volcano and lava-field geo-sites and the natural landscape and
trails, as well as its cultural heritage, the Eighteen-century historical buildings, and its
profound connection with the neighboring archaeological sites of Pompeii, Herculaneum
and Oplontis. The protected area of Vesuvius National Park is surrounded by a densely
populated conurbation around the foothills of Vesuvius: 350,000 inhabitants (2017 Census
data) live in urban areas located at the park boundaries, but the neighboring metropolitan
area of Naples includes about three million inhabitants. This area is also known for its
typical agricultural products such as wine, apricots, tomatoes, and cherries (with different
quality certifications), and floriculture.

In the summer of 2017, from 5 July to 27 August, 24 wildfires affected the national park,
and 3350 ha (the 38% of the park) were totally or partially destroyed. Figure 1 shows the
entirety of the areas covered by fire. The map titled “Vesuvius” [EMSR213_01VESUVIO],
was taken from the Copernicus database (available at emergency.copernicus.eu) and it
is updated to 19 July 2017. The map was obtained from the processing of Sentinel 2A
and Sentinel 2B satellite images acquired by ESA during the summer of 2017 using an
automatic algorithm [77] and the fuzzy integration of spectral indices (e.g., combinations
of the spectral bands of the S2 sensor).
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Figure 1. The study area: Vesuvius National Park in Campania (Italy). Non English contents are
place names.

The map shows that the urban and agricultural areas were not directly affected by
the wildfires; instead, forests and semi-natural habitat significantly burned, with the
Habitat 9540—Mediterranean pine forests with endemic Mesogean pines, the most affected
forest class. Immediate post-fire management was aimed at controlling the erosion rate
and forest habitat restoration. On the basis of direct field surveys and research studies
developed by the park authority in conjunction with University of Naples Federico II,
the restoration of forest cover was initiated, and native Mediterranean tree and shrub
species were planted.

2.2. Steps in Method

The DPSIR framework is a comprehensive model for structuring such complex in-
formation. It allows linking different concepts, methods and indicators useful in decision
making, from system analysis to ecosystem services assessment and design of scenarios.
Figure 2 highlights, with different colours, the three approaches used and their interactions,
in terms of steps in the method and results contributions.

Figure 2. The framework of action.
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In the DPSIR model, the “driving forces” are the socio-economic and socio-cultural
variables which pose “direct pressure” on the environment. “State/-s” is/are given by the
specific structural conditions of both natural and socio-economic systems. The “impacts”
are the socio-economic and ecologic effects that resulted from the changes of the ecosystem
characteristics. “Responses” are the efforts and strategies set by the policymakers and civil
society to reduce negative effects [78]. These responses may influence/reduce negative
drivers or pressures, safeguarding or enhancing the state/-s, or mitigating effects [79],
as indicated by the direction of the light grey arrows in Figure 2.

The work is based on the DPSIR model process which identifies the social and eco-
nomic driving forces using a holistic approach, and characterizes landscape and targets
to specific planning aims. The criteria-dynamics analysis on the study area allowed for
the deepening of the pressures of driving forces on ecosystems, highlighting strengths
and weaknesses of the landscape system. Introducing the time as a parameter, it was then
possible to compare different system states, assuming trends or future alternatives.

Two steps of the DPSIR model were developed with support of two different approaches:

1. Development of the “states” using the S-MCDA methodology to identify PIAs.
2. The “impact” analysis, including the assessment of wildfires damage, through the

ecosystem services approach.

These two steps are explained in the next two sections.

2.3. Identification of Priority Intervention Areas via Spatial-Multicriteria Decision Analysis

S-MCDA based on a hierarchical structure of criteria was preferred because it ad-
dresses the decision process in detail and deals with a limited and clearly defined set of
alternatives [80]. In the last decades, group decision-making approaches, based on multi-
ple experts, have been widely used in several fields: economics, engineering, landscape
planning, and biology. Specifically, these approaches, developed to handle experts’ judg-
ments and opinions, can be articulated into subjective or objective methods [81]. The first
ones are based on the need to involve the subjective importance of criteria expressed by
the experts or decision-makers; the last ones are characterized, instead, by the objective
importance of criteria, which can be determined according to the decision matrix, which is
based on the judgments of the experts, on the objective evaluation of alternatives, or on
a combination of them [81]. The choice of the method to use for handling experts’ opin-
ions is a crucial issue in the multicriteria decision analysis process. In the present paper
a subject method was chosen which, although it increases the uncertainty of the evalu-
ation system, is widely used in other studies concerning the “identification of priority
areas” topic [27,81–83], and it allows the rapid identification of the intervention’s measures.
A panel of eight experts, consisting of agronomists, forestry experts, land-use planners,
modelling experts and hydraulic engineers, supported the different phases in the S-MCDA
process. The expert judgment was obtained via an iterative process which entailed the
following steps. Firstly, a form containing the aims statement, the description of the tree’s
structure and the criteria selection was shared with all panellists, who met over several
sessions of interactive workshops to discuss the following points: (i) the identification
of three essential components of the general object of the Park; (ii) the establishment of
a hierarchy tree structure and criteria; (iii) the standardization and weighting processes;
and (iv) the discussion of resulting suitability maps. Unanimous agreement was achieved
on each point after a participatory process by the panel of experts. The activities done are
described more in detail in the following sections.

With the aim of identifying the PIAs, three fundamental objectives were selected by
a panel of experts, choosing among those that were defined by the IUCN for the specific
category [26]. These main objectives were generalized in the following three essential
components, which guided the PIAs identification:

• Regarding park accessibility, the aim was to ensure tourism and recreational, cultural,
inspirational and educational purposes;
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• Regarding suitable conditions, the aim was to protect nature and conserve biodiversity
within the park, especially in the post-fire phase, favoring the restoration of ecosystem
integrity and resilience;

• Regarding agricultural and forestry non-wood products (mainly the ceased collec-
tion of stone pine nuts), the aim was to follow local community demand, including
subsistence resource use.

The three objectives allowed the construction of three criteria trees with their own
hierarchical structure. Each criteria tree (Figure 3A–C) had specific attributes, classified as
clusters or single criteria and attributes [81].

Figure 3. Criteria used for the objectives: (A). Accessibility; (B). Nature; (C). Agricultural and
forestry production.
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Generally, the selection of the set of evaluation criteria, based on the expert panel’s
proposals, is the most critical part of the approach, because the criteria have to be appropri-
ate and exhaustive to reflect the aims of the work. This phase is also the most consuming
of the entire process due to extensive collection and preparation of all GIS data needed
as an input of the process. According to Malczewski [82–85], the evaluation criteria were
selected pursuing the completeness (covering all the aspects of the decision problem);
the operational ability (selecting criteria which are meaningful to a decision situation);
the decomposability (allowing partitioning into a subset of criteria); the non-redundancy
(avoiding the double-counting of decision consequences); and the minimalism (obtaining
the smallest complete set of criteria characterizing the consequences of the decision).

Even if not exhaustive of the territory complexity, the experts identified the criteria
representative of the main physical, biological, anthropic, and socio-cultural components
of interest with respect to the study aims and in accordance with the holistic principle.
With the experts’ support and the hydrologist team, the post-fire trees stability, the re-
burning probability, the potential intensity, the post-fire erosion hazard and the upstream
and downstream areas of trail maps were processed and used in the S-MCDA process of
each criteria-tree (Annex SA in Supplementary Materials).

In each objective tree, the criteria are articulated in two main branches: “PRO” and
“AGAINST”. These branches represent the supporting or limiting conditions, respectively,
referring to the specific objective improvement. The criteria were selected based on IUCN
objectives for the National Parks Category [26] and according to the completeness, de-
composability and operational ability requirements [33,35,85–87]. Then, based on data
availability, the proposed set of criteria was defined based on to the non-redundancy
and minimalism requirements for each objective, and with the support of the panel of
experts. Figure 3 shows the three criteria trees and Annex SA in Supplementary Materials
summarizes all database and GIS tools used to process all of the attributes.

GIS raster maps were developed (one for each attribute). A standardization process
was needed in order to transform map values into comparable units. The linear scaling
method based on the cost/benefits function [88] was used. As consequence, all maps were
standardized, with common values ranging from 0 to 1.

Different studies [84] present various weighting methods to derive the weights of
underlying sub-indicators; among these, the expert opinion and analyst judgment play an
important role in deriving these weights, and they therefore affect the quality of the process.
The panel of experts assigned the weights to each attribute and cluster according to the
criteria tree hierarchical structure by means of a rating technique and after a brief training
about the effects of different weights [37,80,89,90]. This technique has the advantage
of allowing the change or the addition of the alternatives/factors considered, allowing
the process to continue from the last scores obtained without having to restart from the
beginning. By means of an S-MCDA model in ILWIS software [91] and according to
the hierarchical tree structures, all the weights expressed by the panel of experts were
then normalized.

The S-MCDA was carried out using the weighted linear combination aggregation
method because it retains the variability of factors [82,91]. This procedure is characterized
by full trade-off and average risk [38]. Ranks and weights are assigned depending on their
influence on the three objectives according to Equation (1):

Pi = ∑n
j=1(wj ∗ xj) (1)

where Pi is the suitability result value in the i-th cell in relation to n variables/factors; n is
the number of input factors; wj is the weights assigned by the panel of experts to the factor
j, normalized to give 1 as sum; and xj is the standardized criterion score of factor j.

The “suitability maps” resulting from each fundamental objective were classified with
the “natural break” function into five classes. This function was preferred because it allows
for the optimization of the set of values arranged into classes composed of items with similar
characteristics that form a “natural” group within a data set [92–95]. A sensitivity analysis
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was processed with the support of the multi-criteria platform (the decision making module
in the spatial-multi-criteria evaluation tool) of ILWIS software. Specifically, the variation in
the judgments on assigned weights was applied. This analysis made it possible to observe
the degree of influence of each factor on the final decision, highlighting the variables
of greatest interest and those that could be eliminated. The resulting suitability maps,
reporting the suitable areas that strongly meet the three objectives, had been overlaid in
order to highlight any redundancy, and then also with the maximum fire severity degree
areas in order to identify the priority intervention areas.

2.4. Ecosystem Services Valuation

According to the aim of the study, in this section the ecosystem services assessment is
developed at landscape scale, referring to two time-steps and according to two different
approaches. The landscape scale of analysis, starting from specific values associated
with each land cover class, is based on the summary and interpolation of local data.
The landscape approach allows for the obtaining of the total evaluation and knowledge
of the phenomenon behavior (the impact of wildfires on the territory) on a broad scale
(the entire Vesuvius Park) rather than at field scale, based on a situ-specific and analytic
analysis. The analysis is performed referring to pre-fire conditions, starting from the Corine
land Cover 2012 landscape pattern, and the immediate post-fire conditions, basing on the
integrated Corine Land Cover 2018 pattern. Although the wildfires occurred over a period
of less than two months, it is well-known that the effects are distributed over time: from
immediate to medium to long term. As a main effect, the fires reduce vegetation density
and thus increase the availability of bare-soils [96–100], with consequences on erosion risk,
loss of carbon sequestration capacity, habitat losses for pollinators and biodiversity, etc.
Specific times for restoration are required which exceed the seasonal duration. According to
these considerations, the ES assessment is expressed as total value associated to hectares for
the year. The present work uses two different approaches for the estimation of ecosystem
services for different purposes and in different work steps. Specifically, the first one is the
monetary approach, based on the benefit transfer method as an overall, immediate and
easily transferable assessment of the benefits of the natural capital to people. The second
approach integrates the panel of expert opinion (the same of the S-MCDA process) with
the spatial modelling and biophysical assessment of specific ecosystem services. The aim
was to target the study towards the specific factors involved in the 2017 fires by means of
site-specific data.

According to Kubiszewski’s analysis [101], four levels of ES value aggregation models
were identified: (i) basic value transfer, in which values are constant over the landscape
classes; (ii) expert modified value transfer, in which expert opinions modify ES values at
local scale; (iii) statistical value transfer, in which values are linked to statistical models
related to context; and (iv) spatially explicit functional modelling, in which values are
inserted into system models, whether dynamic or spatially explicit. In this paper the
monetary quantifications of ESs [54] were determined by associating the value of the four
ES types (coefficient) with the ES monetary values associated to each land use class of the
study area, as in Equation (2):

VESi,k = Akwi(LC) ∗ vi(LC) , (2)

where VSEi,k is the value (€/year) of i-ES for a k-polygon of a defined land use; Ak is the
k-polygon area (ha), wi is a coefficient ranging from 0.5 to 1 depending on i-ES and each
LC class considering context variables (Habitat quality, Recreation; Pollination; Sediment
delivery ratio); vi is the monetary value of i-ES for defined LC (€/ha). Specifically, the factor
wi is the potential of a specific LC class to provide a defined ES in the pre and post-fire
phase, from a negligible level (0.5) to full capacity (1). According to the BTM approach,
the monetary values vi were gained from Scolozzi et al. 2012 and updated to 2021 [54],
setting the specific conditions of study area to the project requirements.

The present paper entails three steps in ES assessment as a measure of wildfire impact:
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• Definition of ES monetary values (€/ha per year, as unique values for each land cover
class, according to basic transfer methods—BTM), and their literature reference;

• Adjustment of the ES constant values, referring to local context-specific conditions,
by means of the identification and processing of specific coefficients (with the panel of
expert support and spatially modelling and biophysical assessment);

• Processing and comparing the results in the pre-wildfire 2017 and post-wildfire 2018 phases,
highlighting changes in values according to spatial-explicit estimation methods (SEM).

CORINE Land Cover 2012 and 2018 maps were used, accompanied with more detailed
land cover information, as detailed in the following. The forest types map, provided by
the park authority, was used to better detail the coverage of natural areas within the park.
CLC classes 331, 332 and 333 were replaced by the detailed forest coverings of the “Forest
types” map (2010) (ESRI ArcGIS, Clip and Union tools). As a matter of fact, the CLC
minimum mapping unit of 25 ha may be limiting at the local scale, especially where the
landscape shows high fragmentation, as in the case of Vesuvius slopes. Despite the fact that
the CLC accuracy is at least 85%, a focus on the forestry surface of the study area showed
a drop down to 68.4%, mainly due to the misleading of the CLC in detecting coniferous
forests, generally classified as mixed forest. Specifically, pine forests composed mainly by
stone pine (Pinus pinea), less by maritime pine (Pinus pinaster) and black pine (Pinus nigra),
often occur as a complex pattern of small surfaces, far lower than the threshold of 25 ha,
decreasing the CLC map accuracy, in these specific areas, by 68%.

The post-fire re-classification map was obtained from remote sensing and field surveys,
conducted by the members of the panel of experts. The fire gradients in the different areas
were obtained from the Copernicus Emergency Management Service website and was
considered as reference data. The map displays four levels of burn severity: completely
destroyed areas (in which vegetation was totally destroyed by fire), while the other classes
(from 3 to 1) identify those with 50%, 30% and no damage to vegetation, respectively.
Based on the completely burned areas, within the areas of 50% and 30% of the vegetation
destroyed, buffer areas with hypothetical completely destroyed vegetation were created,
surrounding the perimeter of areas with trace of fire using the principle of spatial contiguity
and according to the fire severity degree. Specific random checks were conducted to test
the accuracy of the map.

Starting from the literature review [98–101], CORINE land cover classes were as-
sociated to the different ES land use classes or biome. First the ES monetary values
(€/ha per year) for each land-cover class (Table 1) were defined. The method used started
with Scolozzi’s, which was derived from a wide literature review (63 international studies).
Only the average value for each land cover class was considered as an appropriate value
for both the Italian and Campania context. Scolozzi’s monetary values were then updated
according to the “monetary revaluations” calculator tool, available from the Italian National
Statistical Institute (ISTAT).

Following this, specific coefficients corresponding to the four biophysical ES type
values, namely wi, were processed. The coefficient expresses the potential of LC classes to
provide a defined ES ranging from 0 to 1. It is derived from local context-specific conditions.
Specifically, the spatial distribution of biophysical values of the four specific ES types were
processed and used as coefficients in the Equation (2).

The coefficient wi was sorted out from the InVEST (Integrated Valuation of Ecosystem
Services and Trade-offs) open-source software [102]. It was adopted thanks to its ability to
measure, estimate and map the potential of ecosystems in the supply of goods and services
for people.
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Table 1. Baseline monetary values (€/ha/y), according to type of ES (column) and land cover
classes (row).
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Pasture 7.86 0.00 3.14 79.65 0.00 0.00 2.10 1.05 5.24 25.15 124.19
Forest 129.95 170.82 4179.42 79.65 332.22 659.54 112.62 1.58 9.48 316.14 5991.43
Urban green 653.22 0.00 10.48 0.00 0.00 0.00 4830.23 0.00 0.00 0.00 5493.93
Fresh-water wetland 243.14 6650.61 4241.78 1523.79 222.18 84.23 1372.88 3651.23 0.00 0.00 17,989.83
Salt-water wetland 122.62 1.05 1752.26 7104.39 0.00 301.82 31.44 229.51 0.00 0.00 9543.09
Fresh-water 0.00 0.00 670.72 610.98 0.00 0.00 717.88 135.19 1118.22 0.00 3252.99
Herbaceous 68.90 85.41 2091.28 79.65 166.11 329.77 57.36 1.32 7.36 170.65 3057.81
Rock 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Urban 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

For each ES type, a raster spatial distribution map was processed according to the
equations reported in annex B. Once the four ES types’ maps were sorted out, they were
processed another time in order to obtain the wi coefficient dataset for Equation (2). The re-
sulting four different scale units, derived by InVEST modules, were converted in a new
dimensionless index, ranging from 0.5 to 1 by applying rescale by function in the GIS
Reclass tools. The entity of the decrease was defined by the panel of experts based on field
sampling for damage assessment. The fire did not completely affect the provision of ecosys-
tem services; nevertheless, it certainly limited their production by at least 50%. A linear
transformation function was adopted. The new values arise from the observation that,
in many ecosystems, fire is an important process that contributes to habitat quality, even if
often not in the short term [103–107]. In the present work, the observation period was July
2017–July 2018, highlighting the immediate effects of the fires: from the temporary loss of
habitat to the loss of tourism, or from the hydrogeological risk increase to the reduction
of agricultural production due to the absence of pollinators. The MAP Algebra tool was
used to process Equation (2). The maximum ES value was obtained if the coefficient was
equal to 1, and it becomes half if the coefficient is 0.5. All intermediate values were also
calculated according to the linear function adopted.

Comparing to the first step method (the Benefit Transfer Method), the approach which
integrates the panel of expert opinion with the spatially modelling and biophysical assess-
ment of specific ecosystem services provides a more articulate analysis of the study area.
As a matter of fact, beyond the maximum and minimum values of difference, this method
provides a series of intermediate gradations depending on the specific landscape features
and the assessed criteria. Moreover, the integrated method allows for the observing of
the possible effects of the wildfire to be inferred not only for the burnt areas, but also
for the adjacent ones, thanks to the evaluation of specific ecosystem services, which have
significant repercussions and effects on wide areas (erosion phenomena, distribution of
pollinators, ecological corridors, etc.).
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3. Results

3.1. Identification of Priority Intervention Areas Results

As an intermediate output, three maps are shown from the S-MCDA process, high-
lighting the “areas of interest”. Figure 4A–C shows the suitability degree according to the
Natural Breaks classification technique. The comparison among the three suitability maps
shows that the areas with very high and high values are not always coincident with each
other, as expected by their very definition (Annex SB in Supplementary Materials). It should
be emphasized that the suitability degree resulting from the S-MCDA is a dimensionless
value, ranging from 0 to 100. The classification into five classes, carried out through the
Natural Breaks function, allows for the characterization of the entire park according to the
degree of interest in each of the three fundamental objectives. In this phase of the work,
only the areas with “high value” were considered.

Specifically, the Nature and the Accessibility high suitability areas were shown to
have 1500 ha in common; these common areas represent the 97% of the total nature highly
suitable areas and 50% of the total accessibility highly suitable areas. On the contrary,
the agroforestry production objective shows a limited area (459 ha) in common with the
other two objectives in the south-east of the park. The “All Objectives” layer was obtained
as the sum of areas classified as “high level” belonging to each objective map (Nature,
Accessibility and Agro-Forestry).

 

Figure 4. Cont.
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Figure 4. (A) Suitability map—Accessibility. (B) Suitability map—Nature. (C) Suitability map—Agro-
Forestry productions. Non English contents are place names.
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As final results, the “Priority Intervention Areas” were sorted out by the overlapping
of the highly suitable areas of the three objectives (the “All Objectives” layers) with the
maximum degree (class 4) of the 2017 Wildfire Severity map. They consist of 660 ha
(Figure 5) and correspond to 4% of the total park area and 10% of the areas burned in
2017. As a consequence, the PIAs building process integrates both specific considerations
about the wildfire severity degree and the functionality of the park area for the three
aspects investigated. The immediate effect is the focusing of both economic and material
resources, not only on those areas directly affected by fires, but also on adjacent areas of
high importance for biodiversity and naturalness, for recreation, tourism and production.
The objective of this identification is to identify restricted areas under an integrated planning
and programming point of view in order to trigger wider natural processes that can favor
reduced recovery times.

 

Figure 5. The Priority Intervention Areas (PIAs). Non English contents are place names.

Inside the Priority Intervention Areas, mainly located on the South-East slope of Mt.
Vesuvius pure coniferous stands, mixed stands (broadleaves and coniferous), and complex
cultivation patterns were the land use classes most affected (CUAS 2009 map). The overlay
of Priority Intervention Areas and the Erosion Risk map showed areas of interest from
the South to the Southwest area of the Park. These areas already presented a high risk of
hydrogeological instability, which is likely to increase due to the wildfires of 2017. Finally,
the Priority Intervention Areas belong to areas A (full Reserve) and B (Oriented General
Reserve), considering the Vesuvius National Park zoning map, which defines the uses and
limits of interventions in each area (Annex SC in Supplementary Materials).

3.2. Ecosystem Services Valuation Results

According to the Benefit Transfer Method, the ES monetary average value of the whole
Vesuvius National Park area, in the pre-fire phase, was equal to 3403.5 €/ha/y, and it
declined to 2573.48 €/ha/y in the post-fire phase (Table 2). A decrease in the ecosystem
services value of approximately seven million euros per year corresponding to about
the 25% of the total value of the protected area was observed in the immediate post-fire
(Figure 6A,B).
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Table 2. ES assessment by means of baseline value and integrated values by means of landscape variables.

Context

Area Total ES Step 1 Total ES VALUES Step 3
(ha) (€/y) (€/y)

PRE-Fire Phase POST-Fire Phase PRE-Fire Phase POST-Fire Phase

Park 8264.00 28,126,290.60 21,266,454.90 26,501,959.80 19,886,809.60
Burnt areas 3131.30 15,431,086.60 8,605,555.00 14,785,670.30 8,221,023.70
Priority
Intervention Areas 660.40 3,906,415.10 763,075.70 3,694,018.50 732,417.30

 

Figure 6. Comparison of the ESs monetary values results: (A,C) are related to the pre-fire condition
with the Benefit Transfer Method (BTM) and the Spatial-Explicit Method (SEM); (B,D) are related to
the post-fire condition with BTM and SEM.

Starting from the approach, which integrates the expert panel’s opinions and the
spatial modelling assessment, Step 3 of the framework, four maps concerning the selected
ES (Habitat quality, Pollination, Recreation, Sediment Delivery Ratio) were developed
with biophysical values, in pre- and post-fire phases, using InVEST software (Annex SD
in Supplementary Materials). Pollination and Habitat refugium show the most relevant
variations, due to the wildfire, with a reduction of up to 80% of the value inside the
burned areas. Figure 6C,D shows that, in the whole Vesuvius National Park area, the loss
of monetary value amounts to about € 6.6 M per year, with a parallel trend compared
to the BTM. For instance, the loss of monetary value amounts to about 25% inside the
total Vesuvius National Park area, 40% in burned areas, and more than 80% in Priority
Intervention Areas. The average ES value in Vesuvius National Park, in the immediate
post-fire phase, is 2406 €/ha/y, compared to the average regional value of 2407 €/ha/y.

The two final maps (Figure 7) show where the reduction in ESs is spatially concentrated
and the magnitude of this reduction. The area involved by the change is 1920 ha, unlike the
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1380 ha of the baseline value method. The variable integrated method shows that even the
unburned areas are susceptible to damage due to the close spatial and functional relations
(in this paper they are expressed by using ES indexes and variables) with the burned areas.

Figure 7. ESs Difference of Monetary Values results in pre-fire and post-fire phases, in Step 1 and
Step 3.

The results support the aim of the work because:

• with regard to the PIAs, they allow for the identifying of a limited area in which to
concentrate, in the early post-fire phases, resources of means and money to favour the
re-activation (spontaneous or guided) of ecosystem recovery processes (660 ha against
the 3350 ha covered by wildfires and the 1200 ha with a high and very high degree of
fire severity);

• with regard to the ESs assessment, they provide objective values to be discussed,
both in terms of natural heritage to be protected and enhanced, and also in relation to
neighboring territories and in terms of estimating the damage and raising awareness
of local communities and decision-makers on the wildfire risk and the protected
areas management;

• with regard to the ES mapping, they show a significant coincidence between the PIAs
and the areas with the greatest damage of ESs, highlighting the strategic role of PIAs
from the perspective of ecosystem recovery.

4. Discussion

This study advances a reference framework for a new strategy for wildfire manage-
ment into protected areas, founded on the core approaches typical of landscape planning,
which integrate different aspects and objectives characterizing these specific contexts in
the Mediterranean basin. Starting from the specific conditions of Vesuvius National Park,
the present work is in line with adaptive resilience strategies which entail zoning or
land-use planning, proactive planning, management and infrastructure strategies [43,106].
The novelty in the present work is the action framework development, which, in the
general articulation of the DPSIR model, identifies in the S-MCDA and in the Ecosys-
tem Services approach, the strategic points of action, to improve the hydrological safety
and interaction with high-intensity, potentially catastrophic fires. Even if the S-MCDA
approach is widely used in risk management [83,107,108], it is still not studied very of-
ten and applied in cases of wildfires, because the fire prone-areas are usually conceived
only as ecosystems, with predominantly naturalistic interests. The specific typology of
European parks, and Vesuvius National Park in particular, merged in highly anthropized
contexts and currently marked by rapid land-use change, has shown that the multi-criteria
approach is particularly useful in protected areas as well. Moreover, the ecosystem services
approach, which is increasingly used in the estimation of environmental damage [109–111],
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also allowed for the validation of the model for the identification of PIAs. The approaches
used in the present work are proving to be very useful in landscape and land-use plan-
ning and decision-making support [112–115], and therefore they are increasingly used,
raising the issue of the uncertainties associated with them: the unavoidable incomplete
and inaccurate data contributing factors, rules governing how the input data are com-
bined into susceptibility values, and parameters used in the combination rules [116–118].
In the specific case of a wildfires, for example, part of these uncertainties come from the
visual interpretation (positional and thematic accuracy of the underlying data such the
end user of data) of remote sensing data, which are crucial for the specific knowledge
and expertise [118], in order to classify the state of land cover in the pre and post-fire
phases. Moreover, the potentially large number of parameters and the heterogeneity of
data sources, such as the variability of expert opinions and weights assignment [119–122],
also have significant effects on the results. Handling errors and uncertainty in S-MCDA
plays a considerable role in decision-making [122], quantifying outcome variability, giving
model input uncertainties, and, therefore, helping to reduce uncertainties. The next steps
of the work will be the implementation and the validation of proposed processes and
outcomes by means of robust uncertainty and a sensitivity analysis, such as the use of
objective methods in expert opinion weighting. These methods, in contrast to the subjective
approach used in the present paper, provide flexibility in weight assignment depending
on the variation of the local system and thus could improve and make the framework
more applicable and simpler, allowing it to also be used in other contexts and regarding
other aims.

4.1. Identification of Priority Intervention Areas

With regard to the “areas of interest” maps, they show the mutual competing aims
and the overlapping of the objectives, highlighting strengths and weaknesses.

The most interesting aspects were:

• The intersection map between accessibility and nature high-value zones, which high-
lights the areas in which accessibility and touristic use are closely connected with the
natural value of the context and allows for the recognition that park accessibility is
linked to natural conditions, but the natural conditions are not necessarily linked to
the fruition of the area.

• The intersection map between high-value accessibility and the agroforestry production
areas shows that, in the current park fruition circuits, there is no suitable exploitation
of productive resources. The awareness of the important and high-quality agricultural
production in the study areas, underlined by brands and certification, can support the
decision-makers in the planning of paths/circuits/internal roads network integration
with dedicated food and wine itineraries.

• The intersection of the three areas of interest maps ultimately shows the areas (about
700 ha) which, under ordinary management of the park, may be considered the best in
terms of fruition, biodiversity conditions and agro-food production, with regard to
supporting the local socio-economic development and its population.

The approach adopted together with the action framework proposed allows the
different components characterizing the park to be considered together and to integrate the
prevention wildfire risk strategies by those connected to (i) plan the design of new nature-
based and rural development paths which could enhance the socio-economic value of the
northern area of the park and its related food and wine production; (ii) to manage natural
areas and strengthen nature conservation policies in a context with high human pressure;
and (iii) to promote new quality and protected certifications of origin, to implement and
boost the sale of forest non-wood products, such as pine nuts of stone pine and honey. As an
added benefit, the present approach helps to establish a multi-sectoral interdisciplinary
information platform that can also be consulted for other management objectives.

Regarding the Priority Intervention Areas, their intersection with land-use maps
showed that the forest was the area most severely affected by fire. It is likely that in these
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contexts, which are not profitable in economic terms, private owners will not undertake
any restoration action. The park zoning highlights that the Priority Intervention Areas
fall within the highest level of protection. The actions that may be undertaken in these
areas, if connected to the principles of conservation of biodiversity, soil erosion control and
mitigation of hydraulic risk, could meet the provisions of the urban-planning legislation,
for example, having a bias toward the restoration with naturalistic engineering techniques
using native shrub and tree species. The overlay with the erosion risk map highlighted
the need to mitigate the high erosive risk areas of the northwestern sector, but also the
southeastern slopes which overhang highly vulnerable areas, despite its lower erosive risk.
As a matter of fact, priority areas identify burned forest where severity of fire affected the
andic soil properties, mineralizing its stock of organic matter [123,124] and depleting aerial
and soil seeds and bud banks. Subsequently, bare burned soil becomes highly prone to
erosion events, [125] and becomes a priority for post-fire restoration actions [126]. Finally,
interesting reflections can be derived from the first step of the sensitivity analysis. As
a matter of fact, this analysis demonstrates the robustness of the model applied, since the
areas of high suitability (the PIAs) show a good overlap among the three objectives. A fur-
ther reflection must be made with respect to multi-criteria evaluation methods and their
implementation in the landscape planning and management process. In several studies
concerning the priority areas, identification of the subjective weighting, objective weighting,
and decision-making with multiple experts are not considered at the same time. Thus,
although the assessment approaches have evolved during the past years, more multicriteria
approaches able to quantify the objective and subjective weights simultaneously still need
to be developed and extended. The next steps of this work could be devoted to test the
subjective method used in the present paper with objectives ones, such as Entropy and
TOPSIS [116,117].

4.2. Ecosystem Services Evaluation Land-Use/Landscape

With regard to the ES valuation, the proposed approach allowed for the assessing of
pressures and the current state of the study area, starting from the provision of different
ES at macro-analysis level. Potential effects were evaluated by comparing maps on the
ES provision in the pre- and post-fire scenarios. It is useful to observe that the pre- and
post-fire phases refer to two static scenarios built on the basis of the Corine land Cover
of 2012 and of the Corine 2018, with the integration of the map of forest types. The work
does not deepen the fire occurrence time, as the study is aimed at contributing to land-
scape planning. The aim is to estimate the landscape ecosystem values and to support
the decision-makers in organizing strategies and interventions from a system perspec-
tive, which brings natural aspects together with socio-economic ones. The aim was to
support the development of appropriate wildfire response measures. According to the
literature [49,63,114,115], the paper proposes to link the ES analysis and assessment in
a closer, more dynamic and structured way within the land-use/landscape management
procedure (DPSIR-based approach) [112,127–130]. The ES analyses became a useful in-
dicator for monitoring, which had to be integrated into the ordinary existing landscape
planning instruments (such as the Plan of the Park, Strategic Environmental Assessment,
and Nature 2000s area management plans), in order to verify the system asset, to share
results with a transparent process and to support decision-makers and communities in
landscape governance.

As source of data, starting from different studies’ analysis devoted to the Italian con-
text [124,125,131,132], the monetary values sorted out from Scolozzi’s work were adopted
(expressed as €/ha/year) because they refer to different ES types, allowing a general as-
sessment of the ecosystem services provided by the land. The ES valuation by means of a
monetary value approach has the benefit of giving a quantitative parameter to objectively
compare different land-use configurations, which is a useful tool to link with the S-MCDA
approach in order to hypothesize and compare alternative scenarios.
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As first results, the average value of the whole Vesuvius National Park area, in the
pre-fire phase (equal to 3403.5 €/ha/y), compared to the average value of the Campa-
nia Region (equal to 2555 €/ha/y), highlights the importance of the protected area for
ecosystems preservation (+33%). Although the VNP is one of the protected areas most
subjected to anthropogenic pressure, inserted in Naples metropolitan area with high pop-
ulation density, infrastructure and urban settlements among the highest in Europe, it is
nonetheless a supplier of high levels of ecosystem services for the population. The pro-
tection and conservation policies, with particular regard to the prevention of fire risk,
must be implemented in order to preserve all of the functions of the Park. In addition,
the approaches used justify the value gap between ordinary/protected areas mainly on
the basis of natural and semi-natural coverages. Starting from the role that protected areas
play for the population, in terms of ecosystems, recreation, science, rarity, it is believed
that this gap is greater and must be investigated in the next steps of this work. Further
collaboration with economists could help to quantify the added value of the studied area.
Therefore, the benefit of ES valuation could be twofold: firstly, it could reinforce nature
protection policies (in accordance with institutional aims) and, secondly, it may promote
park development according to the needs of the local population.

It is interesting to observe that, in relation to human benefit, the Priority Intervention
Areas (4% of the park area) before the wildfire in summer 2017 represented 14% of the total
park ES value, highlighting the importance of the areas identified through the S-MCDA
approach. The comparison of pre- and post-fire values makes it possible to estimate the
damage: in both steps, the ecosystem services value loss is approximately one quarter of
the entire park area, 44% for the burned areas, and almost 80% for the Priority Intervention
Areas alone. This allows us to validate the approach used to identify the priority inter-
vention areas and to focus on the mitigation measures on the targeted areas, which could
become strategic for the reforestation programs.

The present work should be integrated into future project steps in order to deepen the
monetary added value of the protected natural areas, integrating other ES value transfer
techniques such as value function transfer or meta-regression analysis function transfer.
ES valuation has been performed on other parks or protected areas [133,134], but a compar-
ison between parks and regional landscape values is generally lacking. Next steps could
also be connected with other aspects related to the wildfire risk investigation, such as fire
occurrence time or the burning stages.

Further developments of the present work will be the valuation of the impact of two
possible succession trajectories of the ecosystems: natural recruitment by native species
and assisted afforestation.

5. Conclusions

In addition to their natural function of biodiversity support, wildfires are increasingly
discussed as a “problem” of which humanity plays a central role and has responsibility for.
The size of the fires in Amazonia, Australia, California, and Mediterranean Europe that
occurred in the last few years have highlighted the local and global consequences of their
effects. A structured approach is necessary to face the risks of biodiversity loss, landscape
and damages in the wildland-urban interface.

The proposed framework aims to integrate different approaches typical of ordinary
landscape planning as effective responses to environmental risks, within the Protected
Areas (National Park) category. The main outcomes of this approach are the rapid and
efficient identification of priority intervention areas as a result of fires, and a simultaneous
quantification of the immediate damage, in order to support the actions of decision-makers,
the managing authorities and the local communities, with regard to the strategies and
interventions to be implemented. This integration of different approaches applied to
protected areas is essential to move from the current fire management systems, based on
forest management strategies, to a more effective and pro-active fire management approach,
which also includes the socio-economic dynamics of these contexts.
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The work entailed two phases. In the first one, the S-MCDA method was used to
identify the priority intervention areas. The probabilistic method proved its viability and
reliability also in the specific context traditionally considered only in terms of nature con-
servation and referring to the wildfire risk management systems. Specifically, the S-MCDA
approach supported the basis of a medium-long term development planning process, pro-
viding the necessary tools to evaluate different intervention scenarios. The study made
it possible to highlight: (i) critical issues, e.g., the lack of homogeneity in the network
of infrastructures or the need for specific fire risk management solutions; (ii) and new
opportunities, e.g., the promotion of new food quality certifications. Discussions concern
both the ordinary management and the wildfire risk management of the Vesuvius National
Park. In the second phase of the work the ES valuation by means of both the benefit transfer
method and the spatial-explicit estimation method has proved its reliability and utility not
only quantitatively in economic terms, but also in spatial distribution terms. The developed
evaluation endeavored to efficiently allocate monetary resources for the restoration of
fire-damaged areas in a natural protected area.

The proposed approaches allowed for the recognizing of the indirect fire effects on
areas larger than those burned, supporting the need for a multidisciplinary and multiscale
approach with respect to forest fires in Mediterranean ecosystems.

This innovative approach focused on the wildfire management of protected areas,
provides arguments for adapting landscape planning and management tools to reduce
the vulnerability of territories and societies, and provides the park management authority
with a multitasking tool for landscape analysis which can be updated and used for other
aspects (disturbances) affecting the park. The present work, starting from the wildfire effect
analysis in a local and specific context, aimed to suggest an action framework that may be
useful for other risk typologies and in other parts of the world.
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Abstract: Exploring the thermal environment effects of built-up land expansion can lay a firm founda-
tion for urban planning and design. This study revealed the spatiotemporal dynamic characteristics
of built-up land and heat island center points in Shijiazhuang using land-use/land-cover data and
land surface temperature (LST) products from 1996 to 2019, and the response mechanism between the
percentage of built-up land (PLAND) and LST with the grid sampling method and statistical analysis.
Results indicated that heat islands are mainly clustered in the downtown, built-up areas of counties
and the Hutuo River Basin. The spatiotemporal shift direction of the center point of the urban
heat island (UHI) and built-up land in the whole study area varied due to the eco-environmental
transformation of the Hutuo River Basin. In areas far from the Hutuo River Basin, the center points
of UHI and built-up land were shifted in a similar direction. There is a remarkable linear correlation
between the PLAND and LST, the correlation coefficient of which was higher than 0.7 during the
study period. Areas with PLAND > 60% are urban regions with stronger heat island effects, and
areas with PLAND < 55% are villages and towns where the temperature raised more slowly.

Keywords: surface thermal environment; standard deviation ellipse; Shijiazhuang

1. Introduction

The expansion of built-up land along with the acceleration of industrialization and
urbanization has led to a series of ecological problems, among which the thermal envi-
ronment effects were most closely related to human life and directly affected individuals’
normal life [1]. The concept of the urban heat island (UHI) has attracted the attention of
many scholars around the world [2]. The acquisition of the land surface temperature (LST)
based on remote sensing images provides firm data support for exploring the UHI [3,4], and
spatial analysis technology has provided powerful tools for effectively revealing thermal
environment effects of land-use/land-cover change along with urbanization [5–7].

A number of previous studies have shown that land-use/land-over change has greatly
affected the spatial pattern of the thermal environment [8,9]. Most scholars have generally
focused on characterizing the evolution of thermal environment effects of land-use/land-
cover change with the distribution condition of landscape pattern indices [3,8], but some
previous studies also indicated that not all landscape pattern indices are applicable and the
surface thermal environment is predominantly associated with the percentage of built-up
land (PLAND). In fact, the percentage of vegetation and the PLAND were both highly
correlated with surface temperature [9–13]. Besides this, scholars have conducted studies
related to thermal environment effects of the land-use/land-cover change with various
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methods in recent decades [14,15]. The correlation analysis of the surface temperature and
remote sensing index have been widely used, and Autocorrelation using Getis-Ord Gi* was
also widely used to explore the relationship between the built-up land and LST [14–16].
However, the above-mentioned studies generally provide limited information on the
response mechanism between the PLAND and LST, and it is of particular significance
to deeply understand the impacts of built-up land expansion on the surface thermal
environment in fast-growing cities [17–20]. For example, Chen et al. suggested that the
PLAND = 35% split the heating effects of the PLAND on LST by grid sampling and statistics
approach in Wu’an [18].

Shijiazhuang, as the capital of Hebei Province of China, has a very high urbanization
rate, with 70.18% of the resident population in the urban area in 2020, and the heat island
effect due to urban expansion is also increasingly prominent, so it is extremely meaningful
to explore the response mechanism between the PLAND and LST in this highly urbanized
region. This study adopted the grid sampling statistics approach and took the downtown,
two districts, and two counties with fast economic development in Shijiazhuang as the
study area, combining the standard deviation ellipse (SDE), spatial autocorrelation, and
correlation analysis method to explore the effects of the PLAND on LST, aiming to provide
a firm theoretical foundation for the urban planning and design of Shijiazhuang.

2. Materials and Methods

2.1. Study Area

Shijiazhuang is located at the eastern piedmont of the Taihang Mountains, and the
eastward airflow is blocked by the mountains and then sinks, causing the temperature in
the area at the piedmont of the mountains to rise. Shijiazhuang, as the capital of Hebei
Province, has experienced rapid urbanization since the 1990s, with large-scale urban land
expansion and migration of people to the center of the city for better public services and
job opportunities. The study area in this study covers the downtown (Xinhua, Changan,
Qiaoxi, Yuhua), two districts (Gaocheng, Luancheng), and two counties (Wuji, Zhengding)
(Figure 1) in the east and central parts of Shijiazhuang, with plain terrain outside the
mountain ranges, which jointly account for 47.66% of the total population of Shijiazhuang.

Figure 1. Location of the study area.

2.2. Data Sources and Processing

The major data sources used in this study include: (1) Landsat series images from the
Google Earth Engine (GEE) platform (https://earthengine.google.com/, accessed on 31
March 2022). Images covering the extent of the study area were selected in six periods
(1996, 2001, 2007, 2011, 2015, and 2019). The data parameters are shown in Table 1. (2) Land-
use/land-cover data from the China Land Use/Cover Dataset (CLUDs) by Professor
Huang Xin’s team at Wuhan University. The spatial resolution is 30 m [21], and the data
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were obtained from the PIE-Engine platform (https://engine.piesat.cn/, accessed on 31
March 2022).

Table 1. Remote sense statistic parameters.

Data Type
Date of

Acquisition
Row/Path Resolution (m)

Landsat5 TM 20 May 1996 124/33 124/34 30
Landsat7 ETM 10 May 2001 124/33 124/34 30
Landsat5 TM 3 May 2007 124/33 124/34 30
Landsat5 TM 14 May 2011 124/33 124/34 30
Landsat8 OLI 25 May 2015 124/33 124/34 30
Landsat8 OLI 20 May 2019 124/33 124/34 30

The land-use and land-cover data were programmed to be downloaded locally with the
application programming interface of the PIE Engine platform. Then this study reclassified
the land-use and land-cover data into four categories, that is, cropland, built-up land, water,
and other land (Figure 2), with the help of the reclassification tool in the ArcGIS software.
The statistics of the built-up land area for each year were also summarized based on the
ArcGIS software (Figure 3).

Figure 2. Land-use distribution in the study area from 1996 to 2019.
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Figure 3. Time series statistic diagram of built-up land area.

This study selected the Landsat images in six less cloudy periods as the foundation
for the temperature inversion and acquired 12 scenes of LST single-band images in six
periods in total by running the open-source code. This study then mosaicked these remote
sensing images of each period together with the help of a seamless mosaicking tool in
the ENVI software, and thereafter the data of the study area were extracted based on the
study area boundary data (Figure 4). This study thereafter used the practical single channel
(PSC) method to acquire the LST data with the help of the GEE cloud platform and the
Landsat series satellite surface temperature data inversion framework [21,22]. The overall
bias of the obtained temperature products was 0.17 K according to the cross-validation
with MODIS surface temperature products, indicating high accuracy.

Figure 4. Spatial pattern of the land surface temperature (LST) in the study area from 1996 to 2019.

2.3. Calculation of the Percentage of Built-Up Land

This study explored the urban thermal environment based on the landscape pattern in-
dex, which is a quantitative expression to describe the spatial pattern of the landscape [8,9].
The landscape pattern index is one of the current research hotspots to investigate the urban
thermal environment, and previous studies generally suggested that the PLAND index has
the best fitting effect on the thermal environment by investigating the correlation between
each landscape pattern index and LST [20]. This study specifically described the spatial
and temporal distribution pattern of built-up land in the study area with the PLAND,
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which was calculated based on the moving window approach of the FRAGSTATS software
as follows.

PLAND =

(
n

∑
j=1

aij/A

)
× 100 (1)

where the PLAND is the percentage of built-up land, which ranges between 0 and 100,
aij represents the area of built-up land patches, A indicates the background area. When
the value of the index is close to 0, it indicates that the PLAND is decreasing in a single
calculation window, and when the value of a single window is 100, it means that the
window consists of built-up land only.

2.4. Thermal Environment Grading Classification

Climatic differences over the years have significant impacts on the true LST, such
differences need to be eliminated when analyzing the evolution of the thermal environment,
and the equation for standardization is as follows.

Tnor =
Ti − Tmin

Tmax − Tmin
(2)

where Tnor denotes the normalized temperature of the ith grid, Ti indicates the temperature
of the ith grid, Tmax indicates the maximum temperature in the study area, Tmin indicates
the minimum temperature in the study area. The mean-standard deviation method was
used to classify the thermal environment in the study area, and the LST was divided into
five thermal classes: low, sub-low, medium, sub-high temperature, and high temperature
(Table 2). By grading the LST, this study generated a map of the thermal class distribution
of each period, which makes the thermal environment of each period comparable and lays
a firm foundation for the in-depth investigation of the spatial and temporal evolution of
cold and heat islands in the study area.

Table 2. Land surface temperature (LST) grading criteria.

LST Level Grading Standard

Low Tnor < Ta − sd
Sub-low Ta − sd ≤ Tnor < Ta − 0.5sd
Medium Ta − sd ≤ Tnor < Ta + 0.5sd
Sub-high Ta + 0.5sd ≤ Tnor < Ta + sd

High Tnor > Ta + sd

Note: Tnor denotes the normalized temperature of the ith grid, Ta indicates the average temperature in the study
area for each year, and sd represents the standard deviation of the LST.

2.5. Establishment of the Standard Deviation Ellipse

This study explored the evolution trends of the built-up land and heat island using the
SDE, a classical method widely used for analyzing the directional characteristics of spatial
distribution. In this study, the high-temperature region and the sub-high-temperature
region were divided into heat island areas with the spatial statistics module of the ArcGIS
software, the direction publishing tool was used to obtain the standard deviation of the
heat island and built-up land. The expansion characteristics of the heat island and built-up
land were explored by connecting the center points and SDE of the heat island and built-up
land. The comparative analysis of the center point shift direction was carried out to lay the
foundation for the following quantitative study of the relationship between built-up land
expansion and the surrounding thermal environment.

2.6. Spatial Autocorrelation Analysis and Correlation Analysis

A grid scale of 990 × 990 m was selected based on the Fishnet tool of the ArcGIS
software to establish spatial grids to investigate the response mechanism between the
PLAND and LST at the same spatial scale [18,19]. The sample grid was collected by
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combining the PLAND and LST raster maps for each year. It is notable that the thermal field
in the Hutuo River Basin may disturb the surrounding thermal environment. Therefore,
the interfering areas were excluded from the grid sampling, and the sample grid covered
all the areas where the PLAND existed in the study area.

The spatial autocorrelation analysis of the distribution of the PLAND and LST is a
prerequisite for exploring the correlation between the PLAND and LST. This study explored
the aggregation characteristics of the spatial distribution of built-up land and LST based on
Moran’s I, which can effectively detect the spatial autocorrelation of geographic entities.
This study estimated the Moran’s I of built-up land and LST with the spatial autocorrelation
tool in the ArcGIS software as follows.

Moran′ s I =
n

∑n
i=1 ∑n

j=1 wij
× ∑n

i=1 ∑n
j=1 wij

(
Xi − X

)(
Xj − X

)
∑n

i=1
(
Xi − X

)2 (3)

where n is the number of samples, wij is the spatial weight matrix, Xi indicates the temper-
ature value and the PLAND value of each period.

This study further explored the correlation between the PLAND and the corresponding
LST using the Pearson correlation analysis as follows.

r =
∑n

i=1(xi − x)
(
yj − y

)
√

∑n
i=1(xi − x)2

√
∑n

i=1(yi − y)2
(4)

where r represents the correlation between the two sets of variables, x represents the
arithmetic mean of the LST of the ith grid, yi is the percentage of built-up land in the ith

grid, y is the arithmetic mean of the PLAND in the ith grid.

3. Results

3.1. Characteristics of the Distribution of Thermal Environment

The results indicated the spatial pattern of the thermal environment in six districts
and two counties of Shijiazhuang has changed dramatically along with accelerated ur-
banization and industrialization (Figure 5). In this study, the sub-high temperature and
high-temperature zones were categorized as the heat island, the medium-temperature
zones were categorized as the normal zone, and the low-temperature zone and sub-low
temperature zone were categorized as the cold island. The spatial and temporal expansion
of the thermal environment in downtown Shijiazhuang was the most remarkable, indi-
cating the strong heat island effect. Besides this, the heat island range in the main urban
area of Shijiazhuang tended to expand to the east as time went by, followed by a large
expansion of the heat island in the main urban area to the southeast, which merged with
the heat island patches in Luancheng District and reflected the development orientation
towards Luancheng District. In addition, the Hutuo River Basin has been maintained in a
high-temperature zone state from 1996 to 2011 due to its poor ecological environment and
bad geological condition within the dry riverbed.

Cold islands are primarily located in rural and rural farmland far from the built-
up areas of districts and towns, which are more widely distributed in the northeast and
southwest of the downtown. Meanwhile, the area of cold islands decreased gradually with
the expansion of cities and tow. In particular, cold islands appeared in the downtown
section of the Hutu River Basin after 2011, which expanded to the east over time due to
the ecological restoration project of the Hutuo River Basin, reaching its maximum extent
in 2019.
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Figure 5. Distribution of heat levels from 1996 to 2019.

It is notable that the proportion of sub-high temperature in the heat island area of
downtown in 2011 is larger than that of high temperature (Figures 4 and 5), which is
primarily attributed to meteorological issues such as the cloud content. In fact, it is not
surprising that the heat island area in 2011 is larger than that in 2007 since areas with
sub-high temperature and high temperature were together classified as the heat island
in this study, and this phenomenon does not affect the accuracy of these results. After
2011, ecological restoration projects such as the “Inflow of the eastern ring water system”,
“Coordination of the South-North water transfer to divert river water” and “Ecological
recharge of the Gang Huang reservoir to the Hutuo River” have been gradually carried out.
The ecological environment of the Hutuo River basin has improved significantly since then,
which has gradually changed from a hot spot area to a cold spot area. The cropland in the
northwest of Zhengding County also showed a band of high-temperature areas. In fact,
the cropland in this part is in the old Magnetic River, which was converted to cropland
after the river dried up, forming an area with temperatures higher than the surrounding
cropland. Some relative authorities have proposed to reduce the urban heat island effect
by building the ecological corridor of the Old Magnetic River and the spatial structure
of the ecological corridor of the South-North Water Diversion in the “Urban and Rural
Master Plan of Zhengding County, Hebei Province (2014–2030)”. In fact, the heat island
effect of the Old Magnetic River has weakened in 2019 after a period of implementation,
but it is still in the sub-high temperature area. Additionally, built-up areas in districts and
counties always had higher temperature levels than the area of townships in these districts
and counties.

3.2. Spatial Dynamics of Urban Heat Island and Built-Up Land

Figures 6 and 7 depict the schematic diagrams of the UHI and the built-up land SDE
and center points in the whole study area from 1996 to 2019. The results suggest the center
point migration trajectory of the heat island and built-up land within the study area was
well coupled between 2001 and 2011, both of which tend to expand towards the northeast
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direction. However, the heat island center point leaned towards the northwest direction
before 2001 and turned to the southwest direction after 2011, which was contrary to the
build-up land during these periods. The more in-depth analysis results suggested there
were strong heating effects in the Hutuo River Basin and the old channel of the Cihe River
in Zhengding County, except for the heat island in the built-up area. In fact, the expansion
of built-up land was very slow in the downtown before 2001, while the Hutuo River Basin
and the old channel of the Cihe River had an increasingly powerful heat island effect. In
other words, the heat island effect in the built-up area of the downtown is not as strong as
that in the Hutuo River Basin and the old channel of the Cihe River in the northwest part
of the study area, which made the heat island center point more prone to the northwest
direction before 2001. By contrast, the spatial pattern of the heat island was consistent with
the trend of the center point of built-up land expansion from 2001 to 2011. The heat island
effect of built-up land expansion was more significant than that of the thermal environment
effect in the Hutuo River Basin and the old channel of the Cihe River during this period.
The built-up land expansion played a dominant role in influencing the spatial variation
of the heat island, and therefore the center point of the heat island followed the evolution
direction of the center point of built-up land. The center point of the heat island in 2011
was within the Gaocheng District on the north side of the Hutuo River. This is primarily
due to the improvement of the eco-environment of the Hutuo River Basin, where the heat
island effect was weakened and the cold island effect was enhanced, making the center
point of the heat island shift to the south bank of Hutuo River. If the cold island effect in
this region gets intensified as time goes by, the center point of the heat island may further
shift towards the southwest direction.

Figure 6. Evolution of center points and standard deviation ellipse (SDE) of the urban heat island
(UHI) of the study area from 1996 to 2019.

The results mentioned above suggested the ecological environmental transformation
of the Hutuo River Basin had a significant influence on the evolution of the center point
of the heat island along with built-up land expansion. It is, therefore, necessary to carry
out more in-depth analyses of the areas strongly and weakly influenced by the thermal
environment effects in the Hutuo River Basin. This study has therefore taken the downtown
area and Yuhua District as an example to reveal the influence of the Hutuo River Basin on
the shift characteristics of the heat island center. Figure 8 portrayed the schematic diagrams
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of the UHI, built-up land SDE, and center point in the downtown area from 1996 to 2019.
The heat island center point in the downtown area tended to move in the same direction as
the center point of built-up land in general from 2001 to 2011, while the heat island center
point shifted in the direction opposite to the center point of built-up land from 2011 to 2019,
which was generally consistent with the results of the whole study area.

Figure 7. Evolution of center points and standard deviation ellipse (SDE) of built-up land of the
study area from 1996 to 2019.

 
Figure 8. Evolution of center points and standard deviation ellipse (SDE) of the built-up land and
urban heat island (UHI) of the downtown from 1996 to 2019.

Figure 9 depicted the schematic diagram of the UHI and the SDE and center point of
built-up land in the Yuhua District from 1996 to 2019. Both the built-up land expansion
and the center point of the heat island migrated towards the southwest direction in Yuhua
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District, indicating the center shift of the heat island and built-up land kept consistent
in areas less affected by the thermal environment effect in the Hutuo River Basin. These
results further confirmed the thermal environment effect in the Hutuo River Basing, sug-
gesting that the ecological restoration projects in the Hutuo River Basin since 2014 have
effectively improved the regional eco-environment quality and significantly influenced
the surrounding thermal environment. In summary, the heat island effect in the Hutuo
River Basin affected the temperature of the surrounding area, causing the center points of
built-up land and the heat island to shift away from the same direction within a certain
spatial scope.

 

Figure 9. Evolution of center points and standard deviation ellipse (SDE) of the built-up land and
urban heat island (UHI) of Yuhua District from 1996 to 2019.

3.3. Results of Spatial Autocorrelation Analysis and Correlation Analysis

The spatial autocorrelation analysis results showed that the p-values of the PLAND
and LST were zero in all years, which passed the 95% confidence test. Besides this, the Z
scores of both the PLAND and LST were at a high level (Table 3), indicating the stronger
spatial autocorrelation of both the PLAND and LST. In addition, the Moran’s I values in all
years were above zero, and the Moran’s I of the LST were higher than that of the PLAND
in each period, indicating the positive spatial correlation of the surface temperature was
stronger than that of the build-up. In particular, the spatial autocorrelation of PLAND and
LST was both the strongest in 2015.

Figure 10 shows that there was a significant linear correlation between the PLAND and
LST of the study area, which passed the significance test and proved the objective credibility
of the results. Besides this, Figure 10 indicates that the samples are heavily clustered in the
interval of the PLAND values of 0–60%. In addition, the Pearson correlation coefficients
from 1996 to 2019 were close to 1, reflecting a high correlation level (Table 4).
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Table 3. Moran’s I of the percentage of built-up land (PLAND) and land surface temperature (LST)
from 1996 to 2019.

1996 2001 2007

LST PLAND LST PLAND LST PLAND

Moran’s I 0.6869 0.6449 0.6681 0.6673 0.71261 0.6703
Expected −0.0003 −0.0003 −0.0003 −0.0003 −0.0003 −0.0003

Z 149.0519 148.7134 146.9694 146.8172 94.6894 89.0626
P 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

2011 2015 2019

LST PLAND LST PLAND LST PLAND

Moran’s I 0.7434 0.6911 0.7523 0.7196 0.66705 0.6559
Expected −0.0003 −0.0003 −0.0003 −0.0003 −0.0003 −0.0003

Z 120.9226 112.4418 124.0526 121.4431 218.8321 215.1886
P 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

 

Figure 10. Correlation analysis results of the percentage of built-up land (PLAND) and land surface
temperature (LST) from 1996 to 2019.
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Table 4. Correlation between the percentage of built-up land (PLAND) and land surface temperature
(LST) from 1996 to 2019.

Year Pearson’s r Significance Level

1996 0.878 0.000
2001 0.876 0.000
2007 0.860 0.000
2011 0.798 0.000
2015 0.867 0.000
2019 0.732 0.000
2019 0.732 0.000

3.4. Response Mechanism of the Percentage of Built-Up Land (PLAND) and Land Surface
Temperature (LST)

Figure 11 shows the response mechanism between the PLAND and LST. When the
PLAND value is below 20–25%, the number of the sample grids decreased year by year,
and when it is above this range, the number of the sample grids increased year by year. In
particular, the number of sample grids in the 25–30% range tended to be the same, and
the difference in the number of sample grids gradually increased as the value increased,
indicating that the low-density built-up land in each grid gradually was transformed into
high-density built-up land, and there was significant built-up land expansion.

Figure 11. Statistics of sample grids of different percentages of built-up land (PLAND) types.

This study categorized the grid in the study area according to the PLAND value,
based on which the average temperature changes in the PLAND categories were revealed
(Figure 12). The results showed that the temperature changed most slightly in the build-up
land with the PLAND of 55–60%, and the 55–60% interval can be used to divide the sample
grids of the whole study area into two categories. Specifically, for areas with the PLAND
below the 55–60% range, the temperature increase tended to increase and then decrease as
the PLAND increased. In particular, the maximum temperature was in the areas with the
PLAND below 55–60%, and increases occurred in the areas with the PLAND of 25–30%. By
contrast, the temperature increases in the areas with the PLAND above 55–60% showed
first an increasing and then a decreasing trend as the PLAND increased. In particular, the
maximum temperature increases in the areas with the PLAND above 55–60% occurred in
the areas with the PLAND at 65–70%. The average surface temperature increase tended
to slow down in the areas with the PLAND exceeding 70%, where the temperature still
showed an increasing trend.
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Figure 12. Statistics of the average temperature of different percentage of built-up land
(PLAND) types.

This study further classified the sample grids into two categories based on the PLAND
of 0–60% and 60–100% and carried out clustering analysis to further investigate the influ-
ence of the PLAND on the thermal environment. The LISA clustering diagram suggested
that the high-high clusters were mainly in the built-up areas of the downtown and counties
(Figure 13). The grids of high-high clusters gradually increased as time went by, reflecting
the increasing heat island effects due to the built-up land expansion. Meanwhile, the
low-high clusters were scattered at the edge of the built-up areas of the downtown, and the
high-low clusters were distributed in the suburban areas of each district and county. All
these results can also provide a firm basis for the boundary division of built-up areas.

 
Figure 13. LISA cluster map of impacts of the percentage of built-up land (PLAND) on land surface
temperature (LST) from 1996 to 2011.
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3.5. Discussion

This study revealed the thermal environmental effects of the built-up land expansion
based on long time series data, the results of which can provide valuable references for
urban development and ecological environment improvement, but it is still necessary
to carry out some more in-depth research. Firstly, the study period of this study lasted
24 years, but the time interval is not uniform, and it is necessary to carry out more in-depth
case studies in more sample cities. Besides this, it is necessary to link the research results
with the relevant urban planning in order to effectively improve the thermal environment in
urban areas. For example, the results of this study suggested it is necessary for the relevant
departments to expand the green area of urban areas as vastly as possible and accelerate
the ecological restoration projects of the Hutuo River Basin in order to enhance its cold
island effect and thus reduce the adverse thermal environment effects in the surrounding
areas. Additionally, it is also necessary for relevant departments to strengthen the control
of urban size in order to avoid further deterioration of the thermal environment resulting
from the uncontrolled built-up land expansion according to the results of this study.

4. Conclusions

This study explored the thermal environment effects of built-up land expansion in
Shijiazhuang from 1996 to 2019 based on land-use data and temperature products and
revealed the response mechanism between the PLAND and LST in six districts and two
counties of Shijiazhuang. The results showed that: (1) The heat island in the study area was
mainly distributed in the downtown, built-up areas of each district and county, and the
Hutuo River Basin. However, ecological restoration projects have remarkably improved
the regional ecological environment in the Hutuo River Basin, where the heat island was
weakened and significantly influenced the evolution of the center point shift of the heat
island in the study area. (2) There was a significant correlation between the PLAND and the
LST, with the correlation coefficients all above 0.7 during the study period, indicating the
significant role of built-up land expansion in affecting the thermal environment. (3) PLAND
= 55–60% separated the surface thermal environmental effects of built-up land expansion
in urban and rural areas, which reflects the heat island effect of the urban built-up land
expansion and the cold island effect of rural cropland. The areas with PLAND > 60% are
generally urban regions with stronger heat island effects, while areas with PLAND < 55%
are generally villages and towns where the temperature raised more slowly. These results
of this study can provide a valuable reference for urban development and ecological
environment improvement in Shijiazhuang and other cities, but it is necessary to link
the research results with the relevant urban planning in order to effectively improve the
thermal environment in urban areas.

Author Contributions: L.Q. and H.L.: Investigation, data curation, writing—original draft prepara-
tion, writing—review and editing, funding acquisition; G.S. and H.Y. (Haiming Yan): conceptual-
ization, methodology, supervision, project administration; H.Y. (Huicai Yang): software, validation,
visualization. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the Social Science Foundation of Hebei Province (HB17YJ026).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this paper are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Echeverría, C.; Newton, A.; Nahuelhual, L.; Coomes, D.; Benayas, J.R. How landscapes change: Integration of spatial patterns
and human processes in temperate landscapes of southern Chile. Appl. Geogr. 2012, 32, 822–831. [CrossRef]

2. Manley, G. On the frequency of snowfall in metropolitan England. Q. J. R. Meteorol. Soc. 1958, 84, 70–72. [CrossRef]

118



Land 2022, 11, 968

3. Ye, H.; Li, Z.; Zhang, N.; Leng, X.; Meng, D.; Zheng, J.; Li, Y. Variations in the Effects of Landscape Patterns on the Urban Thermal
Environment during Rapid Urbanization (1990–2020) in Megacities. Remote Sens. 2021, 13, 3415. [CrossRef]

4. De Faria Peres, L.; de Lucena, A.J.; Rotunno Filho, O.C.; de Almeida França, J.R. The urban heat island in Rio de Janeiro, Brazil, in
the last 30 years using remote sensing data. Int. J. Appl. Earth Obs. Geoinf. 2018, 64, 104–116.

5. Yu, X.; Guo, X.; Wu, Z. Land surface temperature retrieval from Landsat 8 TIRS—Comparison between radiative transfer
equation-based method, split window algorithm and single channel method. Remote Sens. 2014, 6, 9829–9852. [CrossRef]

6. Lazzarini, M.; Marpu, P.R.; Ghedira, H. Temperature-land cover interactions: The inversion of urban heat island phenomenon in
desert city areas. Remote Sens. Environ. 2013, 130, 136–152. [CrossRef]

7. Mohan, M.; Kandya, A. Impact of urbanization and land-use/land-cover change on diurnal temperature range: A case study of
tropical urban airshed of India using remote sensing data. Sci. Total Environ. 2015, 506, 453–465. [CrossRef]

8. Li, H.; Peng, J.; Yanxu, L.; Yi’na, H. Urbanization impact on landscape patterns in Beijing City, China: A spatial heterogeneity
perspective. Ecol. Indic. 2017, 82, 50–60. [CrossRef]

9. Dewi, D.I.K.; Ratnasari, R.A. Land Use Change in Sub District Mranggen Because of Residential Development. Procedia-Soc.
Behav. Sci. 2016, 227, 210–215.

10. Azari, M.; Billa, L.; Chan, A. Multi-temporal analysis of past and future land cover change in the highly urbanized state of
Selangor, Malaysia. Ecol. Process. 2022, 11, 2. [CrossRef]

11. Guo, G.; Wu, Z.; Cao, Z.; Chen, Y.; Zheng, Z. Location of greenspace matters: A new approach to investigating the effect of the
greenspace spatial pattern on urban heat environment. Landsc. Ecol. 2021, 36, 1533–1548. [CrossRef]

12. Guo, G.; Wu, Z.; Chen, Y. Complex mechanisms linking land surface temperature to greenspace spatial patterns: Evidence from
four southeastern Chinese cities. Sci. Total Environ. 2019, 674, 77–87. [CrossRef] [PubMed]

13. Liou, Y.-A.; Nguyen, K.-A.; Ho, L.-T. Altering urban greenspace patterns and heat stress risk in Hanoi city during Master Plan
2030 implementation. Land Use Policy 2021, 105, 105405. [CrossRef]

14. Quan, S.J.; Bansal, P. A systematic review of GIS-based local climate zone mapping studies. Build. Environ. 2021, 196, 107791.
[CrossRef]

15. Liang, X.; Ji, X.; Guo, N.; Meng, L. Assessment of urban heat islands for land use based on urban planning: A case study in the
main urban area of Xuzhou City, China. Environ. Earth Sci. 2021, 80, 1–22. [CrossRef]

16. Rida, A.; Koumetio, C.S.T.; Diop, E.B.; Chenal, J. Exploring the relationship between urban form and land surface temperature
(LST) in a semi-arid region Case study of Ben Guerir city-Morocco. Environ. Chall. 2021, 5, 100229.

17. Song, Z.; Li, R.; Qiu, R.; Liu, S.; Tan, C.; Li, Q.; Ge, W.; Han, X.; Tang, X.; Shi, W.; et al. Global land surface temperature influenced
by vegetation cover and PM2. 5 from 2001 to 2016. Remote Sens. 2018, 10, 2034. [CrossRef]

18. Chen, W.; Hu, C.; Liu, L.; Zhang, J.; Wang, K.; Liu, S. Characteristics of built-up land change in resource-based cities and their
impact on land surface temperature—Taking Wu’an as an example. Ecol. Inform. 2022, 68, 101582. [CrossRef]

19. Su, S.; Jiang, Z.; Zhang, Q.; Zhang, Y. Transformation of agricultural landscapes under rapid urbanization: A threat to sustainability
in Hang-Jia-Hu region, China. Appl. Geogr. 2011, 31, 439–449. [CrossRef]

20. Li, J.; Song, C.; Cao, L.; Zhu, F.; Meng, X.; Wu, J. Impacts of landscape structure on surface urban heat islands: A case study of
Shanghai, China. Remote Sens. Environ. 2011, 115, 3249–3263. [CrossRef]

21. Wang, M.M.; Zhang, Z.J.; Hu, T.; Wang, G.Z.; He, G.J.; Zhang, Z.M.; Li, H.; Wu, Z.J.; Liu, X. An efficient framework for producing
landsat-based land surface temperature data using Google Earth Engine. IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens. 2020, 13,
4689–4701. [CrossRef]

22. Wang, M.; Zhang, Z.; Hu, T.; Liu, X. A practical single-channel algorithm for land surface temperature retrieval: Application to
landsat series data. J. Geophys. Res. Atmos. 2019, 124, 299–316. [CrossRef]

119





Citation: Shi, C.; Zhu, X.; Wu, H.; Li, Z.

Assessment of Urban Ecological

Resilience and Its Influencing Factors: A

Case Study of the Beijing-Tianjin-Hebei

Urban Agglomeration of China. Land

2022, 11, 921. https://doi.org/

10.3390/land11060921

Academic Editor: Richard

C. Smardon

Received: 16 May 2022

Accepted: 14 June 2022

Published: 16 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

land

Article

Assessment of Urban Ecological Resilience and Its Influencing
Factors: A Case Study of the Beijing-Tianjin-Hebei Urban
Agglomeration of China

Chenchen Shi 1,2,3, Xiaoping Zhu 4, Haowei Wu 5 and Zhihui Li 2,6,*

1 School of Urban Economics and Public Administration, Capital University of Economics and Business,
Beijing 100070, China; ccshi@cueb.edu.cn

2 Key Laboratory of Land Surface Pattern and Simulation, Institute of Geographic Sciences and Natural
Resources Research, Chinese Academy of Sciences, Beijing 100101, China

3 Beijing Key Laboratory of Megaregions Sustainable Development Modeling, Capital University of Economics
and Business, Beijing 100070, China

4 College of Agronomy and Biotechnology, Hebei Normal University of Science & Technology,
Qinhuangdao 066104, China; zxp0593@hevttc.edu.cn

5 School of Soil and Water Conservation, Beijing Forestry University, Beijing 100083, China;
wuhaowei@bjfu.edu.cn

6 University of Chinese Academy of Sciences, Beijing 100049, China
* Correspondence: lizhihui@igsnrr.ac.cn

Abstract: Climate change and rapid urbanization bring natural and anthropogenetic disturbance
to the urban ecosystem, damaging the sustainability and resilience of cities. Evaluation of urban
ecological resilience and an investigation of its impact mechanisms are of great importance to
sustainable urban management. Therefore, taking the Beijing-Tianjin-Hebei Urban Agglomeration
(BTHUA) region in China as a study area, this study builds an evaluation index to assess urban
ecological resilience and its spatial patterns with the resilience surrogate of net primary production
during 2000–2020. The evaluation index is constructed from two dimensions, including the sensitivity
and adaptability of urban ecosystems, to capture the two key mechanisms of resilience, namely
resistance and recovery. Resilience-influencing factors including biophysical and socio-economic
variables are analyzed with the multiple linear regression model. The results show that during
2000–2020, the spatial pattern of urban ecological resilience in the BTHUA is characterized by high
resilience in the northwest and relatively low resilience in the southeast. High resilience areas
account for 40% of the whole region, mainly contributed by Zhangjiakou and Chengde city in Hebei
Province, which is consistent with the function orientation of the BTH region in its coordinated
development. Along with urbanization in this region, ecological resilience decreases with increased
population and increases with GDP growth; this indicates that, although population expansion uses
resources, causes pollution and reduces vegetation coverage, with economic growth and technological
progress, the negative ecological impact could be mitigated, and the coordinated development of
social economy and ecological environment could eventually be reached. Our findings are consistent
with mainstream theories examining the ecological impact of socio-economic development such as
the Environmental Kuznets Curve, Porter Hypothesis, and Ecological Modernization theories, and
provide significant references for future urbanization, carbon neutrality, resilience building, and
urban ecological management in China.

Keywords: urban resilience; land use/cover change; urbanization; carbon neutrality; Beijing-Tianjin-
Hebei urban agglomeration

1. Introduction

Land use change induced by urbanization has greatly changed the physical conditions
of urban ecosystems. Meanwhile, external risks faced by urban systems, such as climate
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change, require resilient urban ecosystems to provide a solid urban foundation to support
urban production and livelihood [1]. Measures such as emission reduction are taken in
urban systems to adapt to environmental change along with urbanization, for example,
China is taking the lead in committing to achieving carbon neutrality in 2060 [2]. These
measures would further change urban ecosystems with the goal of enhancing resilience.
Unlike the sustainability concept, which is too comprehensive and hard to quantify in
social-ecological systems, the resilience concept is derived from ecosystems and proves
to be a good analytical tool for urban systems [3]. To quantitively assess urban ecological
resilience and elucidate its driving mechanisms is of great importance to guide sustainable
urbanization, mitigate climate change impact and achieve high-quality development.

The concept of ecological resilience is a measure of the persistence of an ecosystem
and refers to the ability of a system to absorb natural and anthropogenic disturbances
while still maintaining the interplay between population or ecosystem state variables and
maintaining system function [4]. Ecological resilience in urban systems is a complex of
socio-economic human activities and biophysical habitats [5]. An urban ecosystem is
a specific type of ecosystem that integrates human activities into the biophysical sphere. In
recent years, there has been much research on urban resilience that originates from social-
ecological resilience. The urban system itself is a more complex system than an ecosystem,
as an ecosystem is only one of the subsystems within the complex urban system, which
includes society, economy, culture, ecology and environment, etc. [6,7] Urban resilience
refers to the capability of urban systems to remain intact or quickly recover to desired levels
in the face of shocks or stresses [8,9]. As resilience in different scales embeds different
connotations and mechanisms, this research focuses on urban resilience to theoretically
conceptualize and empirically explore resilience in urban systems.

Utilization of the resilience concept must be based on the characterization and mea-
surement of resilience. According to its concept, resilience can be measured by the rate of
return of ecosystem state after change or disturbance, and the measurement of resilience is,
in effect, the measurement of threshold-crossing [10]. Therefore, detecting an ecological
threshold along disturbance gradients is essential to protecting the threshold from being
crossed [11]. Previous research selects a key indicator or index to evaluate ecosystem
resilience [12–15] or quantifies the economic value of resilience [16]. For urban resilience,
a popular measurement is to build a comprehensive evaluation index with indicators rep-
resenting the resilience of urban elements [17–19] or resilience process [20–22]. However,
there are also scholars who believe that instead of seeking accurate metrics to measure
resilience or trying to develop a general resilience index, it might be better to use surrogates
or proxies [23,24]. As a matter of fact, evaluation of the previously mentioned resilience
indicators is resilience surrogates in the sense that they demonstrate the impact factor of
resilience rather than resilience (threshold-crossing) itself.

However, many resilience assessments tools, especially comprehensive evaluation
indexes, tend to use state variables or cross-section data to measure resilience [17,25,26],
while resilience is a process concept that encompasses two processes, namely resistance
and recovery [27], making its measurement difficult as threshold-crossing often does
not happen [24]. Therefore, in this study, drawing upon the assessment of economic
resilience, where the change rate of GDP (also known as the sensitivity index) is used
to measure resilience of the economic system [28], a resilience evaluation index is built
to measure urban ecological resilience. Specifically, we use the change of net primary
productivity (NPP) as the resilience surrogate. A concrete calculation method will be
presented in the following method section. The surrogate selection of NPP is referenced
from research that uses normalized difference vegetation index (NDVI) and GPP to quantify
ecosystem resilience [29,30].

In terms of the impact factors of ecological resilience, as mentioned before, some
studies use the impact factor of resilience to quantify system resilience and identified
factors such as climate (e.g., precipitation, sunshine hour, temperature), hydrology (e.g.,
surface and groundwater resources), and land cover factors [31]. Among them, land cover is
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an important and widely studied impact factor of ecosystem services and resilience [5,32,33].
Research shows urbanization increases land cover fragmentation, thus decreasing urban
ecological resilience. In addition to biophysical factors, social-economic factors, such as
GDP, population, land use, industrial structure, infrastructure, institutional arrangements,
etc. also influence the resilience in urban systems [3,34–36]. An urban system, as a complex
adaptive system, has a socio-economic subsystem that directly contributes to system
resilience with its own urban functions, such as engaging in social production, providing
employment, increasing productivity, and improving the livelihood of urban residents.
Meanwhile, it influences system resilience indirectly through the interactions with the
ecological-environment subsystem, which also directly impacts urban ecological resilience.

Therefore, this study sets out to measure urban ecological resilience with the empirical
case of the Beijing-Tianjin-Hebei Urban Agglomeration and explore the impact factors
including physical geographical factors (temperature, precipitation, elevation, slope, land
cover type) and socio-economic factors (GDP, population, industrial structure, urbanization
rate and carbon emission). Rationales for impact factor selection will be presented in the
empirical results section. In doing this, we aim to empirically assess the ecological impacts
of urbanization through the quantification of urban ecological resilience and explore the
influencing mechanism of urban change on ecosystems. The following sections of this
paper are structured as follows. The next section presents the overall methodology of this
study with elaborations on the case study, research data and method. The empirical results
are illustrated in Sections 3 and 4, with Section 3 presenting the resilience assessment result
and analyzing the spatial difference of ecological resilience in the study region. Section 4
demonstrates the impact factor analysis and the correlation between ecological resilience
and various impact factors. Section 5 concludes this paper by discussing the empirical,
methodological, and theoretical implications and contributions of this study.

2. Methodology

2.1. Study Area

Previous empirical studies indicate that from 2006 to 2013, there was an N-shaped
relationship between urbanization and ecological efficiency, and other studies show that
from 2008 to 2017 [37], ecological efficiency slightly declined along with China’s urban-
ization [38], while the current new-type urbanization in China (Refer to “The National
New-type Urbanization Plan (2014–2020)” from National Development and Reform Com-
mission of China: https://www.ndrc.gov.cn/xwdt/ztzl/xxczhjs/ghzc/201605/t20160
505_971882.html?code=&state=123 (accessed on 30 April 2022)) that emphasizes the im-
provement of ecological environment, has yielded good ecological outcomes in pollution
reduction and energy efficiency increase [39]. This study explores the ecological conse-
quence of urbanization in China. Specifically, we selected the Beijing-Tianjin-Hebei Urban
Agglomeration (BTHUA) region in China as the case study area to empirically assess
ecological resilience and its influencing factors (Figure 1). The research was conducted
on a 1 km × 1 km grid scale to observe fine-scale variation of urban ecological resilience
change, and the research period is set from 2000–2020 to observe the rapid urbanization in
China in the last twenty years and its ecological impacts.

The BTHUA region, also known as the Capital Economic Circle, is one of the major
urban agglomerations in China, with high levels of urbanization and industrialization,
though it suffers from ecological and environmental problems such as water resource
shortage, air pollution, extensive land use and forest degradation, urban floods, and
heatwave, etc. This region is semi-arid and semi-humid, has a temperate and warm
temperate continental monsoon climate with an average temperature of 1 ◦C to 15 ◦C,
abundant light, uneven spatial distribution of annual precipitation (about 300 mm to
750 mm from west to east), and the average annual evaporation is generally 900 mm
to 1000 mm. The region is divided into plateau, mountain hills, basin and plain from
northwest to southeast.
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Figure 1. Location, land use and administrative division of the Beijing-Tianjin-Hebei Urban Agglomeration.

Currently, under the national policy of “Coordinated Development of the Beijing-
Tianjin-Hebei Region”, the overall positioning of the BTHUA region is “a world-class city
cluster with the capital as the core, a new engine for economic growth driven by innovation
and coordinated development, and a demonstration area for ecological restoration and
environmental improvement” (Source: Outline of Coordinated Development of the Beijing-
Tianjin-Hebei Region issued by State Council in 2015). Now, this region is still in the
middle of industrialization and undergoing rapid urbanization and is also the main area of
population inflow. In 2021, the permanent resident population rate in Beijing, Tianjin and
Hebei were 87.5%, 84.88% and 61.14%, respectively (Data source: https://data.cnki.net/,
accessed on 15 May 2022). In the future, this region will continue to host population
inflow, with the ecological environment pressure, the contradiction of space resources
utilization and the lack of regional infrastructure caused by urbanization expected to be
more prominent [39].

2.2. Data Source

The data used for evaluating ecological resilience and driving factors of ecological
resilience changes mainly include the Net Primary Production (NPP) data, meteorological
data, topographic condition information, land use/land cover data, gridded GDP and
population data, and carbon emission data. The NPP data for the years 2000–2020 with
a spatial resolution of 500 m was derived from the MODIS MOD17A3HGFV06 product of
vegetation NPP. The daily temperature and precipitation station monitoring data for the
years 2000–2020 were obtained from the National Meteorological Information Center, and
then the annual average temperature and precipitation were calculated and interpolated
into a 1 km grid based on Kriging interpolation. The digital elevation model (DEM) and
land use/land cover, population density and GDP per unit area with a spatial resolution of
1 km for the years 2000, 2005, 2010, 2015 and 2019 (using the population and GDP of 2019
to approximately represent that of 2020 due to data availability) were obtained from the
Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences. The
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CO2 emission data for the years 2000–2020 with a spatial resolution of 1 km were derived
from the Open-source Data Inventory for Anthropogenic CO2 (ODIAC) datasets. All the
data were interpolated or resampled into 1 km × 1 km resolution.

2.3. Method

In the quantification of ecological resilience, an evaluation index is built in this study.
The resilience assessment results are classified with the natural breaks method as an objec-
tive classification method and in the impact factor analysis, a multiple linear regression
model is adopted. For the resilience evaluation index, NPP is selected as the resilience
surrogate. The evaluation model is constructed from two dimensions, including sensitivity
and adaptability of urban ecosystems, to capture the two key mechanisms of resilience,
namely resistance and recovery [27].

Sensitivity is the system’s responsiveness to disturbance during normal operation. For
a particular ecosystem, sensitivity is defined as the degree to which an ecosystem responds
to disturbances such as climate change [40–42]. In this study, NPP is used to characterize
ecosystem function. System sensitivity is represented by the interannual fluctuations of
NPP from 2000 to 2020 to reflect the degree of dispersion of NPP from the average. The
calculation formula is as follows:

S =
∑n

i=1
∣∣Pi − P

∣∣
P

(1)

where i is the year (n = 21), Pi is the NPP value in year i. P is the mean value of NPP. S is
the sensitivity index, which reflects the dispersion of NPP relative to the mean value over
a specific time period.

Adaptability is the ability of a system to maintain and restore its structure in the
face of disturbances [43]. Ecosystem adaptation, which is the self-regulation mechanism
of an ecosystem, can be regarded as a measure to keep the system in a relatively stable
state. In a certain period, the trend of variability of an ecosystem is used to measure its
departure from homeostasis, which can be called ecosystem adaptation. If the variability
trend decreases or does not change, the system tends to be relatively stable. Increased
variability indicates that unstable systems adapt to changes and may indicate increased
vulnerability [3,44]. Over a certain period, ecosystem adaptation, the self-regulating capac-
ity of the system, can be expressed as the slope of a linear trend line fitting the interannual
variability of NPP. In this study, adaptation is represented by the slope of a linear fitting
trend line for the interannual variability of NPP from 2000 to 2020:

y = Ax + B (2)

A =
n ∑ xy − (∑ x)(∑ y)

n ∑ x2 − (∑ x)2 (3)

where x is the time series from 2000 to 2020, y is the annual change rate of NPP, which is
the annual absolute value change of NPP. It is the annual value of NPP minus the average
value of NPP from 2000 to 2020. A is the changing trend of NPP variability, which is the
regression slope of data sets y and x and indicates ecosystem adaptability; B is the intercept.

Resilience is a function of the characteristics, amplitude, and range of change rate,
as well as the sensitivity and adaptability of the ecosystem [27,45]. Resilience is nega-
tively correlated with sensitivity and positively correlated with adaptability. The levels
of adaptability, sensitivity and resilience in each region are relative, and the sensitivity
and adaptability calculated according to the preceding formula may not be in the same
dimension. To analyze regional differences in resilience, the calculation results of sensitivity
and adaptability should be standardized respectively before resilience calculations [46].
The resilience formula is as follows:

R = A − S (4)
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where R ecosystem resilience, S is sensitivity index, A is adaptability index.

3. Spatial Pattern of Urban Ecological Resilience in the BTHUA Region

The urban ecological resilience in the BTHUA region ranges from −0.23 to 0.74, with
the mean value being 0.48, and is classified with the natural break method (Figure 2). The
results show that during 2000–2020, urban ecological resilience in the BTHUA demonstrates
discontinuous regional variance and a relatively small degree of dispersion, with the
coefficient of variation being 0.1036. The overall spatial pattern is characterized by high
resilience in the northwest and relatively low resilience in the southeast. Most of the
regions are at middle-to-high ecological resilience levels, indicating high resilience in the
Beijing-Tianjin-Hebei region over the past twenty years, which could be attributed to the
improvement of the ecological environment in this region, especially since the coordinated
development from 2015 during the 13th Five-Year-Plan period (2016–2020).

 
Figure 2. Spatial pattern of urban ecological resilience in the BTHUA region.

High resilience areas are concentratedly distributed and account for 40% of the whole
region, mainly contributed by Zhangjiakou and Chengde city, as well as areas along the
Taihang mountains in Baoding, Shijiazhuang, Xingtai and Handan cities in Hebei Province.
This is consistent with the function orientation of Hebei Province as the “ecological envi-
ronment support area” in the BTHUA region. While Beijing is mainly covered by high
and middle-high resilience areas, with north and southwest Beijing being more resilient
than the southeast. The good resilience performance in Beijing is also consistent with
Beijing’s development orientation in this region to serve as the “ecological restoration and
environmental improvement demonstration area”. Along the coastal lines in Qinhuangdao,
Cangzhou and Tangshan, there are also areas with high resilience.

The middle-high resilient regions cover 27% of the whole region and are relatively
concentrated in Beijing, Tianjin, coastal regions in Hebei Province and areas along the
Taihang mountains. Areas with middle resilience account for 27% of the whole region
and are relatively concentrated in south Hebei. Middle-low resilience regions account for
5% of the study area and are distributed in Tianjin and south Hebei. Low resilience areas,
accounting for less than 1%, are scattered across the region, with continuous distributed
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low resilience mainly in the southeast corner of Handan, northwest of Xingtai, southwest
of Shijiazhuang, northeast of Cangzhou, central Baoding, north Tangshan in Hebei and
middle and south Tianjin. This is attributed to the vegetation reduction along with land-use
change induced by urbanization in these areas.

As for land-use type, areas with high resilience are mainly forest and grassland; middle-
high areas are grassland, waterbody and cultivated land; middle resilience areas are mainly
grassland, cultivated and built-up land; and middle-low and low resilience areas are mainly
cultivated and built-up land. The empirical results in this region show that cultivated and
built-up land, disturbed by anthropogenic activities, demonstrates higher ecological risk
and lower resilience. These lands with lower resilience are mainly located in the plain
area of the BTHUA region between the Taihang mountains in the northwest and coastal
lines in the southeast, covering southeast Beijing, central Tianjin, Shijiazhuang, central
Tangshan, Qinhuangdao, Handan, Xingtai, Hengshui, Cangzhou, southeast Baoding, and
Langfang cities in Hebei. These areas are also the highly urbanized areas in this region with
dense populations, and they carry the burden of regional socio-economic development.
However, the areas with high forest and grassland coverage are less influenced by human
disturbance and exhibit high resilience levels. These areas are mainly in the Taihang
mountains, Yanshan mountains, and Bashang grassland in mountain hill regions; forest
and grassland can conserve water, clean air, regulate climate, and improve greening rate,
forest coverage, air quality and biodiversity, generating positive ecological benefits.

Our findings show that high ecological resilience areas are mainly located in ecolog-
ical land use-dominated areas, for example, mountain hills with forest landscapes. This
indicates that during urbanization, ecological land is better preserved and subjected to less
disturbance, and low resilience is mainly in built-up and cultivated land of plain areas.
Though cultivated land has certain ecological regulating functions, contributing to ecologi-
cal resilience and anthropogenic use of cultivated land, for example, pesticide application
and mechanized production as well as intensive and irrational use, can cause ecological
damage and reduce the resilience of ecosystems. The ecological benefits of built-up land
are limited. If the development mode is not reasonable, for example, extensive built-up
land use, which will result in the disorderly spread and expansion of built-up land, it will
increase the negative impact on the ecosystem. Therefore, during urbanization, ecological
protection and restoration projects should be implemented to conserve ecological land by
protecting forests, grasslands, wetlands, and other key ecological resources, and to improve
ecosystem function and stability.

For now, China is implementing ‘Planning for Major Ecological Protection and Restora-
tion Projects in the Northern Sand Control Belt (2021–2035)’ in the study region (Source:
http://www.gov.cn/zhengce/zhengceku/2022-01/14/content_5668161.htm, accessed on
15 June 2022), to promote comprehensive ecological management in Zhangjiakou, Chengdu,
Yanshan and Taihang mountains and Baiyangdian in Xiongan New District in Baoding.
According to this plan, by 2035, the quality and stability of natural ecosystems such as
forests, grasslands, rivers and lakes, wetlands and deserts will be significantly improved
to enhance ecological service and resilience. This will help achieve carbon peak and car-
bon neutrality and build an ecological security barrier in northern China, laying a solid
ecological foundation for realizing the goal of building a beautiful China. While this
study consolidated the necessity of implementing such a plan, its effects on ecological
resilience-building deserve further research attention.

4. Impact Factors of Urban Ecological Resilience in the BTHUA Region

To analyze the correlation between urban ecological resilience and its impact factors
(Table 1), a multiple linear regression model is built. Impact factors are selected based
on previous studies and data availability. In this study, we try to include both physical
geographical and socio-economic factors. For biophysical factors, climate factors including
temperature and precipitation play important roles in the formation of ecosystem structure
and function. They directly impact the growth of vegetation and thus tend to impact
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ecological resilience. In the study region, the annual mean temperature is decreasing from
the southeast to the northwest (Figure 3a), while precipitation is concentrated in east Hebei
plain and south Hebei (Figure 3b). Vegetation coverage is also significantly affected by
topography and correlated with elevation and slope. The topography of the study region is
high in the northwest and low in the southeast, tilting from the northwest to the southeast
(Figure 3c). The slope rises from the southeast to the Taihang Mountains and drops to the
northwest after the Taihang Mountains (Figure 3d).

Table 1. Descriptive statistics of resilience impact factors.

Variable Unit Obs. Mean Std. Dev. Min Max

Temperature 10 ◦C 145,490 0.97 0.40 0 1.50
Precipitation 1000 mm 145,490 0.40 0.18 0 0.66

Elevation 1000 m 145,490 0.34 0.49 0 2.72
Slope 10◦ 145,490 0.24 0.27 0 2.68

Population 100 person/km2 145,490 2.86 6.77 0 194.13
GDP Million yuan/km2 145,490 14.90 85.39 0 4668.85

Carbon emission 100 ton/km2 145,490 0.50 8.90 0 1690.38
Percentage of
built-up land % 145,490 0.01 0.02 0 0.10

Socio-economic factors, including population, GDP, carbon emission, and built-up
land, mark the impact of human activities on the urban ecosystem. As an important
approach to regional sustainable development, urban resilience is a coordinated and opti-
mized combination form of multiple factors such as economy, population, land and market.
Among them, the built-up area is the spatial carrier of regional resource convergence and
diffusion, which influences urban resilience through multiple forms of resource combina-
tion. Reasonable population spatial pattern and economic development pattern are the
main ways for cities to deal with natural disasters and urban diseases. In the study region,
the selected socio-economic indicators all show the characteristics of clustering towards the
urban center (Figure 3e–h).

The multiple linear regression results show that from the biophysical side, ecological
resilience in the BTHUA region decreases with the increase of temperature and precipitation,
showing that ecosystems in the high temperature and heavy rainfall areas in this region
are less stable. Resilience decreases by 0.0389 for every 10-degree Celsius increase in
temperature, and by 0.0089 for every 1000 mm precipitation increase, and the results are
significant with a P value less than 0.001 (Table 2). Elevation and slope determine the spatial
distribution of vegetation types to a large extent, and the degree of ecological resilience
increases with the increase of average elevation in the region, with a 0.0093 increase in
ecological resilience for every 1000 m elevation increase. In addition, ecological resilience
in the study region increases by 0.0303 with every 10-degree slope increase. The system
resilience is significantly correlated with topography (with P values both less than 0.001).

However, from the socio-economic side, urban ecological resilience is positively related
to GDP and negative related to population and built-up land. For every extra 100 people
per unit km2 area, resilience decreases by 0.0187%, while when built-up land expands,
resilience tends to decrease significantly. For every 1 million increases in GDP per unit km2

area, resilience increases by 0.00187%. It shows that the level of economic development
has a significant positive impact on urban resilience. This can be attributed to the high
overall economic development level in the BTHUA region; resources could be allocated to
technological (new technologies that increase resources efficiency and reduce pollution) and
institutional (stringent environmental protection policies and enforcements) advancement,
generating benign ecological and environmental effects.
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Figure 3. Spatial pattern of resilience impact factors. (a) temperature; (b) precipitation; (c) elevation;
(d) slope; (e) population; (f) GDP; (g) carbon emission; (h) built-up land.
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Table 2. Regression results of the resilience impact factor analysis.

Ecological Resilience Coef. Std. Err. T Value P > |t| [95% Conf.] [Interval]

Temperature −0.0389109 0.0003445 −112.94 0 −0.0395862 −0.0382357
Precipitation −0.0089104 0.0006421 −13.88 0 −0.010169 −0.0076518

Elevation 0.0093375 0.000271 34.46 0 0.0088064 0.0098687
Slope 0.0303164 0.0004737 63.99 0 0.0293879 0.0312449

Population −0.0001872 0.0000214 −8.76 0 −0.000229 −0.0001453
GDP 0.0000187 1.56 × 10−6 11.98 0 0.0000156 0.0000218

Carbon emission 7.94 × 10−6 0.0000128 0.62 0.536 −0.0000172 0.0000331
Percentage of built-up land −0.2533065 0.0072481 −34.95 0 −0.2675127 −0.2391003

Constant 0.5158112 0.0004737 1088.84 0 0.5148827 0.5167396

Along with urbanization in this region, ecological resilience decreases with popula-
tion boost and built-up land expansion and increases with GDP growth; this indicates
that, though urban expansion takes up resources, causes pollution and reduces ecological
resilience, with technological and institutional progress generated by economic growth,
the negative environmental impact could be mitigated and we could eventually reach the
coordinated development of social economy and ecological environment. In addition, as
ecological resilience is calculated from NPP change, it shows the destruction of vegetation
by population expansion and urbanization. However, such damage could be mitigated
by technological advances and institutional change along with economic development.
The results in this study are consistent with mainstream environmental theories such as
the Porter Hypothesis (the Porter Hypothesis holds that strict environmental standards
stimulate innovation and improve environmental quality to offset the conflict between
economic development and environmental protection [47,48]. Interpretations of the Porter
Hypothesis show that stringent environmental regulations boost the environmental ser-
vices sector, induce technological innovation, and provide some firms with an early mover
advantage; large firms benefit more than small firms because of their lower compliance
costs [49]), the Environmental Kuznets Curve (the Environmental Kuznets Curve (EKC)
holds that economic modernization will reconcile the conflict between economic and envi-
ronmental interests [50]. EKC is about the relationship between environmental degradation
and growth at different levels of economic development. At low levels of income, peo-
ple pay attention to growth and worry little about the environment, so growth produces
degradation; at higher incomes, people pay more attention to the environment compared
to growth, therefore degradation declines with increasing incomes, making the relationship
between growth and degradation takes the shape of an upside-down U) and Ecological
Modernization (Ecological Modernization is a model of environmental governance orig-
inating from Europe in the 1980s, which holds that the capitalist economy could solve
this problem through technological advances that mitigate the trade-off between economy
and environment, with the participation of civil society actors in addition to state and
market actors in a democratic setting [51–53]. According to ecological modernization
theory, the conflict between industrial development and environmental protection could be
resolved through environmental innovation without fundamental changes to production
and consumption) theories.

5. Discussion and Conclusions

In this study, with the BTHUA as the case study area, urban ecological resilience and its
spatial pattern are assessed to quantify the ecological impacts of urbanization. The results
of the ecological resilience assessment show high ecological resilience areas are mainly in
ecological land with forest and grassland as the main landscape. Therefore, it is important
to protect key ecological resources to improve resilience through the provision of ecosystem
services [54]. The current “Planning for major ecological protection and restoration projects
in the northern sand control belt” in this region should be duly implemented. In addition, as
the results indicate the difference in spatial resilience pattern, with the overall spatial pattern
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being characterized by high resilience in the northwest and relatively low resilience in the
southeast, future development in the BTHUA region should adhere to the spatial orientation
of regional coordinated development, which position Hebei as the ecological support area
and Beijing as the ecological restoration demonstration area. This also indicates that the use
of geospatial information on resilience could provide effective management references [55].

The resilience impact factor analysis integrates both natural-physical and socio-economic
indicators. From the physical side, climate and topographical factors are found to have
a significant impact on urban ecological resilience. From the human side, the economy,
population and land use are also correlated with urban resilience. The empirical case in the
BTHUA region indicates that along with urbanization, ecological resilience is negatively
related to population and built-up land expansion and positively related to GDP growth. To
explore the reasons for such an impact, although urban expansion utilizes resources, causes
pollution and reduces resilience, economic growth and technological and institutional
advancement could mitigate negative ecological impact. The findings are consistent with
the Environmental Kuznets Curve, the Porter Hypothesis, and Ecological Modernization
theory and the like, which also examine the environmental/ecological impact of socio-
economic development. With further economic development in this area, the environmental
and ecological burden could be eased with advanced technology and stringent regulation.
The carbon neutrality scheme, for example, is a case in point, as it promotes technological
(e.g., energy efficiency increase, electrification, renewable energy technology, etc.) and
institutional changes (e.g., carbon pricing, carbon tax, carbon market, green finance, etc.) to
conserve resources and reduce pollution.

The empirical results in this study provide important policy references for future
urbanization, carbon neutrality, resilience building and urban ecological management in
this region in specific and in China in general. With the findings on the ecological impact
of urbanization in this study, future urbanization in China should integrate the concept
and principles of ecological civilization into the whole process of urbanization and pursue
a new type of urbanization characterized by an intensive, smart, green and low-carbon
growth pattern (both ecological civilization and new-type urbanization are political dis-
courses in China. Ecological civilization was first introduced into Chinese ideology in
2007 at the 17th Congress of the Communist Party, endorsed by President Xi in 2013 in
environmental law and policy-making and written into the constitution in 2018. It aims at
solving ecological and environmental problems with technological innovation as well as
improved governance institutions. New-type urbanization is a guideline put forward in
the report of the 18th National Congress of the Communist Party. New-type urbanization
is characterized by urban-rural integration, city-industry interaction, conservation and
intensification, ecological livability and harmonious development. It is characterized by
coordinated development and mutual promotion of large, medium and small cities, small
towns and new-type rural communities). With the carbon neutrality program expecting to
drastically change the industrial structure as well as urban-rural relations, it is very impor-
tant for the future urban development mode to find a realistic path of carbon neutrality
from the coordination of urban and rural ecology. Carbon neutrality itself would contribute
to the strengthening of urban resilience, and urban resilience governance should focus on
all urban subsystems, including economic, social, natural and built-up environment, etc.,
as system elements interacting with each other and contributing to the emergence of the
complex urban system.

To explore the change mechanism of urban ecological resilience from the perspective of
resilience characteristics and the temporal and spatial differences of urban ability to prevent
and defuse ecological risks, we clarify that the important task of ecological governance in
urban zones is a favorable way to realize ecological risk prevention and control in resilient
cities. In previous studies, resilience assessment can be categorized into two groups:
compound index systems that capture as many resilience characteristics as possible and
the use of a single indicator as a resilience surrogate. Though compound index systems
excel in capturing complex resilience characteristics, they are generally based on static
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indicators and describe system states. However, for single indicator evaluation, threshold-
crossing can be measured. In this study, the change rate of NPP is measured to characterize
threshold-crossing. In addition, the resilience surrogate methods that use a single indicator
require fewer data and are more operable in empirical studies. The resilience evaluation
index in this study can easily be applied in other cases with available data.

The urban ecological resilience index we built is a methodological contribution as
well as a new conceptualization of ecological resilience, which uses the NPP change to
quantify the sensitivity and adaptability of urban ecosystems to shocks. With the urban
system as a special type of ecosystem that integrates human activities with natural habitat,
and with its complex adaptive system nature, the analysis in this study integrates urban
elements in different dimensions and analyzes their impact on urban ecosystem resilience.
The application of complex adaptive system theory in ecosystem resilience research is also
one of the theoretical contributions of this study to further bridge social–physical complex
networks, as previously done by Cavallaro et. al. [56]. One empirical advantage of this
study is that it was conducted on a grid-scale, while most other urban resilience research
is done on a prefectural city level. Further, as we were constrained by the availability of
grid-scale socio-economic data, which generally depend on administrative statistical units,
some key factors (for example, industrial structure) might be omitted in this research. This
constitutes our future research agenda, provided that fine-scale data are available or when
the research is conducted upscale.
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Abstract: The Bashang Plateau is the core zone of the agro-pastoral ecotone in northern China and
represents an ecological barrier for preventing the invasion of wind-blown sand in the Beijing–Tianjin–
Hebei region. Increasing plant cover to control soil erosion is an effective measure to address land
degradation; however, plant cover is different from climatic conditions. In this study, we determined
the optimal spatial distribution of Populus simonii Carr., which is a widely planted species used
for revegetation on the Bashang Plateau. A modified Biome-BGC model was used to simulate the
dynamics of the net primary productivity (NPP), actual evapotranspiration (AET), and leaf-area
index (LAI). The model was validated using field-observed tree-ring and MODIS AET and NPP data.
The dynamics of AET, NPP and LAI for P. simonii at 122 representative sites in the study area for
the period 1980–2019 were simulated by the validated model. The results showed that the spatial
distributions of mean AET, NPP, and LAI generally decreased from southeast to northwest. The
ranges of optimal plant cover in terms of maximum LAI for P. simonii were 3.3 in the Fengning–
Weichang area, 1.9 in the Shangyi–Zhangbei–Guyuan area and 1.3 in the Kangbao area. Mean annual
precipitation (MAP), elevation, soil texture and mean annual temperature were the main factors
influencing the distribution of AET, NPP and LAI. As the MAP decreased, the correlations between
AET, NPP, LAI and precipitation gradually decreased. In different subregions, the factors influencing
optimal-plant-cover distribution varied significantly. These quantitative findings provide the optimal
plant cover for the dominant tree in different subregions and provide useful information for land
degradation management on the Bashang Plateau.

Keywords: Bashang Plateau; Populus simonii forest; optimal plant cover; leaf-area index; Biome-
BGC model

1. Introduction

Afforestation of degraded land is one of the major strategies for improving the ecologi-
cal conditions at the regional levels by controlling soil erosion [1], enhancing soil-vegetation
carbon sinks, maintaining biodiversity [2,3] and regulating hydroclimatic conditions [4].
However, immense afforestation may consume excess water and cause a severe soil water
deficit [5,6], which in turn will negatively affect the ecological functions of vegetation
in semiarid and arid regions. Attaining an optimal plant cover is vital to afforestation
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projects for balancing soil water consumption, fostering plant growth and maintaining the
ecosystem health of restored ecosystems [7,8].

An optimal plant cover is one that reaches the maximum leaf-area index (LAI) in
the given climate–soil conditions and vegetation types without causing a permanent soil
water deficit [9]. Several studies on optimal plant cover for different vegetation types have
been conducted at varying scales ranging from plot and field scales to small watershed
and regional scales using field experiments and numerical simulations in semiarid and
subhumid areas [9–12]. Fu et al. combined field experimental data with the SHAW model
to calculate the optimal cover corresponding to a maximum LAI of 1.27 for C. korshinkii
and 0.70 for S. psammophila in the northern region of China’s Loess Plateau [9]. Mo et al.
used Eagleson’s ecohydrological optimality method to determine the optimal canopy cover
in Horqin Sands of China [8]. In the Northeast China Transect, Cong et al. determined that
the optimal canopy cover for forests equates to 0.822 [13]. However, most field experiments
used in research on optimal plant cover last only 1–3 years and cannot represent variations
in long-term climate characteristics. An eco-physiological process model can estimate
the dynamics of plant coverage using long-term climate records and has proven to be an
effective tool to estimate optimal plant cover. Jia et al. estimated the spatial distributions of
optimal plant cover for three exotic plant species across China’s Loess Plateau using the
Biome-BGC model [12]. The Biome-BGC model has been proven to simulate the optimal
plant cover for typical species in arid and semi-arid regions.

The Bashang Plateau is one of the most vulnerable and sensitive portions of northern
China and is a major source of dust and sand storms that affect Beijing and its surrounding
areas (the Beijing–Tianjin–Hebei region) [14,15]. To prevent further land degradation and
restore degraded lands is especially important in this area. A series of afforestation projects
have been implemented by China’s government over the last four decades [16], e.g., the
Grain-for-Green Program, the Three-North Shelterbelt Program and the Beijing–Tianjin
Sand Source Restoration Project, to address land degradation and improve the regional
ecological environment. Since then, the vegetation cover has dramatically increased, and
wind and sand erosion have been effectively controlled [17,18]. The excessive introduction
of fast-growing plant species with high planting density caused a very large consumption
of local water resources and further aggravated land degradation. Populus simonii Carr. is
the dominant revegetation species used [19]; however, in recent decades, there has been
a great deal of degeneration and death among P. simonii trees. Nearly 80% of the planted
forest is degraded, whereas approximately one-third of it is dead [20]. Drought is associated
with tree mortality at the regional level [21]. Thus, determining the optimal plant cover
for P. simonii under Bashang Plateau conditions is crucial for accelerating recovery and
combating land degradation.

The optimal plant cover for a given vegetation type depends on many factors and
is sensitive to changes in the local environment and climate [12]. There were obvious
subregional differences in climatic and soil conditions in the Bashang Plateau. However,
previous studies have only determined the optimal plant cover and influencing factors at
the regional scale. Few studies analyze the main influencing factors in different subregions.
We hypothesized that the spatial distribution of optimal plant cover for P. simonii showed
heterogeneity and the main influencing factors varied in different subregions. Thus, the
objectives of this research were to (1) determine the spatial distribution of optimal plant
cover for P. simonii in the study area based on long-term variations in net primary pro-
ductivity (NPP), actual evapotranspiration (AET), and LAI for P. simonii using a modified
Biome-BGC model and (2) determine the main factors that influence the spatial distribution
of the optimal plant cover in three subregions with different climate, soil and topography
conditions. This information should be useful in policy decision support for addressing
land degradation through spatially explicit optimal plant cover for the major afforestation
species on the Bashang Plateau of China.

136



Land 2022, 11, 890

2. Materials and Methods

2.1. Study Area

The Bashang Plateau, which is located between 114◦35′~116◦45′ E and 41◦00′~42◦20′ N,
encompasses six counties (Guyuan, Zhangbei, Kangbao, Shangyi, Weichang, and Fengning)
within the northern part of Hebei Province, China (Figure 1). It covers a total area of
18,202 km2 and has an elevation range of 831~2215 m. The Bashang Plateau is characterized
by a continental monsoon climate that is cold, windy, and prone to drought. The mean an-
nual precipitation (MAP) varies from 330 mm in the northwest to 460 mm in the southeast.
The mean annual temperature (MAT) ranges from 1.5 to 5 ◦C, and the annual potential evap-
oration is approximately 880~1000 mm. The soil textures are mainly composed of clayey
and sandy soils. The vegetation types in this area are warm temperate deciduous broadleaf
forest and temperate grassland [22]. The Bashang Plateau is characterized by vulnerable
ecosystems, and various non-native plant species (including Populus L., Ulmus pumila L.,
Pinus tabuliformis Carr., Pinus sylvestris var. mongolica Litv., Larix principis-rupprechtii Mayr.,
Betula platyphylla Suk., Caragana microphylla Lam. and Hippophae rhamnoides L.) have been
introduced in this area in the efforts to restore vegetation. P. simonii, a fast-growing tree
that was cultivated in the 1980s to promote ecological protection, was investigated in this
study. Based on the geographical and ecological characteristics, we divided the Bashang
Plateau into three subregions (Table 1).

Figure 1. The location of the study area and the distributions of the 34 model evaluation sites,
122 simulation sites and precipitation contours in the region.

Table 1. Characteristics of the three subregions in the Bashang Plateau.

Characteristics Region I II III

Location Range Kangbao Shangyi, Zhangbei,
Guyuan Country

The northwest of Fengning,
Weichang Country

Climate Temperature (°C) 1.2 4.3 2.7
Precipitation (mm) 348 420 463

Geo Elevation (m) 1450 1436 1476
Soil type Chestnut soil Chestnut soil Chestnut soil, brown soil
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2.2. Biome-BGC Model Description

The Biome-BGC model is a typical process-based model designed to simulate bio-
geochemical element cycling. It can predict the dynamics of water, carbon, nitrogen and
energy in terrestrial ecosystems with general stand information and daily meteorological
data [23,24]. The model provides complete parameter settings for different biomes (i.e., ev-
ergreen needle leaf, evergreen broadleaf, deciduous broadleaf, shrub, and grass) [23]. Leaf
area determines the potential forest productivity as well as the rainfall partitioning and
evaporation from soil. The LAI is a vegetation state variable that is updated every day on
the basis of the estimated leaf carbon [25]. NPP is partitioned into biomass compartments
according to dynamic allocation patterns based on nitrogen limitations [26]. The effect of
water stress on the rate of photosynthesis and respiration is regulated through stomatal
adjustments to simulate plant growth (Figure 2). A physically based equation (i.e., the
one-dimensional Richards equation with a root water extraction term) was implemented in
water-cycling routines to simulate soil water movement under limited water conditions by
Huang et al. [27]. The inner process of the Biome-BGC model and the rationale have been
described in depth by White et al. and Thornton et al. [23,24]. The original model is not
suitable for coarse soil, and this study has therefore used the modified Biome-BGC model.

 

Figure 2. Detailed flow chart of the Biome-BGC model [28].

2.3. Parameterization of the modified Biome-BGC Model
2.3.1. Meteorological Parameters

Measured values of the daily maximum and minimum air temperature (◦C), precipi-
tation (mm) and relative humidity (%) for 12 meteorological stations inside and around
the study area were provided by the national ground stations of the China Meteorological
Administration. The data were interpolated using thin-plate smoothing splines to produce
maps at a spatial resolution of 1 km for 1980–2019. The MT-CLIM model was used to gen-
erate other necessary meteorological parameters based on the temperature, precipitation,
and humidity data [24].

2.3.2. Soil Hydraulic Parameters

We investigated and measured the soil samples in each subregion under different
topography, soil and vegetation conditions for the model evaluation. The latitude, longitude
and elevation of each site were recorded by a GPS receiver, while the site slope and
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aspect were determined using a geological compass. At each site, several soil points were
randomly selected to collect soil samples. The bulk density (BD), saturated SWC (θs) and
saturated hydraulic conductivity (Ks) at each site were measured using undisturbed soil
cores. Disturbed soil samples were collected using a soil-drilling sampler at depths of
0–0.2 m at each point. Various soil hydraulic parameters are necessary for the modified
Biome-BGC model, and they include the residual soil water content (θr), θs, Ks and the van
Genuchten model parameters (α, n and m). Ks was determined using the constant-head
method, and BD was determined from the volume–dry-mass relationship [29] for each
core sample. The hydraulic parameters θr, α and n were determined using the estimated
soil–water-retention curves with the RETC program for each site [30]. A standard soil
suction of 33 kPa was used to determine the soil water content at field capacity. The
soil characteristic parameters at the simulation sites were based on previously published
data from studies in this area [31–33] and the “National 1:1 million Digital Soil Map”
developed by the Nanjing Soil Research Institute of the Chinese Academy of Sciences and
Soil Environment Department of the Ministry of Agriculture of China. Digital-elevation-
model (DEM) data, ASTER GDEM 30 m, were acquired from the Geospatial Data Cloud
(http://www.gscloud.cn (accessed on 16 May 2022)).

2.3.3. Ecophysiological Parameters

The ecological parameters for P. simonii are summarized in Table 2. These parameters
were derived from field observations for P. simonii by Kang et al. [34] and the published
literature of the genera. Based on the study by Liu et al. [35], the distribution of roots for
P. simonii was determined. The maximum root depth was assumed to be constant at 2 m.

Table 2. The ecophysiological parameters for P. simonii forest used in the Biome-BGC model.

Parameter Value Unit

Woody/non-woody flag 1 (flag)
Evergreen/deciduous flag 0 (flag)

C3/C4 1 (flag)
Model phenology/user specified 1 (flag)

Transfer growth period as fraction of growing season 0.204 (prop.)
Litterfall as fraction of growing season 0.205 (prop.)

Annual leaf and fine root turnover fraction 1 (1/yr)
Annual live wood turnover fraction 0.578 (1/yr)

Annual whole-plant mortality fraction 0.04 * (1/yr)
Annual fire mortality fraction 0 (1/yr)
New fine root C: new leaf C 1.04 (ratio)

New stem C: new leaf C 3.1 (ratio)
New live wood C: new total wood C 0.228 (ratio)

New root C: new stem C 0.22 (ratio)
Current growth proportion 0.437 (prop.)

C: N of leaves 21.2 ** (kgC/kgN)
C: N of leaf litter, after retranslocation 49 (kgC/kgN)

C: N of fine roots 43.2 (kgC/kgN)
C: N of live wood 50 (kgC/kgN)

C: N of dead wood 550 (kgC/kgN)
Leaf litter labile proportion 0.2 (DIM)

Leaf litter cellulose proportion 0.51 (DIM)
Leaf litter lignin proportion 0.29 (DIM)
Fine root labile proportion 0.12 (DIM)

Fine root cellulose proportion 0.54 (DIM)
Fine root lignin proportion 0.34 (DIM)

Dead wood cellulose proportion 0.78 (DIM)
Dead wood lignin proportion 0.22 (DIM)

Canopy water interception coefficient 0.045 * (1/LAI/d)
Canopy light extinction coefficient 0.599 (DIM)

All-sided to projected leaf-area ratio 2 (DIM)
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Table 2. Cont.

Parameter Value Unit

Canopy average specific leaf area (projected area basis) 32 ** (m2/kgC)
Ratio of shaded SLA: sunlit SLA 2 (DIM)

Fraction of leaf N in Rubisco 0.08 * (DIM)
Maximum stomatal conductance (projected area basis) 0.0094 (m/s)

Cuticular conductance (projected area basis) 0.000094 (m/s)
Boundary layer conductance (projected area basis) 0.01 (m/s)
soil water content: start of conductance reduction 0.7 FC (m3 m−3)

soil water content: complete conductance reduction WP (m3 m−3)
Vapor pressure deficit: start of conductance reduction 1100 (Pa)

vapor pressure deficit: complete conductance reduction 3600 (Pa)
Note: * is the default parameter value of the model, ** is the optimized parameter value, and the remaining data
are from the literature [34]. FC is the field water capacity, and WP is the wilting point.

2.4. Validation of the Biome-BGC Model

Tree-ring chronology can record long-term tree growth under natural conditions and
can thus be used as an indicator of NPP for evaluating forest productivity in response
to climate change [36]. A model simulation of the interannual variations in the NPP of
P. simonii forests was tested using the tree-ring-width index (RWI) during 1982–2017 for
P. simonii at the Zhangbei Ertai site derived from the published data of Liu et al. [37]. To
test the performance of the modified Biome-BGC model at the spatial scales of NPP and
AET, the simulated annual mean values of NPP and AET from 2001 to 2019 were compared
with remote-sensing observation data in this study.

MODIS satellite images (MOD 17A3 H v006 and MOD16 A3) with a 500 m resolution
were used to obtain the AET and NPP of the study area for the period from 2001 to 2019.
Image processing was conducted using ENVI 5.1 software. The modified Biome-BGC model
was used to simulate the past NPP and AET and to compare them with the MODIS AET
and NPP. The accuracy of the modified Biome-BGC model was assessed by the coefficient
of determination (R2), mean difference (MD) and root mean square error (RMSE).

2.5. Determination of Optimal Plant Cover

The modified Biome-BGC model was used to simulate annual variations in AET, NPP,
and LAI for P. simonii across 122 representative sites on the Bashang Plateau from 1980 to
2019. Due to seasonal changes in LAI, the optimal plant cover equals the average of the
maximum LAI during the simulation.

2.6. Statistical Analyses

Basic statistical analyses were used to analyze the simulations of AET, NPP and LAI for
each subregion and the Bashang Plateau. Pearson correlation analyses were used to assess
the relationships between AET, NPP and LAI and climate (precipitation and temperature),
soil texture (sand, silt and clay contents) and elevation for P. simonii. A stepwise regression
analysis was used to identify the major variables that accurately predicted the maximum
LAI for P. simonii. All statistical analyses were conducted using SPSS 22.0. Geostatistical
analyses and maps were produced by ArcGIS 10.1.

3. Results

3.1. Model Evaluation

The simulated NPP values for the sample plot in Zhangbei County were consistent
with the interannual variation trend in the RWI during the period of 1982–2017, except in
1998 (r = 0.40, p < 0.05) (Figure 3a), and agreed with the MODIS data during the period of
2001–2017 (r = 0.90, p < 0.01). Regardless, the values simulated by the modified Biome-BGC
model were consistent with the MODIS NPP and ET data during the period of 2001–2019,
and the correlations were significant (r > 0.77, p < 0.01) (Figure 3b,c). The results indicated
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that the temporal dynamics of NPP and AET simulated by the modified Biome-BGC model
were acceptable for P. simonii.

Figure 3. (a) Comparisons between the P. simonii forest NPP based on the Biome-BGC model and
MODIS data for NPP and the tree-ring-width index (RWI) at the Zhangbei Ertai site during the period
of 1982–2017; (b) comparisons between the P. simonii forest NPP based on the Biome-BGC model and
MODIS data and (c) AET based on the Biome-BGC model and MODIS data at the Zhangbei Ertai
sites during the period of 2001–2019.

The comparisons of the annual average MODIS NPP and AET data with those simu-
lated by the modified Biome-BGC model during the period of 2001–2019 for P. simonii at
the regional scale are shown in Figure 4. In the whole Bashang Plateau, the correlations
between the simulated and observed NPP and AET were >0.80, and the MD and RMSE
values were low. For the three subregions, the correlations between the simulated and
observed NPP and AET ranged from 0.72 to 0.94, and the MD and RMSE values were
22.53~35.51 g C m−2 a−1 and 26.29~57.34 g C m−2 a−1 for NPP, and −31.35~33.18 mm and
15.28~60.07 mm for AET, respectively (Table 3). Each subregion showed a low degree of
simulated NPP and AET dispersion. The results thus indicated that the spatial dynamics of
NPP and AET simulated by the modified Biome-BGC model were acceptable for P. simonii.

 
Figure 4. Comparisons of the Biome-BGC modeled (a) NPP, (b) AET and MODIS data for NPP and
AET from 2001 to 2019 on the Bashang Plateau.
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Table 3. Assessment index between the modified Biome-BGC model and MODIS data for NPP and
AET in the study area.

Region NPP AET

MD RMSE MD RMSE
(g C m−2 a−1) (g C m−2 a−1) (mm) (mm)

I 22.53 26.29 11.33 15.28
II −35.24 57.34 −31.35 38.33
III −35.51 52.25 33.18 60.07

Bashang Plateau −25.11 51.94 −8.63 41.88

3.2. Spatial Distributions of AET and NPP

The AET and NPP were simulated by the modified Biome-BGC model using 122 rep-
resentative sites across the Bashang Plateau from 1980 to 2019. The spatial distributions of
the mean values of AET and NPP of P. simonii were then mapped by kriging interpolation
(Figure 5a,b). The AET generally increased from the northwest to the southeast. The annual
average value of the estimated AET was 398.7 mm, with a range of 283.6~532.7 mm and a
spatial variation coefficient of 13.7% (Figure 5a). There were significant differences in the
AET for P. simonii in different subregions, of which zone III had the highest AET (447.8 mm),
and zone I had the lowest AET (323.1 mm). The AET for zone II was 408.7 mm (Table 4).
The spatial pattern of the mean AET was consistent with that of the MAP.

Figure 5. Spatial distribution of the mean (a) AET and (b) NPP and (c) maximum LAI for P. simonii
forest on the Bashang Plateau during 1980–2019.

Consistent with the mean AET, the mean NPP increased from northwest to southeast.
The annual average value of the estimated NPP was 360.5 g C m−2 yr−1, with a range of
191.3~542.7 g C m−2 yr−1 and a spatial variation coefficient of 23.7% (Figure 5b). There
were significant differences in NPP for P. simonii in different subregions. The highest mean
NPP was 435.7 g C m−2 yr−1 in zone III, the mean NPP for zone II was 373.0 g C m−2 yr−1,
and the lowest mean NPP was 251.3 g C m−2 yr−1 for zone I (Table 4).

Table 4. Mean NPP, AET and maximum LAI values simulated by the modified Biome-BGC model
for P. simonii forest in three zones of the Bashang Plateau.

Region n NPP (g C m−2 yr−1) AET (mm yr−1) LAI (m2 m−2)

I 28 251.3 ± 41.9 323.1 ± 28.6 1.3 ± 0.2
II 68 373.0 ± 71.0 408.7 ± 37.5 1.9 ± 0.6
III 26 435.7 ± 27.5 447.8 ± 30.2 3.3 ± 0.2

Note: The values of each property in the table are the average values ± standard deviation for the study sites in
three zones of the Bashang Plateau.
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3.3. Spatial Distribution of the LAI and Optimal Plant Cover

The spatial patterns of the mean maximum LAI of P. simonii were also mapped by
kriging interpolation (Figure 5c). The optimal plant cover was calculated as the mean maxi-
mum LAI of P. simonii during the study period. In accordance with the MAP distribution,
the optimal plant cover generally increased from northwest to southeast, with a range
of 1.0~4.1 m2 m−2. The overall mean optimal-plant-cover value was 2.08 m2 m−2 and
the spatial variation coefficient was 38.7%. The optimal plant cover varied by subregion
(Table 4). It was less than 1.5 m2 m−2 in zone I with a MAP < 350 mm, and the mean value
was LAI = 1.3 m2 m−2. The optimal plant cover ranged from 1.5 to 3.0 m2 m−2 in zone II
with a MAP = 350~450 mm, and the mean value was LAI = 1.9 m2 m−2. The optimal plant
cover was higher than 3.0 m2 m−2 in zone III with a MAP > 420 mm, and the mean value
was LAI = 3.3 m2 m−2.

3.4. Mean AET, NPP and LAI Distribution Factors

Highly significant positive relationships were found between the mean AET and MAP
for P. simonii on the whole Bashang Plateau and in its three subregions (r > 0.965, p < 0.01)
(Table 5), suggesting that the MAP was a main influencing factor of the spatial pattern
of the mean AET on the Bashang Plateau. Furthermore, the mean AET was negatively
correlated with elevation (r = −0.748, p < 0.01), sand content (r = −0.714, p < 0.01) and
mean annual temperature (MAT, r = −0.417, p < 0.01) on the Bashang Plateau. There
were significant differences in distribution factors in different subregions. The mean AET
was significantly positively correlated with the clay (r = 0.635, p < 0.01) and silt contents
(r = 0.689, p < 0.01) and negatively with the sand content (r = −0.659, p < 0.01) and elevation
(r = −0.390, p < 0.01) in zone I (n = 28). The mean AET was significantly correlated with
elevation (r = 0.493, p < 0.01) but negatively correlated with MAT (r = −0.606, p < 0.01)
in zone II (n = 68). A negative correlation was found between the mean AET and sand
content (r = −0.427, p < 0.01) in zone III (n = 26). The influencing factors of the spatial
variation in the NPP for P. simonii on the Bashang Plateau and its subregions were similar
to those of AET except in zone III. NPP was significantly positively correlated with MAT
(r = 0.413, p < 0.01) in zone III (n = 26). The influencing factors of the spatial variation in
the maximum LAI in the three subregions were similar to those of the NPP. However, the
maximum LAI was significantly positively correlated with silt content (r = 0.230, p < 0.01)
and was negatively correlated with sand content (r = −0.550, p < 0.01), elevation (r = −0.531,
p < 0.01) and MAT (r = −0.491, p < 0.01) on the Bashang Plateau (n = 122).

Table 5. Pearson correlation coefficients between mean ET, mean NPP, maximum LAI, climate
variables, and soil texture on the Bashang Plateau.

Region n Variable
MAP
(mm)

MAT
(◦C)

Clay
(%)

Sand
(%)

Silt
(%)

Elevation
(m)

I 28
AET 0.998 ** −0.228 0.635 ** −0.659 ** 0.689 ** −0.390 *
NPP 0.990 ** −0.208 0.603 ** −0.631 ** 0.669 ** −0.447 *
LAI 0.990 ** −0.210 0.605 ** −0.633 ** 0.671 ** −0.446 *

II 68
AET 0.986 ** −0.606 ** −0.130 0.147 −0.172 0.493 **
NPP 0.929 ** −0.737 ** −0.070 0.084 −0.106 0.320 **
LAI 0.880 ** −0.611 ** −0.061 0.082 −0.117 0.443 **

III 26
AET 0.965 ** 0.001 0.350 −0.427 ** 0.354 0.256
NPP 0.698 ** 0.413 ** 0.138 −0.234 0.210 −0.217
LAI 0.708 ** 0.388 ** 0.174 −0.238 0.203 −0.194

Bashang
Plateau

122
AET 0.974 ** −0.417 ** 0.193 * −0.714 ** −0.054 −0.748 **
NPP 0.950 ** −0.514 ** 0.174 * −0.672 ** 0.016 −0.686 **
LAI 0.847 ** −0.491 ** −0.130 −0.550 ** 0.230 ** −0.531 **

Note: * = Significantly correlated at p < 0.05, ** = Significantly correlated at p < 0.01.

A stepwise regression analysis was further used to determine the relationship between
the maximum LAI for P. simonii and the dominant climatic, soil and topography variables
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(Table 6). For the whole Bashang Plateau, the MAP, sand and silt contents explained
79.7% of the spatial variation in the maximum LAI (p < 0.01). However, for zone I with
a MAP < 350 mm, the MAP and elevation explained 98.5% of the spatial variation in the
maximum LAI (p < 0.01). For zone III with a MAP > 420 mm, 77.5% of the spatial variation
in the maximum LAI was explained by the MAP and MAT (p < 0.01). Additionally, 78.1%
of the spatial variation in the maximum LAI was explained by the MAP (p < 0.01) in zone
II with a MAP = 350~450 mm.

Table 6. Stepwise regression for the major variables influencing the spatial distribution of the mean
maximum LAI for P. simonii forests on the Bashang Plateau.

Region Regression Equation R2 F p n

I LAI = −0.748 + 0.007 × MAP − 0.0002 × ELV 0.985 865.40 0.000 ** 28
II LAI = −3.334 + 0.013 × MAP 0.781 267.16 0.000 ** 68
III LAI = 0.809 + 0.005 × MAP + 0.109 × MAT 0.775 29.895 0.000 ** 26

Bashang Plateau LAI = −0.05 + 0.014 × MAP + 0.018 × Sand + 0.026 × Silt 0.797 173.08 0.000 ** 122

Note: MAP = mean annual precipitation; ELV = elevation; MAT = mean annual temperature; Sand = sand content;
Silt = silt content; ** = Significantly correlated at p < 0.01.

4. Discussion

4.1. Model Validation

The performance of the modified Biome-BGC model was evaluated by comparing it
with the MODIS AET and NPP on both a local scale and a regional scale. Furthermore, the
RWI was used to evaluate the simulated annual NPP based on the modified Biome-BGC
model. It was demonstrated that the temporal and spatial dynamics of AET and NPP for
P. simonii could be rationally simulated on the Bashang Plateau. The modified Biome-BGC
model could be used to calculate the LAI for P. simonii considering the strong correlations
among the AET, NPP, and LAI [38–41].

The MODIS data and simulated values differed for some study sites for P. simonii,
which may have been due to limitations in the observed data. For zone I and zone II,
some of the study sites were shelter forests planted at equal intervals with low coverage,
which may have resulted in overestimations of the plant coverage for the study sites. For
zone III, relatively few sites were sampled, and the soil data required for the modified
Biome-BGC model were acquired from the Harmonized World Soil Database. The RWI of
P. simonii was consistent with the NPP simulated by the modified Biome-BGC model in the
Zhangbei area except for some dry years. This result may be caused by the number of tree
ring samplings and the differences in tree growth of P. simonii. Another limitation of the
simulated values was related to the uncertainty of the eco-physiological parameters used
as model inputs. Some of these parameters were taken from Kang et al. [34] rather than
from measurements made under the different climate and soil conditions at the study sites,
which might have led to inaccurate estimations of AET and NPP [23,42]. Regardless, based
on the three metrics (MD, RMSE and R2) for the observed and simulated AET and NPP, the
modified Biome-BGC model has been proven to be an appropriate tool for simulating the
relationships among climate, soil, and vegetation on the Bashang Plateau.

4.2. Spatial Variations in AET and NPP and the Influencing Factors

The spatial pattern of the mean AET on the Bashang Plateau was governed by a
decrease in the MAP values from the southeast toward the northwest. The Pearson corre-
lation coefficients between the AET and MAP ranged from 0.965 to 0.998, indicating that
MAP was the major factor controlling the AET in the study area. Zhang et al. [11] and Jia
et al. [12] found that the long-term mean AET and MAP were well-correlated for dominant
species on the Loess Plateau. Liu et al. [43] reported that precipitation was the main driver
of spatiotemporal changes in AET in semiarid and arid areas of China. These results are
consistent with the findings of our study. Because groundwater levels in the semiarid
plateau are generally 10–11 m below the land surface, precipitation is the main source of
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soil water on the Bashang Plateau. A negative correlation was found between the mean
AET and MAT, and the result is consistent with the study of Ma et al. [44] and Zhu et al. [45].
The reason for this result is that the AET in the study area is mainly controlled by the MAP
and may also be affected by the actual sunshine duration and wind speed; therefore, the
MAT has a limited influence on the AET. Additionally, the narrow range of the MAT may
reduce the possibility of detecting significant variations in the AET in the study area. A
positive correlation was found between the mean AET and clay content, and a negative
correlation was found with the sand content. This finding is consistent with the study of
Jia et al. [12]. Soil texture strongly influenced the AET [46]. This result was mainly due to
the effect of soil texture on soil water storage. Khakural et al. [47] found that soil water
storage was positively correlated with silt and clay contents but was negatively correlated
with sand content. Fine soil texture has high water holding capacity, high available soil
water and low drainage loss, and hence, a higher AET [12]. A negative correlation was
found between the mean AET and elevation, indicating that elevation had a negative effect
on the AET in the Bashang Plateau. This effect may be due to the fact that high elevation
was correlated with a low MAT and hence a low AET [48,49].

In different subregions, the factors influencing AET distribution varied significantly.
As the MAP decreased, the correlations between AET and precipitation gradually decreased.
This result indicated that the influence of precipitation on the dynamic change of evapo-
transpiration decreased as precipitation increased. In drier areas, rainfall directly impacts
water availability, thus affecting the AET. In zone I with a MAP < 350 mm, in addition to
MAP, the AET was mainly affected by soil properties and elevation. This result was due to
soil properties affecting soil water availability and hence affecting the AET in this area with
limited precipitation [50,51]. There was no correlation between the AET and MAT because
the region is drier than other regions and the water is the main limitation. For zone II with
a MAP = 350~450 mm, the AET was mainly affected by the MAP, MAT and elevation but
had no significant correlation with soil properties. This result may be because there was
no obvious difference in soil properties in this region, and the simulation results failed to
reflect the effect of soil texture on the AET. In zone III, with a MAP > 420 mm, in addition
to MAP, the AET was negatively correlated with sand content. Sand content affected the
AET by affecting the soil water holding capacity [52]. There was no correlation between
the AET and MAT because the elevation in this region is relatively higher and no obvious
differences exist. The influencing factors of the spatial variation in the NPP on the Bashang
Plateau and in in zone I and zone II were similar to those of the AET. There was a strong
correlation between the NPP and AET [53,54]. However, in zone III, a semi-humid region,
the NPP was positively correlated with MAP and MAT but not significantly correlated with
soil properties. The increase in temperature was conducive to P. simonii growth in zone III
due to the low temperature. This finding is consistent with the studies of Cui et al. [55] and
Chen et al. [56]. The temperature produced a greater effect on the NPP in humid regions
than in arid regions.

4.3. Optimal Plant Cover and the Influencing Factors

The LAI for P. simonii was simulated by considering variations in the long-term climatic
conditions throughout the period of 1980–2019. The optimal maximum LAI in the study
area indicated that the plant-cover ranges were LAI = 1.3 for Kangbao, LAI = 1.9 for
Shangyi–Zhangbei–Guyuan and LAI = 3.3 for Fengning–Weichang. The simulated values
for P. simonii were within the LAI range of 0–6.2 with a mean of 2.14 given by Zhu [57] for
vegetation on the Bashang Plateau. The optimal plant cover (expressed by the maximum
LAI) was similar to that given by Jia et al. [12], with an LAI = 1.1–3.5 for deciduous broadleaf
forests on China’s Loess Plateau. This is because parts of the Loess Plateau and Bashang
region of Hebei Province are located in China’s agro-pastoral transitional zone and have
similar climate and soil conditions.

The optimal-plant-cover variation showed significant regional differences in the study
area. The maximum LAI for P. simonii indicated that the optimal plant cover with the lowest
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values was distributed in the west and higher values were distributed in the east of the
Bashang Plateau. Precipitation was the key factor controlling the annual maximum LAI for
P. simonii in the Bashang Plateau. Zhao et al. [58] reported that the precipitation gradient
is the most important driver of LAI. As the MAP decreased, the correlations between
the LAI and precipitation gradually decreased. Precipitation has a greater impact on soil
water availability in drier regions, which indirectly affects plant growth [59]. In addition
to precipitation, sand and silt contents were the main factors affecting the maximum
LAI spatial distribution in the study area. This finding is consistent with the study of
Jia et al. [12]. Coarse-textured soils have low water-holding capacity, high drainage loss
and low soil water storage for plant growth. However, there is a lower moisture limit for
plant growth on a medium-textured soil due to its water-retention characteristics [46,60].

The major factors influencing spatial distribution of optimal plant cover showed sig-
nificant regional differences in the study area. In addition to the MAP, the mean maximum
LAI of P. simonii in zone I was highly influenced by elevation, as it modulated the climate
and/or water availability in this area with low precipitation and temperature levels. This
result is consistent with the report of Jia et al. [12]. The maximum LAI was strongly affected
by precipitation in zone II. The spatial variation in the mean maximum LAI was strongly
correlated with temperature for P. simonii in zone III since the precipitation resources could
satisfy P. simonii growth and the temperature was relatively low in this area. Similar to our
findings, Kong et al. [61] found that the influence of temperature on vegetation variation
in high latitude or mountainous regions was strong. According to the above results, the
MAP, MAT, soil texture, and elevation are reliable indicators of the optimal plant cover of
P. simonii in the Bashang Plateau.

4.4. Implications for Afforestation and Forest Management

Increasing vegetation cover is one of the most effective methods of countering land
degradation. Introduced species such as P. simonii were widely planted mainly because
they grow faster than native tree species and provide sand-fixation functions within a
short period of time. Zhang et al. [19] found that at a P. simonii stand age of 40 years,
the near-surface wind speed is reduced by more than 80%, while the surface coverage
exceeds 70% and the wind erosion volume is nearly zero. Previous studies also found that
planting P. simonii could improve soil conditions and the microclimate [62,63]. The P. simonii,
however, is a species with high water consumption [64], and excessive planting of P. simonii
increases the soil water deficit, consequently resulting in poor plant growth. As a result,
an optimal plant cover is vital to maintain water balance and vegetation sustainability. In
this study, the optimal plant cover for P. simonii was determined by the modified Biome-
BGC model in the Bashang Plateau. Recent studies have shown that artificial mixed
forests reasonably utilize forest resources and play a certain role in promoting nutrient
accumulation compared with artificial pure forests. In this study, however, we considered
the optimal plant cover of P. simonii pure forests because of the limitations of the model
mechanism. Our research on the optimal plant cover of mixed forests will be strengthened
in the future.

5. Conclusions

In this study, the AET, NPP and maximum LAI dynamics of P. simonii were simulated
by the modified Biome-BGC model in the Bashang Plateau. The spatial distributions of
optimal plant cover were determined by the maximum LAI. Model simulations confirmed
the following scientific hypotheses of the present study: (1) The optimal plant cover
for P. simonii was spatial heterogeneity on the Bashang Plateau. In general, the spatial
distributions of the mean AET, NPP and maximum LAI increased from northwest to
southeast. The optimal plant cover for P. simonii was 3.3 in the Fengning–Weichang area
(MAP > 420 mm), 1.9 in the Shangyi–Zhangbei–Guyuan area (350 mm < MAP < 450 mm)
and 1.3 in the Kangbao area (MAP < 350 mm). The MAP, elevation, soil texture and
MAT were the main factors influencing the AET, NPP and maximum LAI. (2) The factors
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influencing the spatial distributions of the mean AET, NPP and maximum LAI were
different for each subregion. For all subregions, the spatial variations in AET, NPP, and
maximum LAI were primarily affected by precipitation. As the MAP decreased, the
correlations between the AET, NPP, LAI and precipitation gradually decreased. In addition
to precipitation, soil texture and elevation were the main influencing factors for the AET,
NPP and LAI of P. simonii in zone I. Elevation was the main influencing factor for the
AET, NPP and LAI of P. simonii in zone II. MAT was the main influencing factor for the
NPP and LAI of P. simonii, while sand content was the main influencing factor for the
AET of P. simonii in zone III. These quantitative results indicating optimal plant cover and
influencing factors for different subregions on the Bashang Plateau could provide important
guidance for non-native vegetation restoration.
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Abstract: Ecosystem and associated ecosystem services (ESs) in the agro-pastoral transitional zone of
northern China (APTZNC) are sensitive to climate change and human activities. Essential to designing
targeted policy interventions toward achieving sustainability in the APTZNC is a comprehensive
understanding of the spatiotemporal changes in ESs and their drivers. This study identified the
spatiotemporal changes in six ESs in Duolun County from 2000 to 2017. The impacts of drivers—
temperature, precipitation, wind speed, vegetation cover (FVC), land use/cover (LULC), soil type,
altitude, and slope—on the changes in the ESs in the county and its ecological production zones
were then explored. The results indicated that the six ESs improved during the study period. The
drivers influencing changes in ESs over time exhibited similarities across regions. Although FVC
contributed to improvements in the food supply, grass production, carbon sequestration, and soil
wind erosion (SLwind), it also reduced water yield, which may exacerbate the water shortage in
arid and semi-arid areas. In regions where the ecology was in the recovery phase, especially in
slope farmland, the inhibition of soil water erosion (SLwater) by FVC was easily offset by the higher
SLwater potential from increased precipitation. The decrease in wind speed improved the regional
ESs, whereas the increase in temperature posed a threat to SLwind. The drivers affecting the spatial
patterns of ESs varied among zones. Across the three zones, the greater influential drivers of ESs
were FVC and LULC. The impacts of topographic drivers and soil type on the distribution of ESs
should also be noted in the agro-zone and agro-pastoral zone, respectively. Our study advocated that
ES management should be adjusted to local conditions, and differentiated planning policies should
be implemented in line with the ecological characteristics in the APTZNC, which will contribute to
regional ecological sustainable development.

Keywords: ecosystem services; spatiotemporal changes; driving factors; agro-pastoral transitional
zone; management

1. Introduction

The world is facing various crises, such as climate change and loss of biodiversity,
which seriously threaten the survival and development of human beings [1,2]. In response
to global challenges such as climate change and environmental degradation, the United
Nations General Assembly declared 2021–2030 to be the Decade on Ecosystem restoration,
dedicated to promoting and restoring ecosystem services (ESs) [3]. Nature-based solutions
(NbS) also refer to addressing a wide range of human challenges by protecting and sustain-
ably using the vital ESs provided by natural ecosystems [4,5]. However, rapid population
growth and the overconsumption of natural resources have led to a deterioration in the
capacity of ecosystems to provide ESs, and sustainable development is under serious
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threat [6–8]. Therefore, it is imperative to monitor and evaluate the spatial and temporal
changes in ESs and explore the driving mechanisms behind the observed changes to help
policymakers formulate effective policies for managing ESs [9–12].

There is abundant evidence that the generation of ESs depends on socio-biophysical fac-
tors and ecological processes, and that ESs have scale dependence in space and time [1,13,14].
It is necessary to quantify and map the ESs at broad temporal and spatial scales to help
determine restoration priorities and sustainable development management of ecosys-
tem services [1,15,16]. Multiple methods have been developed and deployed to quantify
ESs [17–21]. With advances in modeling techniques, the use of ecological models to assess
and spatially present ESs can better relate findings to ecosystem structures and functions,
which can also provide more quantitative evidence for decision-making [8,20,21]. Despite
rapid progress in quantifying and mapping ESs, there are still some fundamental issues
that have not been adequately addressed. One of these issues is that existing studies
have mostly focused on quantifying ESs at a single point in time or over several time
intervals [22,23]. The results of these studies did not allow for general conclusions and
are highly likely to mask some uncertainties due to extreme environmental disturbances
or human activities during the year [5,24], especially in ecosystems where the landscape
is characterized by rapid change and heterogeneity. To successfully manage natural re-
sources and the related ESs, research aimed at long time series perspectives may provide
deeper insights into ES changes and underlying ecological and anthropogenic drivers than
time-point analyses [25,26].

The effectiveness of ES management is affected by many biophysical and anthro-
pogenic drivers, such as terrain diversity, soil type, climate change, and land use/
cover [6,13,24,27–29]. Different drivers affect the supply of ESs in time and space in differ-
ent ways. For example, climate change affects the supply of ESs by influencing biomes
through temperature and precipitation [28]. Natural background conditions (e.g., topog-
raphy, soils, and other drivers) directly influence regional ecosystem structures, resulting
in the spatial heterogeneity of ESs [30]. Whether the impact of these drivers is positive
or negative depends on the ES, and the magnitude of these impacts varies from place
to place [2,16,31,32]. Identifying the impacts of the drivers on ESs on a time scale can
help government departments optimize local response strategies in the context of climate
change and intense human activity [6,33,34]. Furthermore, identifying the drivers of spatial
heterogeneity of the ESs has facilitated the implementation of regional ecosystem planning
and decision-making [23,35]. However, most studies have only analyzed the drivers of the
temporal changes or spatial changes in ESs [28,32,33], and the results could not provide
more detailed information for the formulation of ecological restoration policies. More
efforts are needed to deeply explore the spatial and temporal changes and driving mecha-
nisms of ESs in combination with time-series data to manage and improve multiple ESs by
manipulating the drivers.

We focused on the agro-pastoral transitional zone of northern China (APTZNC), which
divides agricultural areas from pastoral areas [36] and is situated in the transition from
semiarid to arid regions [37]. APTZNC includes highly diverse ecosystems (e.g., farmland
ecosystems, grassland ecosystems, and woodland ecosystems) and supports the provision
of rich ESs (e.g., food supply, grass production, carbon sequestration, and soil and water
conservation) [38]. To date, studies of the APTZNC have provided valuable information
on ESs at large spatial scales, such as cities [39], urban agglomerations [36], and even the
entire APTZNC [38,40]. However, studies that have identified drivers of change in multiple
ESs at local scales (e.g., county administrative districts) are scarce. There are significant
differences in precipitation, temperature, biological communities, and human activities
within the APTZNC [37], and ESs are prone to change at temporal and spatial scales [40]. It
is difficult to apply the results of watershed or urban-scale studies to ecological restoration
management at county-level administrative units (the most basic administrative unit),
which thus may not be effective in improving the supply capacity of ESs [41]. Within the
county administrative districts, combining the field research situation and ES assessment
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results can provide a more in-depth and accurate analysis of the ecological status of the
region and detailed information for site-specific ecosystem management. On the other
hand, analyzing the supply and drivers of ESs in different ecological production zones
(e.g., the agricultural advantage zone, the pastoral advantage zone, the semiagricultural and
semipastoral zone) is essential to balance the regional ecological protection and economic
development. Therefore, it is necessary to carry out county-scale research regarding ESs
and their drivers in the APTZNC to serve local policy decisions.

Combined with many years of field research, we focused on Duolun County, a typical
county administrative district located in the APTZNC. The ultimate goal of our study was
to identify the drivers of spatial and temporal changes in ESs at the local scale based on time-
series data. Specifically, we aimed to understand the following: (1) What are the changing
trends in ESs from 2000 to 2017?; (2) How do drivers influence the supply of ESs over time?;
and (3) What are the main drivers influencing the spatial distribution of ESs in county
administrative districts and different ecological production zones? Our intent was that
our results could contribute to an improved understanding of the key anthropogenic and
biophysical processes underlying the supply of the ESs in a county administrative district
of the APTZNC and provide scientific support for promoting sustainable development
management in each ecological production zone.

2. Materials and Methods

2.1. Study Area

Duolun County (41◦46′–42◦36′ N, 115◦51′–116◦54′ E), which covers 3 towns, 2 town-
ships, and 65 administrative villages, is located in the middle of the APTZNC and covers a
total area of 3.95 × 103 km2 (Figure 1b). The topography of the study area is semi-annular
basin-like, with an elevation range from 1149 to 1796 m (Figure 1c). The soil types can
be divided into 7 soil types and 14 subtypes, and the main soil types are chestnut soil,
aeolian sand soil, and meadow soil. Duolun County is in a typical agro-pastoral transitional
zone. In August 2017, we visited Duolun County for field investigation, and reviewed and
verified the vegetation types, land use types and soil types at the sampling sites (Figure 1c).
Through investigating the ecological environment, we confirmed that the actual soil types
and the land use types of the sampling sites were roughly the same as the soil data used in
this study and the land use/cover data of 2015. We combined the administrative bound-
aries of townships and regional ecological production patterns to divide Duolun County
into three regions (Figure 1c). There are large grasslands in the north and east of Duolun
County, which are dominated by animal husbandry (Figure 1(cII)); the dominant plants
in this grassland mainly include Leymus chinensis, Agropyron cristatum, Stipa krylovii,
Cleistogenes squarrosa, Congsheng grass and Artemisia frigida. The south of the study area is
an important grain-producing area; farmland mainly planting annual flax, oats, buckwheat,
spring wheat and also some silage corn (Figure 1(cI)), The central part of the study area
is an ecotone between agriculture and animal husbandry (Figure 1(cIII)), with a similar
proportion of the development of agriculture and animal husbandry. In the 21st century, a
series of ecological projects have been implemented in this area, such as the Grain for Green
Project, grazing prohibition projects and Beijing–Tianjin sandstorm control engineering, to
mitigate environmental pressure [41,42]. The field research found that there was still land
desertification around the county town and in the northern area.
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Figure 1. Locations in the study area and general description of geographical information: (a) the
location of the APTZNC in China; (b) the location of Duolun County in the APTZNC; (c) a digital
elevation model (DEM) of the study area; (cI) survey photographs of the agricultural advantage
zone (agro-zone); (cII) survey photographs of the pastoral advantage zone (pastoral zone); and (cIII)
survey photos of the semiagricultural and semipastoral zone (agro-pastoral zone).

Duolun County has a temperate continental arid climate with annual precipitation of
344–399 mm and a range of mean annual temperatures of 3.1 to 4.5 ◦C. From 2000 to 2017,
the climate conditions and vegetation cover in Duolun County underwent obvious changes
(Figure 2). The annual precipitation and annual mean temperature increased insignificantly
at a rate of 4.526 mm yr−1 and 0.013 C yr−1, respectively, whereas the annual mean wind
speed decreased insignificantly at a rate of 0.008 m s−1 yr−1. This indicated that the climate
in the study area is becoming warm and humid. In addition, the annual vegetation cover
increased significantly at a rate of 0.614% yr−1. The vegetation cover conditions in the
study area have been improving.
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Figure 2. Temporal variation in the annual (a) precipitation, (b) mean temperature, (c) mean wind
speed and (d) vegetation cover in Duolun County during 2000–2017. The gray areas represent the
95% confidence intervals.

2.2. Methodological Framework and Data Sources

After the field investigation in 2017, we selected and evaluated six key ESs of high
relevance to stakeholders in the region for assessment and analysis, including food supply
(FS), grass production (GP), water yield (WY), carbon sequestration (CS), soil water erosion
(SLwater) and soil wind erosion (SLwind). Then, combined with the time-series data, the
spatial and temporal changes in the ESs were analyzed in depth. Finally, the spatiotemporal
change drivers of the ESs from the perspective of the zones were analyzed. We selected
four major categories of eight drivers to research the causes of the spatial and temporal
changes in the ESs. The selected drivers were soil type (ST), meteorological drivers (annual
precipitation (Pre), annual mean temperature (Tem), and annual mean wind speed (WS),
whereas topographic drivers were altitude (Alt), slope (Slo)), and the anthropogenic drivers
were vegetation cover (FVC), land use/cover (LULC). Table 1 shows the datasets used
in this study. All raster maps were converted to the UTM coordinate system at a spatial
resolution of 100 m.
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Table 1. Descriptions and sources of the study data.

Data Type Data Descriptions Data Sources

Meteorological data

The temperature, precipitation, solar
radiation, and wind speed data from 2000

to 2017 were interpolated into a 100 m
resolution from 15 meteorological

stations within and around the
study area.

China National Meteorological
Information Center

(http://data.cma.cn/), (accessing date:
11 November 2020)

Land use/cover data
Land-use/cover data with a spatial

resolution of 30 m for the years 2000,
2005, 2010, and 2015.

Data Center for Resources and
Environmental Sciences, Chinese

Academy of Sciences (RESDC)
(http://www.resdc.cn), (accessing date:

23 November 2018)

Digital elevation model (DEM) data Digital elevation model with 30 m
spatial resolution.

Geospatial Data Cloud
(http://www.gscloud.cn/), (accessing

date: 23 November 2018)

Soil data The Harmonized World Database
(HWSD) at a 1 km resolution

Cold and Arid Regions Sciences Data
Center at Lanzhou

(http://westdc.westgis.ac.cn/),
(accessing date: 23 November 2018)

Normalized difference vegetation index
(NDVI) data

NDVI raster data from MOD13Q1 at a
time resolution of 16 days and a spatial
resolution of 250 m from 2000 to 2017

were geographically projected, and their
format was converted using the MODIS

Reprojection Tool.

USGS Earth Resources Observation and
Science (EROS) Center

(https://e4ftl01.cr.usgs.gov/MOLT/),
(accessing date: 11 November 2020)

Vector data Administrative boundaries RESDC (http://www.resdc.cn),
(accessing date: 23 November 2018)

2.3. Mapping Ecosystem Services
2.3.1. Food Supply

According to the positive NDVI, the yields of crops such as grains, oilseeds, and
vegetables, as well as the yields of meat and milk in the statistical yearbook of the corre-
sponding year, were allocated to the cultivated land and grassland grids, respectively. The
formula can be expressed as follows [29]:

Pi =
NDVIi

NDVIsum
× Psum (1)

where Pi represents the crop yield or meat and milk yield (kg/hm2) of grid i, Psum is the
crop yield or meat and milk yield (kg/hm2) in the county, NDVIi is the NDVI value of
farmland grid i or grassland grid i, and NDVIsum is the sum NDVI of the farmland or
grassland in the county.

2.3.2. Grass Production

In this study, an inversion model of regional grass yield was used to estimate the grass
yield per unit area. The calculation formula is as follows [43]:

AGBi = 1741.089NDVIi
2 + 2130.557NDVIi − 424.757 (2)

where AGBi represents the grass yield (kg/hm2) of grid i and NDVIi is the NDVI value of
grassland grid i.

2.3.3. Water Yield

In this study, water yield was simulated using the Integrated Valuation of ESs and
Trade-offs model (InVEST, version 3.3.0), which was developed by Stanford University, The
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Nature Conservancy (TNC) and the World Wildlife Fund (WWF). The model is expressed
as follows [17]:

Yx =

(
1 − AETx

Px

)
× Px (3)

AETx

Px
= 1 +

PETx

Px
−

[
1 +

(PETxj

Px

)wx]1/wx

(4)

wx = Z
AWCx

Px
+ 1.25 (5)

where Yx is the annual water yield (mm) for grid point x, AETxj is the annual actual
evapotranspiration (mm) for pixel x, Px is the annual precipitation (mm) in pixel x, Wx is a
nonphysical parameter that characterizes the natural climatic-soil properties, PETx is the
potential evapotranspiration (mm), AWCx is the volumetric plant-available water content
(mm), and Z is an empirical constant which is used to characterize the seasonal distribution
of precipitation [41].

2.3.4. Carbon Sequestration

In this study, NPP was used as a proxy for carbon sequestration and estimated using
the Carnegie–Ames–Stanford Approach (CASA) model [44]. The model is expressed
as follows:

NPP(x, t) = APAR(x, t)× ε(x, t) (6)

APAR(x, t) = SOL(x, t)× FPAR(x, t)× 0.5 (7)

ε(x, t) = εmax × Tε1(x, t)× Tε2(x, t)× Wε(x, t) (8)

where NPP(x,t) is the net primary productivity of pixel x in month t (gC/m2), APAR(x,t)
is the photosynthetically active radiation absorbed by pixel x in month t (MJ/m2), ε(x,t)
is the light utility efficiency of pixel x in month t (gC/MJ), SOL(x,t) is the total solar
radiation on pixel x in month t (MJ/m2), and FPAR(x,t) is the ratio of the absorption of the
incoming photosynthetically active radiation by the vegetation layer (dimensionless) [41].
The constant 0.5 reflects the proportion at which the effective solar radiation accounted for
the total solar radiation, εmax is the maximum light use efficiency of the vegetation (gC/MJ),
whereas Tε1(x,t), Tε2(x,t), and Wε(x,t) refer to parameters describing the stress coefficients
at the highest temperature, the stress coefficients at the lowest temperature and the water
stress coefficient in cell x in month t, respectively [45].

2.3.5. Soil Water Erosion

The soil water erosion was calculated using the revised universal soil loss equation
(RUSLE) [46]. The formula is expressed as follows:

Lwater = R × K × LS × C × P (9)

where SLwater represents soil erosion water (t/(hm2)), R is the rainfall erosion factor
(MJ·mm/(hm2·h)), K is the soil erosion index (t·h/(MJ·mm)), C is the vegetation cover
index (dimensionless), P is the soil erosion control practice factor (dimensionless), and LS
is the slope length and slope gradient factor (dimensionless). Detailed information on the
parameter localization of RUSLE is presented in Supplementary Table S1.

2.3.6. Soil Wind Erosion

The soil wind erosion was calculated using the revised wind erosion equation (RWEQ)
model [47]. The basic equations are as follows:

SLwind =
2z
S2 × Qmax × e−(z/S)2

(10)
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Qmax = 109.8 × (
WF × EF × SCF × K′ × COG

)
(11)

S = 150.71 × (
WF × EF × SCF × K′ × COG

)−0.3711 (12)

where SLwind is soil wind erosion under the conditions of the ground cover vegetation
(kg/m2), z is the distance from the upwind edge of a field (m), Qmax is the maximum
transport (kg/m), S is the critical field length (m), K′ is the surface roughness, WF is the
climatic factor (kg/m), EF is the soil erodibility factor (%), SCF is the soil crust factor, and
COG is the combined vegetation factor. Detailed information on the parameter localization
of the RWEQ is presented in Supplementary Table S2.

2.4. Trend Analysis of the Time Series Data

The Theil–Sen median (Sen) estimation and Mann–Kendall nonparametric test [48,49]
were used to detect the statistically significant changing trends and trend slopes in the
long time series ESs at a significance level of 0.05. Sen’s slope indicates the direction and
amplitude of the variables’ changes with time, whereas the positive and negative slopes
indicate increasing and decreasing trends, respectively. The Mann–Kendall test does not
require the samples to have normal distributions and is less sensitive to outliers, which is
extensively employed to analyze long time series data [33]. The calculation was performed
with MATLAB R2020b programming.

2.5. Estimating the Impact of the Drivers on the Ecosystem Services
2.5.1. Drivers of the Temporal Changes in ESs

Correlation analysis and partial correlation analysis were used to detect the relation-
ship between ESs and drivers (Pre, Tem, WS and FVC). When multiple drivers are related to
ESs at the same time, the use of partial correlation analysis allows removal of the influence
of the remaining drivers, and the relationship between a single driver and ESs is analyzed
separately. The calculation was performed with R statistical software and OriginPro 2022
software [50]. In addition, the annual average values of each ES in individual land cover
categories (only unchanged land cover) in Duolun County and different ecological pro-
duction zones were calculated to compare the ES supply capacity of the major land cover
(farmland, woodland, and grassland). The calculations were performed with ArcGIS 10.5
software and OriginPro 2022 software [51].

2.5.2. Drivers of the Temporal Changes in ESs

A geographical detector is a statistical method used to detect the spatially stratified
heterogeneity of geographic phenomena and reveal nonlinear associations between po-
tential drivers and geographic phenomena [52]. A geographical detector assumes that if
there is spatial consistency between independent variable X and dependent variable Y,
then a statistical association is present between them. The advantages of this method are
that it does not need a linear hypothesis, and its physical meaning is clear. It contains four
formulas: a factor detector, an interaction detector, a risk detector and an ecological detector.
In this study, the factor detector module was selected to evaluate the explanatory power of
the independent variable X to the dependent variable Y. The independent variable X was
assigned to the eight drivers, and the dependent variable Y was assigned to the seven types
of ES supply changes. The formula to measure the q value is as follows:

q = 1 − ∑L
h=1 Nhσh

2

Nσ2 (13)

where q is the explanatory power of variable X to the spatial variation in variable Y. The
q value ranges from 0 to 1, and the value means that X explains q × 100% of Y. The
larger (or smaller) the q-statistic is, the stronger (or weaker) the explanatory power of the
independent variable to explain the dependent variable. L is the number of classifications
or partitions of X; N and Nh are the numbers of units in the entire study area and subregion
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h, respectively. σ2 and σh
2 are the variances of variable Y over the entire study area and

subregion h, respectively.
The input data of geographic detectors must be in the form of categorical layers (such

as soil type and land use type); therefore, continuous datasets (such as precipitation and
temperature) must be categorized. In this study, the precipitation, temperature, wind
speed, vegetation coverage, elevation, and slope were divided into six strata by the natural
break method.

3. Results

3.1. Changing Trends in Ecosystem Services during 2000–2017
3.1.1. Temporal Changes in Ecosystem Services

During 2000–2015, the six ESs showed similar trends in annual mean values in the
county administrative district, agro-zone, pastoral zone and agro-pastoral zone (Figure 3).
The amount of FS exhibited an insignificant upward trend (p > 0.05), with the largest slope
in the agro-zone (slope = 7.1 kg m−2 yr−1) and the smallest slope in the agro-pastoral zone
(slope = 5.025 kg m−2 yr−1). There was a trend of significant increase (p < 0.05) in GP both in
the county administrative district and different ecological production zones. Notably, there
are strong interannual fluctuations in CS and WY with a non-significant increasing trend
(p > 0.05), with the largest increase rate in WY in the agro-zone (slope = 2.007 mm yr−1)
and CS in the pastoral zone (slope = 1.623 gC m−2 yr−1). Generally, SLwater and SLwind
showed a downward trend, especially in the agro-pastoral zone, and the rate of decrease
reached −0.3 t hm−2 yr−1 (p = 0.068) and −0.016 kg m−2 yr−1 (p < 0.05), respectively.

Combined with the results of the pixel-by-pixel trend analysis (Figure 4), we found
that the trends in the six ESs were spatially different. Except for the two negative ESs
(SLwater and SLwind), all four ESs showed a good trend in that the gain areas were larger
than the loss areas. Interestingly, the decrease in WY (6.2%) was concentrated in the central
part of this study area, where GP and CS increased significantly. The increase in CS was
mostly located in the pastoral zone, whereas the losses were mainly located in the agro-zone
and the agro-pastoral zone. SLwater and SLwind showed good trends in that the areas of
improvement were much larger than the areas of their gain (Figure 4), with the areas of
increases in SLwater scattered throughout the county.

Figure 3. Cont.
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Figure 3. The temporal dynamics of the six ESs during 2000–2017. We determined the average annual
values of each ES and plotted their overall trends. The first column (a), second column (b), third
column (c) and fourth column (d) show the trends in the six ESs in Duolun County, the agricultural
advantage zone (agro-zone), the pastoral advantage zone (pastoral zone) and the semiagricultural
and semipastoral zone (agro-pastoral zone), respectively. The first to sixth rows indicate the trends
of food supply (FS), grass production (GP), water yield (WY), carbon sequestration (CS), soil water
erosion (SLwater), and soil wind erosion (SLwind), respectively. The gray areas represent the 95%
confidence intervals.

Figure 4. Spatial patterns of the six key ESs change trends and significance levels (p < 0.05) from 2000
to 2017. Zone I: the agricultural advantage zone (agro-zone), Zone II: the pastoral advantage zone
(pastoral zone), Zone III: the semiagricultural and semipastoral zone (agro-pastoral zone). FS: food
supply, GP: grass production, WY: water yield, CS: carbon sequestration, SLwater: soil water erosion,
and SLwind: soil wind erosion.
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3.1.2. Spatial Changes in Ecosystem Services

The spatial patterns of the ESs in Duolun County exhibited regional heterogeneity
(Figure 5), and the spatial distribution patterns of each ES remained stable (Figures S1–S6).
Taking 2017 as an example (Figure 5), FS shows a decreasing trend from the agro-zone to
the pastoral zone (Figure 5a). In contrast, GP and CS show an opposite pattern compared
with FS, i.e., the high supply was concentrated in the northern and eastern areas of the
pastoral zone (Figure 5b,d). The spatial distribution of WY patterns changed slightly in
different years, but most of the high-value zones were distributed in the agro-pastoral
zone, with a few in the northern and eastern parts of the pastoral zone (Figure 5c). SLwater
showed a decreasing characteristic from southwest to northeast, with most of the higher
areas concentrated in the agro-zone and the eastern part of the pastoral zone, whereas
SLwater was less concentrated in the agro-pastoral zone (Figure 5e). Although the SLwind
has decreased significantly over the past 18 years (Figure S6), the relatively higher areas
can still be found mainly in the northern pastoral zone of Duolun County, and the lower
areas are more stably distributed in the southern and eastern regions (Figure 5f).

Figure 5. Spatial patterns of the six ESs in 2017. Zone I: the agricultural advantage zone (agro-zone).
Zone II: the pastoral advantage zone (pastoral zone). Zone III: the semiagricultural and semipastoral
zone (agro-pastoral zone). (a) FS: food supply (in kg/hm2), (b) GP: grass production (in kg/hm2),
(c) WY: water yield (in mm), (d) CS: carbon sequestration (in gC/m2), (e) SLwater: soil water erosion
(in t/hm2), and (f) SLwind: soil wind erosion (in kg/m2).

3.2. Drivers of Temporal Changes in Ecosystem Services

Figure 6 represents the correlation coefficients based on the time series data between
ESs and drivers (including Pre, Tem, WS, and precipitation) for Duolun County and
different regions. The results of the study showed that the important factors affecting
changes in ESs over time were essentially the same in Duolun County and different zones.
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The results showed that (1) Pre, Tem and FVC exhibited a positive correlation with FS
and GP, whereas WS exhibited a negative correlation with FS and GP; (2) FVC and Pre
were the two drivers that positively affected the changes in WY, whereas Tem and WS
showed insignificant inhibitory effects on WY; (3) Pre, Tem and FVC had a positive effect
on CS, whereas WS had an inhibitory effect on CS; (4) Pre, WS and FVC mainly showed
an insignificant promotion effect on SLwater, whereas Tem showed an inhibitory effect on
SLwater; (5) FVC and Pre had suppressive effects on SLwind, whereas Tem and WS had
facilitating effects on SLwind.

p

Figure 6. Correlation analysis between the ESs and the four drivers (vegetation cover (FVC), precipi-
tation (Pre), temperature (Tem), and wind speed (WS)) in different regions from 2000 to 2017. The
blue and red circles above the diagonal indicate positive and negative correlations, respectively. The
asterisks in the circles show the significance degree (∗ for p < 0.05). The numbers below the diagonal
indicate Spearman’s correlation coefficients, with their color matching those of the corresponding
circles. Darker colors demonstrate stronger correlations. FS: food supply, GP: grass production,
WY: water yield, CS: carbon sequestration, SLwater: soil water erosion, SLwind: soil wind erosion.
agro-zone: the agricultural advantage zone, pastoral zone: the pastoral advantage zone, agro-pastoral
zone: the semiagricultural and semipastoral zone.

Combined with the results of partial correlation analysis (Figure 7): (1) FVC was
significantly and positively correlated with FS and GP, whereas WS showed a negative
correlation with FS and GP; (2) the correlation between Pre and WY was still significant
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and positive, but the correlation between FVC and WY became significantly negative
from significantly positive; (3) the relationship between CS and drivers did not change,
but the driver with the greatest correlation between CS in agro-zone, pastoral zone, and
agro-pastoral zone was different, namely, Pre, WS, and WS; (4) FVC and SLwater changed
from a positive correlation to a negative correlation, whereas Pre and SLwater were still
positively correlated; (5) Tem and WS were significantly and positively correlated with
SLwind, whereas Pre and FVC were still negatively correlated with soil wind erosion.

p

Figure 7. Partial correlation coefficients (∗ for p < 0.05) between the ESs and the four drivers
(vegetation cover (FVC), precipitation (Pre), temperature (Tem), and wind speed (WS)) in different
regions from 2000 to 2017. (a) Partial correlation coefficients in Duolun County, (b) partial correlation
coefficients in the agricultural advantage zone (agro-zone), (c) partial correlation coefficients in the
pastoral advantage zone (pastoral zone), (d) partial correlation coefficients in the semiagricultural
and semipastoral zone (agro-pastoral zone). FS: food supply, GP: grass production, WY: water yield,
CS: carbon sequestration, SLwater: soil water erosion, SLwind: soil wind erosion.

From 2000 to 2017, the sum of farmland, grassland and woodland in Duolun County
exceeded 80% of the total area of the study area; thus, this paper analyzed the changes in
the annual average ES supplies of the three key land use/cover types (only unchanged
land cover) over the past 18 years (Figure 8). The results indicate that ES supplies differ
by land-use type. Specifically: (1) The FS of farmland fluctuated widely from year to
year, with a multiyear average of approximately 491.35 kg/hm2 in Duolun County. In
contrast, the FS of grassland was more stable, with a multiyear average of approximately
69.1 kg/hm2; (2) All the GP in this study was provided by grassland. The multiyear average
value of GP in Duolun County was 1633.4 kg/hm2 and the highest GP (1672 kg/hm2)
was in the pastoral zone; (3) There were significant differences in the effects of land-use
types on the WY, specifically farmland > grassland > woodland. The differences in the
supply of WY by similar land-use types in different zones were not significant; (4) The
interannual fluctuations of the CS in the three land-use types were smaller and show the
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characteristics of woodland > grassland > farmland, with multiyear average values of
502.6 gC/m2, 392.6 gC/m2, and 347.5 gC/m2 in Duolun County, respectively. The supply
of CS on woodland in the agro-zone (415.62 gC/m2) was significantly lower than in other
zones; (5) ‘The characteristics of SLwater in the three land-use types are the same as those of
CS, i.e., the interannual fluctuations were smaller and woodland > grassland > farmland.
The highest SLwater was found in woodland in the agro-zone. (6) In terms of the multiyear
average values in the county, the highest SLwind erosion (0.1 kg/m2) was found in grass-
land, followed by farmland and woodland. Among the three zones, the highest SLwind
was found in the agro-pastoral zone, followed by the pastoral zone.

Figure 8. Cont.
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Figure 8. The supply of the six ESs in a different land-use cover (farmland, grassland, and woodland)
from 2000 to 2017. The first column (a), second column (b), third column (c) and fourth column
(d) indicate the distribution of annual mean values of ESs on different land use cover in Duolun
County, the agricultural advantage zone (agro-zone), the pastoral advantage zone (pastoral zone) and
the semiagricultural and semipastoral zone (agro-pastoral zone), respectively. The first to sixth rows
indicate the distribution of annual mean values of food supply (FS), grass production (GP), water
yield (WY), carbon sequestration (CS), soil water erosion (SLwater), and soil wind erosion (SLwind)
across different land use cover, respectively.

3.3. Drivers of Spatial Changes in Ecosystem Services

The dominant drivers affecting the spatial heterogeneity of the six ESs and their q-
values differed significantly within the county administrative district (Figure 9a). The top
three drivers affecting the distributions of FS and GP were the same (i.e., FVC > ST > Tem),
with FVC having the largest explanatory power for FS and GP, indicating that the distri-
butions of the two ESs were more influenced by FVC. The largest explanatory power for
WY was LULC (q = 0.73), and the following drivers were FVC, WS, ST, Alt, Pre, Tem, and
Slo, in order of q. The important drivers for the distribution of CS were FVC and LULC,
which explained more than 49.77% and more than 23.2% of the distribution, respectively,
whereas the other drivers had weaker explanatory power. The slope was the dominant
driver determining the distribution of SLwater (q = 0.36), followed by ST (q = 0.136) and Alt
(q = 0.129), indicating that soil type and topographic drivers are important environmental
drivers affecting SLwater. The FVC had the greatest effect on SLwind (q = 0.15), followed
by ST (e.g., sandy soil distribution areas with high SLwind). The explanatory power of
meteorological drivers, LULC, and topographic drivers on SLwind did not exceed 5%. In
a comprehensive view, the explanatory powers of the four major categories of drivers on
the distribution of SLwater are ranked as follows: topography drivers > soil type > anthro-
pogenic drivers > meteorological drivers. The explanatory powers of the four major drivers
on the spatial distribution of the other five ESs are as follows: anthropogenic drivers > soil
type > meteorological drivers > topographic drivers.

The dominant drivers for the distributions of ESs in the three zones remained consis-
tent with those of the county, and the importance of the other drivers changed with the
ecological production zone. FVC was the dominant driver in the distributions of FS and
GP in each ecological production zone. Furthermore, in the agro-zone, Slo (q = 0.136) and
Pre (q = 0.104) contributed more to the distributions of FS, and Pre (q = 0.221) and Alt
(q = 0.175) contributed more to the distributions of GP. In the pastoral zone, Tem (q = 0.097)
and Alt (q = 0.094) had greater explanatory powers for FS, and Tem (q = 0.091) and WS
(q = 0.071) had greater explanatory power for GP. The Slo had a greater explanatory power
for the distributions of FS and GP in the agro-pastoral zone. LULC was still the dominant
driver of WY in different ecological production zones, and the other important influencing
drivers were meteorological drivers. FVC and LULC were the two most important drivers
affecting the distributions of CS in all three ecological production zones, indicating that
anthropogenic drivers had an important role in the distribution of CS. Comparing the
three ecological production zones, the explanatory power of the slope on the distribution
of SLwater exceeded 30% in all three zones. The explanatory power of Alt for SLwater
was higher in the agro-zone and the agro-pastoral zone, 26.7%, and 34.1%, respectively,
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but only 1.5% for SLwater in the pastoral zone. Different from SLwater, SLwind in the
different ecological production zones was influenced less by topographic drivers. The
dominant drivers of SLwind in the agro-zone and pastoral zone were FVC (q = 0.388) and
FVC (q = 0.21), respectively, whereas the dominant driver of SLwind in the agro-pastoral
zone was ST (q = 0.246), followed by FVC (q = 0.175). In addition, ST and WS had greater
explanatory power for SLwind in the pastoral zone and agro-pastoral zone, whereas Pre
and Tem had greater explanatory power in the agro-zone

Figure 9. The q values of drivers affect the spatial distributions of ESs in Duolun County and different
zones. The drivers include precipitation (Pre), temperature (Tem), wind speed (WS), soil type (ST),
altitude (Alt), slope (Slo), vegetation cover (FVC), and land use/cover (LULC). (a) The q values of
drivers affecting the spatial distributions of the ESs (FS, GP, WY, CS, SLwater, and SLwind) in Duolun
County. (b) The q values of drivers affecting the spatial distributions of the ESs (FS, GP, WY, CS,
SLwater, and SLwind) in the agricultural advantage zone (agro-zone). (c) The q values of drivers
affecting the spatial distributions of the ESs (FS, GP, WY, CS, SLwater, and SLwind) in the pastoral
advantage zone (pastoral zone). (d) The q values of drivers affecting the spatial distributions of the
ESs (FS, GP, WY, CS, SLwater, and SLwind) in the semiagricultural and semipastoral zone (agro-
pastoral zone). FS: food supply, GP: grass production, WY: water yield, CS: carbon sequestration,
SLwater: soil water erosion, SLwind: soil wind erosion.
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4. Discussion

4.1. The Impacts of Anthropogenic and Meteorological Drivers on the Temporal Variations in
the ESs

As a result of the Grain for Green Project and the Beijing–Tianjin Sand Source Con-
trol Project (initiated in 2000), vegetation coverage has increased in Duolun County [42],
effectively increasing grass production. Although there was a large amount of farmland
conversion in the implementation of the ecological project [53], the food supply in Duolun
County gradually increased through the gradual development of unused land and the
construction of agricultural mechanization demonstration parks. In addition, our results
showed that the increase in FVC reduced the probability of SLwater and SLwind (Figure 10).
On the one hand, precipitation intercepted by the vegetation canopy can reduce the direct
erosion of soil by rainfall, which, in turn, reduces the probability of SLwind [33]. On the
other hand, the vegetation canopy can reduce wind speed, and the vegetation root system
has the function of consolidating soil, which effectively enhances the soil resistance to ero-
sion [32,54]. However, it is worth noting that WY is negatively influenced by FVC. Studies
on the Loess Plateau [55] also pointed out that extensive vegetation restoration threatens
the water supply required for human survival and vegetation growth. The rapid growth
of vegetation in Duolun County since 2000 has consumed a large amount of soil water
and increased evapotranspiration, thus significantly reducing the WY [32,34]. In particular,
the study area is located in an arid and semi-arid region, and the actual precipitation and
available water resources in recent years need to be taken into consideration when carrying
out vegetation restoration projects to minimize the pressure on water resources caused by
vegetation restoration.

p

Figure 10. Visualization of the correlation between temporal changes in ecosystem services and
drivers (precipitation, temperature, wind speed, vegetation cover) from 2000 to 2017.

Although vegetation cover is considered to be the main factor in conserving soil from
water erosion [54], this protection may be less than the higher SLwater potential due to
increased precipitation in the ecologically fragile APTZNC. We noted that increased pre-
cipitation can significantly contribute to the occurrence of SLwater. Ecosystem structure
is fragile within the APTZNC, and despite revegetation efforts on slope farmland, the
damaged soil structure has not been fully restored due to the long history of farming [8,34],
and soil erodibility is still high. Despite SLwater in the study area having improved, it is
necessary to continue to strengthen the water and fertility retention capacity of the soil
through ecological protection in the future, especially on sloping farmland. In addition to
precipitation, changes in temperature and wind speed lead to changes in the ecological
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environment and ES supplies. A warmer climate can increase evaporation from the surface,
with drier soil surfaces and greater susceptibility to wind erosion [56]. As our results
show, there is a significant positive correlation between temperature and SLwind. How-
ever, the mean annual temperature in Duolun County is low, and warmer temperatures
can offset some of the wind erosion by promoting plant growth and increasing surface
roughness [6,57]. In line with other studies [58], our results show that wind speed is an
important driver of the occurrence of SLwind. The increase in wind speed not only tends to
disperse the soil, but also accelerates the evaporation of soil water, which inhibits vegetation
growth [33] and increases the risk of SLwater. The decrease in wind speed in the study area
directly reduces the potential for SLwater and SLwind.

Land use/cover changes are also the greatest pressures affecting the provision of
ESs [34,59]. Over the last 20 years, the growth of plantation forests in Duolun County
has gradually entered semimature and mature stages, and the strong transpiration of the
canopy consumes a large amount of water [34,54], resulting in a lower WY of woodland
than that of farmland and grassland. In contrast, farmland has a higher capacity of WY due
to less evaporation from vegetation, although its CS is lower than that of woodland and
grassland [29,60]. Grassland has a lower water demand than woodland, and its CS capacity
is greater than that of farmland. Increasing the area of grassland in arid and semiarid areas
may be a compromise in terms of increasing CS and WY at the same time. SLwater and
SLwind erosion were higher in the woodland and grassland in the study area than in the
farmland, which is similar to our hypothesis. This is related to the spatial geography of
this study area, and our numerous field studies have revealed that most plantation forests
and grasses in the agro-zone have been planted in erodible landscapes characterized by
relatively steep slopes and poor soils. Simultaneously, previous studies have shown that if
landscape patches are disturbed, a patch may have difficulty blocking any erosive action [8].
Tree planting in the study area (especially in the agro-zone) is dispersed, leading to the
fragmentation of woodland and grassland landscape, which, to some extent, weakens the
soil and water conservation capacity of the two land use types. Although SLwater and
SLwind were higher in woodland and grassland, the decreasing trends in SLwater and
SLwind were higher in both land types than in farmland, which indicates that woodland
and grassland are more capable of erosion control, especially woodland. Appropriately
increasing woodland area and aggregation degree can improve the benefit of soil and
water conservation.

4.2. The Impacts of the Eight Drivers on the Spatial Changes in the ESs

Ecological control measures and approaches can be explored in a targeted manner
by clarifying the driving characteristics of ES spatial changes [61]. Our study shows
that anthropogenic drivers (FVC and LULC) have a stronger influence on the spatial
distributions of multiple ESs than other environmental factors in county administrative
districts and different ecological production zones (Figure 11), indicating that the supplies
of the ESs in the APTZNC depend to a large extent on the degree of restoration of ecological
engineering and the rational allocation of land resources [62]. The regional heterogeneity of
ecological production zones means that other drivers (meteorological drivers, topographic
drivers, ST) affecting the spatial distributions of the six ESs show significant differences,
which are closely related to the human and physical geography of the different regions.
For example, topographic drivers (Alt and Slo) have a greater influence on the spatial
distribution of CS in the agro-zone. However, in the pastoral zone and agro-pastoral zone,
the influence of topographic drivers decreased, and the influence of the meteorological
drivers increased. This pattern is formed because the spatial heterogeneity of Slo and Alt
in the pastoral zone and agro-pastoral zone is small, and the water and heat conditions
required for vegetation growth are almost entirely dependent on nature. In contrast, in
the agro-zone, humans intervene and regulate moisture and temperature according to
vegetation growth needs, and meteorological drivers such as natural precipitation have
relatively little influence on the ecological environment. At the same time, the topographies
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of the agro-zone are complex (high altitudes and steep slopes) and crops are grown with
significant spatial heterogeneity, which can have a significant impact on the FVC and
ESs [62]. Therefore, meteorological drivers have stronger explanatory power on the spatial
distribution of CS in the pastoral zone and agro-pastoral zone, and topographic drivers
have more influence on the spatial distributions of the ESs in the agro-zone. In addition,
ST has a greater explanatory power than other drivers for SLwind in the agro-pastoral
zone. Although soil types are abundant in Duolun County, they are mostly reflected in
the agro-pastoral zone. As the foundation of terrestrial ecosystems, soil provides many
important benefits and ESs to society, and changes in the physical properties of soils can
affect ecosystem processes, and thus, the ESs [63,64]. Therefore, the spatial heterogeneity of
soil type should be considered in regional ecosystem management to ensure a precise fit
between management measures and soil type, thus contributing to the improvement of the
various ESs.

 

Figure 11. Important drivers of the spatial distributions of ESs in different zones. The drivers include
precipitation (Pre), temperature (Tem), wind speed (WS), soil type (ST), altitude, slope, vegetation
cover (FVC), and land use/cover (LULC). FS: food supply, GP: grass production, WY: water yield,
CS: carbon sequestration, SLwater: soil water erosion, SLwind: soil wind erosion.

Although the drivers of ES spatial heterogeneity change with the region, the effects of
some environmental factors on ESs still show consistent characteristics, and this effectively
reduces information redundancy needed for managing multiple ESs simultaneously to
some extent. For example, LULC and meteorological drivers are always the dominant
drivers affecting the distributions of WY, FVC is the dominant driver for FS, GP, CS and
SLwind. More importantly, Slo has greater influences on SLwater than FVC. Soil erosion is
more likely to occur in areas with steep slopes, and regional topographic features should
be considered when developing management and soil erosion prevention measures.

4.3. Implications for Integration of Ecosystem Services in APTZNC Management

As a bridge between natural ecosystems and socio-economic systems, ESs are critical
to conserving biodiversity, maintaining ecological security, and meeting human livelihood
needs [37,38,40]. This study focused on the APTZNC, a transition zone where agricultural
and pastoral areas are connected, which plays a critical role in sustaining the stability
of natural ecosystems in northern China and provides an important guarantee for the
livelihood of local and surrounding residents [37,41]. The sustainable management of
ESs in the APTZNC is conducive to restoring the ecological environment and enhancing
human well-being in the region [38,40]. Based on widely used biophysical models and
remote sensing data, this study analyzed the drivers of spatiotemporal changes in ESs
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in the most basic administrative unit (i.e., county), which can provide some clues for ES
management studies in other administrative units in the APTZNC. Our research suggests
that as compared with the use of time node variations, the continuous change in ESs over
a long period provides more meaningful results. Attempts to use discontinuous years
as a study period to assess ESs for management purposes must be taken cautiously, and
researchers should consider modeling ESs over continuous time periods and finer spatial
scales [1,32]. In addition, ES management should be tailored to local conditions and zoning.

In the face of ecological engineering and climate change, ecosystems in the agro-zone
still exhibit vulnerability. Although FS was highest in the agro-zone, CS in farmland,
woodland, and grassland was the lowest of the three zones, and SLwater was significantly
higher than in the other zones. Our field survey found that although the implementation
of ecological projects has enhanced the restoration of vegetation on slopes, the damage
caused by long-term tillage to the ecosystem has not been fully remediated. The study
area should continue to strengthen the ecological protection of sloping land and reclassify
areas to avoid the fragmentation of ecological woodlands and grasslands [8,65] to give
full play to the water and fertility retention capacity of both land types. To promote the
synergistic development of FS and the other ESs in the agro-zone, it is recommended to
ensure the irrigated area of arable land through water conservancy engineering measures,
to improve the water and fertility retention capacity of the soil through deep plowing and
deep loosening techniques and to increase the application of organic fertilizers to maintain
and enhance the ES supply capacities.

On the other hand, the supply of the six ESs in the agro-pastoral zone was at a low
level in the whole county. There are bare soils and abandoned farmlands in the dryland
regions of the agro-pastoral zone, which is the county seat, and it is necessary to actively
promote vegetation restoration in unused land to improve the various ESs. It is important
to pay attention to the characteristics of diversified soil types and restore vegetation in this
area. At this time, attention needs to be paid to the recovery of sandy vegetation, which
may result in a shortage of water resources in the local and surrounding areas [34]. To
address this phenomenon, in addition to relying on natural precipitation, there is a need to
reasonably exploit groundwater and take advantage of the county’s large impervious layer
to properly collect surface runoff as reserve water.

Finally, the distributions of the ESs in the non-intensively managed pastoral zone
are susceptible to the influence of soil type and meteorological drivers, in addition to
human activities. The northern part of the pastoral zone is distributed with large areas of
grassland sandy soil, which still needs attention to prevent SLwind. We believe that the
northern region should be well protected from the wind and that the expansion of farmland
should be prohibited to avoid negative impacts on the other ESs due to deteriorating
soil conditions [64]. In addition, we recommend that the northern part should increase
the degree of grassland aggregation by planting some drought-tolerant or less water-
consuming grass species [33], and attention should be given to the negative impact of
revegetation on terrestrial water storage (especially in arid and dry areas). The eastern part
of the pastoral zone is rich in water and has larger areas of natural forests and grasslands,
which are tourist destinations. The region should protect the existing vegetation, improve
the quality and stability of the forest ecosystems, and avoid overexploitation.

4.4. Limitations and Future Research Directions

Some constraints in our analysis should be considered. First, due to the lack of annual
high-resolution land use data, we had to use land use/cover data from one point in time to
assume a gradual change in land use over a five-year period, which may have had some
modest effect on the WY and some modest effect of the soil P-factor on SLwater. In the
future, the use of consecutive years of land use/cover data for interannual WY and SLwater
assessments deserves further study. Second, the correlation analysis only characterized
the numerical relationships between the ESs and the drivers, and cannot characterize the
threshold values of these relationships [54]. Combining analytical methods such as multiple
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regression and constraint lines to investigate the nonlinear relationships and interaction
thresholds between driving factors and ecosystem services will be further explored in
future research.

5. Conclusions

This study simulated spatiotemporal changes in six ESs over the last 18 years (2000–2017)
and explored the drivers of changes in ESs of the county administrative district. This
provides more detailed information for local ecosystem service studies and has the potential
to assist decision-making processes. FS, GP, WY, and CS increased over time, and the
capacity of the landscape to control water erosion and wind erosion was enhanced. The
drivers of temporal changes in a single ES over time showed similarities across zones. The
significant increase in FVC since 2000 has improved the FS, GP, CS, SLwater, and SLwind,
but at the same time, has put pressure on water resources. Precipitation contributed to the
improvement of WY and CS, but increased SLwater. The reduction in wind speed improved
the six ESs, and the temperature had a significant promoting effect on SLwind. Exploring
the drivers influencing the spatial distribution of the six ESs underscored the importance of
anthropogenic drivers for the spatial distribution of ES over other environmental factors.
Our findings also suggest the importance of integrating ES management with the ecosystem
characteristics of each zone, because the influence of meteorological drivers, topographic
drivers, and ST on the spatial distribution of ESs varied in different zones. For example, it
is important in the agro-zone and agro-pastoral zone to account for Alt having a greater
influence on SLwater, and in the agro-pastoral zone to account for ST being the main driver
of SLwind. The study area should continue to strengthen the soil’s ability to retain water
and fertilizer in sloping fallow areas. The agro-pastoral zone needs to actively promote the
revegetation of unused land and strive to improve the six ESs. The overall level of ESs in
the pastoral zone is high, but attention is still needed to prevent and control SLwind.
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Abstract: Agricultural ecological efficiency is not only the key link between green development and
high-quality development of agriculture, but also an important regulatory indicator for China’s rural
revitalization. Based on provincial panel data of China from 2000 to 2019, using land, mechanical,
labor, fertilizer, pesticide, and agricultural film as input variables and economic output and agricul-
tural carbon emissions as output variables, the inter-provincial agricultural ecological efficiency is
calculated by a super-efficient SBM model, and the traditional spatial Markov probability transfer
matrices are constructed based on time series and spatial correlation analyses. By exploring the
spatial and temporal dynamic evolution characteristics of agricultural ecological efficiency, it is found
that the agricultural ecological efficiency of China increased steadily with fluctuations. In addition,
the provincial gap has been narrowing, but the overall level is still at a low level; thus, there is still a
large space for improvement in agricultural ecological efficiency. The overall trend of agricultural
ecological efficiency shifting to a high level in China is significant, but its evolution has the stability
to maintain the original state, and achieving leapfrog transfer is relatively hard. The geospatial
pattern plays an important role in the spatial-temporal evolution of agricultural ecological efficiency,
with significant spatial agglomeration characteristics. Provinces with high agricultural ecological
efficiency enjoy positive spillover effects, while provinces with low agricultural ecological efficiency
have negative spillover effects; thus, gradually forming a “club convergence” phenomenon of “high
agglomeration, low agglomeration, high radiation, and low suppression” in the spatial pattern.
In addition, support for the improvement of agricultural ecological efficiency will be provided in
this study.

Keywords: agricultural ecological efficiency; spatial-temporal evolution; SBM model; spatial Markov chain

1. Introduction

“If the nation is to be revitalized, the countryside must be revitalized”, the explanation
of General Secretary Xi Jinping about China’s agriculture and rural areas shows the impor-
tance of agricultural and rural work to China’s development [1]. Judging from the global
development experience, agriculture is an important cornerstone of national security and
stability [2]. Agricultural ecological efficiency (AEE) refers to the exchange of less natural
resource consumption and environmental costs for more quantities and higher quality of
agricultural products or agricultural services within the affordability of the ecosystem [3,4].
Since the reform and opening-up in 1978, based on the production model of petroleum
agriculture, the agricultural output level in China has witnessed a continuous growth [5],
but it has also paid a high price for resources and the environment [6]. Since 1978, China has
made great achievements in agricultural development [7]. In 2021, the total grain output of
China reached 683 million tons, increasing by 2% over the previous year. The annual grain
output reached a new high level, maintaining more than 0.665 trillion kg for seven consecu-
tive years. In 2015, the Ministry of Agriculture and Rural Affairs organized a zero-growth
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action for the use of chemical fertilizers and pesticides, and by the end of 2020, the reduction
and efficiency improvement of chemical fertilizers and pesticides in China had successfully
achieved the expected goals [8]. The use of chemical fertilizers and pesticides has been
significantly reduced [9], while their utilization rate has been significantly improved, and
the effect of promoting high-quality development of the planting industry was obvious [10].
In 2020, formula fertilizer accounted for more than 60% of the total application of the three
major grain crops, the area of mechanical fertilization exceeded 46.66 million hectares,
and the integration of water and fertilizer exceeded 9.33 million hectares. In addition, the
green prevention and control area covered nearly 66.66 million hectares, and the green
prevention and control rate of major crop diseases and insect pests was 41.5% in 2020, 18.5%
higher than that in 2015. However, the green development of agriculture is still the main
theme of the current agricultural development [11]. In the context of tightening resource
and environmental constraints, the balance between economic and ecological benefits of
agricultural development has become a major challenge facing China [12].

The green development of agriculture needs to clarify the relationship between agricul-
tural input and output [13] and resource consumption and environmental protection [14],
so it is necessary to consider the ecological externalities generated by agriculture in the
measurement of input-output processes [15] and use key indicators of ecological efficiency
to measure the production efficiency of agriculture [16]. The concept of eco-efficiency
was proposed by German scholars [17], promoted by the World Business Council for Sus-
tainable Development and the OECD, and recognized by scholars and governments [18].
The specific embodiment of the concept of agricultural ecological efficiency is to obtain as
much agricultural output as possible with the smallest possible resource consumption and
environmental pollution [19] and to ensure the quality of agricultural products [20]. Based
on the concept of agricultural production efficiency, it not only needs to pay attention to
maximizing agricultural economic benefits (desirable output) [21], but also minimizing
resource consumption and environmental damage (undesirable output) to conform to the
concept of low-carbon green agricultural development [22].

Scholars have conducted in-depth research on agricultural production efficiency and
agricultural ecological efficiency from the micro [23], meso, and macro levels [24], involv-
ing index construction [25], influencing factor methods [26], and other aspects [27]. The
concept of embedded input-output has been constructed. The input side of the agricul-
tural eco-efficiency measurement index system includes labor, land, capital, fertilizers,
pesticides, machinery, etc. [14–17]. The output side is different due to research. Specifi-
cally, the agricultural eco-efficiency with undesirable output includes the desirable out-
put of total agricultural output value, total agricultural output, agricultural ecosystem
service functions, etc. The undesirable output includes agricultural carbon emissions,
agricultural pollution residues, and agricultural greenhouse gas emissions [4,11]. The
measurement methods mainly include Stochastic Frontier Analysis (SFA) [28], Data Envel-
opment Analysis (DEA) [29], Super-efficiency DEA [30], Three-stage DEA [31], Undesirable
SBM [32], etc. [33], of which DEA is the basic evaluation method. In addition, the un-
desirable SBM incorporates negative externalities into the model, which has effectively
solved the problem of input-output relaxation and has gradually become the main model
for measuring eco-efficiency [34]. Considering that the efficiency measurement method
has gradually matured, the undesirable SBM is used in this paper to measure agricultural
ecological efficiency. In addition, for the study of the spatial-temporal evolution charac-
teristics of ecological efficiency, most of the literature adopts the method of combining
DEA and exploratory spatial data analysis (ESDA) [35], but the ESDA focuses more on the
comparative analysis of cross-sectional data in different years.

Therefore, the study of existing literature can be expanded in the following aspects.
On the one hand, the SBM model that incorporates undesirable outputs such as agricultural
environmental pollution has gradually matured, but the literature using the undesirable
SBM model has less consideration for the further comparison of the decision-making unit
with an efficiency of 1 [12–14], and the super-efficient SBM model can effectively solve this

176



Land 2022, 11, 722

problem. On the other hand, considering the limitations of the existing ESDA method for
spatial panel data research, there is little literature focusing on predicting the evolution of
agricultural ecological efficiency, which is the problem that the spatial Markov Chain (MC)
can solve. Based on this, the provincial panel data of China from 2000 to 2019 is chosen as
the research unit, the agriculture in the narrow sense (planting industry) is regarded as the
research object, the agricultural carbon emissions are considered the undesirable output,
the super-efficient SBM is used to analyze the agricultural ecological efficiency, and the
traditional and spatial Markov probability transfer matrix based on time series analysis and
spatial correlation analysis are constructed. Through the comparison of the transfer matrix,
the spatial-temporal dynamic evolution characteristics of agricultural ecological efficiency
can be analyzed, and the long-term evolution trend can be predicted, which aims to provide
support for narrowing the agricultural ecological efficiency between various provinces.

2. Methods and Data

2.1. Super-Efficient SBM Model Based on the Undesirable Output

In the process of agricultural production, it is generally expected that the environmen-
tal pollution caused by the excessive use of chemical products such as fertilizers, pesticides,
and agricultural films should be as small as possible [36]. The SBM model based on un-
desirable output is the model firstly proposed by Tone in 2001 to measure eco-efficiency.
The SBM model can effectively solve the “crowding” or “relaxation” phenomenon of in-
put elements caused by the radial and angled traditional data envelopment model (DEA)
model [37], but the SBM has the same problem as the traditional DEA, that is, for DMU
with an efficiency of 1, it is difficult to further distinguish the difference between these
efficient DMUs. Based on the SBM model, Tone further defined the super-efficient SBM. It
is a model combining the super-efficiency of the DEA and SBM models, which integrates
the advantages of the two models. The super-efficiency SBM model can further compare
and distinguish the efficient DMU in the forefront compared to the general SBM model,
and the model is constructed as follows.

Minρ =

1
m ∑m

i=1(
x

xik
)

1
r1+r2

(∑r1
s=1

yd

yd
sk
+ ∑r2

q=1
yμ

yμ
qk
)

(1)

⎧⎨
⎩ x ≥ n

∑
j=1, �=k

xijλj; yd ≤ n
∑

j=1, �=k
yd

sjλj; yd ≥ n
∑

j=1, �=k
yd

qjλj; x ≥ xk; yd ≤ yd
k ; yμ ≥ yμ

k

λ ≥ 0, i = 1, 2, . . . , m; j = 1, 2, . . . , n.j �= 0; s = 1, 2, . . . , r; q = 1, 2, . . . , r2

(2)

where it is assumed that there are n decision units, each decision unit has input m, desirable
output r1, and undesirable output r2. x, yd, yμ, respectively represent the corresponding
elements of the input matrix, desirable output matrix, and undesirable output matrix and ρ
is the ecological efficiency values.

Agricultural ecological efficiency refers to obtaining the greatest possible agricultural
economic output and ecological protection with as little agricultural resource input and low
environmental cost as possible, which comprehensively reflects the coordinated and win-
win relationship between the agricultural economy, resource utilization, and environmental
protection. An indicator system of agricultural ecological efficiency in China is constructed
in this paper; land, labor, mechanical power, irrigation, fertilizer, pesticide, etc. are regarded
as the input index of regional agricultural resources, while the total agricultural output
value is taken as the desirable output index, and the agricultural carbon emission is chosen
as the undesirable output (Table 1).
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Table 1. Agricultural ecological efficiency index system.

Indicator Type Indicator Name Description of the Indicator Unit

input

Land input Total sown area of crops thousand hectares

Mechanical input Total power of agricultural
machinery

10,000
kilowatts

Labor input

Primary industry employees
(gross agricultural output

value/total value of
agriculture, forestry, animal

husbandry, and fishery)

10,000
people

Fertilizer input Fertilizer application amount Tons

Pesticide inputs Amount of pesticide use Tons

Agricultural film input Agricultural film use Tons

Desirable
output Economic output Gross agricultural output RMB 100 million

Undesirable
outputs

Agricultural carbon
emissions

Fertilizers, pesticides,
agricultural film, agricultural
diesel, agricultural irrigation,
agricultural sowing carbon

emissions combined

Tons

Undesirable output: carbon emissions. The following carbon emission sources and their emission coefficients were
selected: fertilizer 0.8956 (kg/kg), pesticide 4.9341 (kg/kg), agricultural film 5.18 (kg/kg), diesel 0.5927 (kg/kg),
agricultural sowing 312.6 (kg/km2), agricultural irrigation 20.476 (kg/km2).

2.2. Nonparametric Kernel Density Estimation

Kernel density estimation is a kind of density mapping. In essence, it is a process
of surface interpolation through discrete sampling points; that is, through the smoothing
method, the histogram is replaced by continuous density curves to better describe the
distribution pattern of the variables, which has excellent statistical characteristics and is
more accurate and smoother than the histogram estimation. As a nonparametric estimation
method, Kernel density estimation can use a continuous density curve to describe the
distribution pattern of random variables. The density function of random variables is
set to f (x), for the random variable y, there are n independent observations of the same
distribution, with y1, y2, . . . , yn, respectively. The Kernel density function is as follows.

f (x) =
1

nh

n

∑
i=1

K(
yi − y

h
) (3)

where n is the number of study areas, h is the window width, and K(•) is a random Kernel
function, which is a weighted function or smoothing function, including Gaussian (Normal)
Kernel, Epanechnikov Kernel, Triangular Kernel, Quartic Kernel, etc. The window width
determines the degree of smoothness of the estimated density function. To be specific, the
larger the window width, the smaller the variance of the kernel estimation, the smoother
the density function curve, but the greater the estimated deviation. Therefore, the choice of
the best window width must be weighed between the variance and deviation of the kernel
estimation so that the mean squared error can be minimized. The kernel density function
of the Gaussian Kernel distribution is used in this paper, with the window width set to
h = 0.9SeN−0.2.

2.3. Spatial Correlation Analysis

According to the first law of geography, each thing or phenomenon in the spatial
unit is not isolated, but related. The degree of connection between neighboring things or
phenomena is closer, and the agricultural production activities in adjacent areas may affect
each other more. Spatial autocorrelation can indicate the impact of neighboring areas, while
differences in regional spatial distribution may have spatial autocorrelations; that is, the
geographical location of a region affects not only its own agricultural ecological efficiency,
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but also affects the efficiency of its neighbors. In this case, it is necessary to measure the
spatial autocorrelation of regional agricultural ecological efficiency. Spatial autocorrelation
analysis includes global spatial autocorrelation and local spatial autocorrelation. Global
spatial autocorrelation is used in this study to clarify the spatial correlation and spatial
difference of regional agricultural ecological efficiency. In spatial statistics, the commonly
used statistical indicator to measure the degree of spatial autocorrelation is Moran’s I index,
and its calculation formula is as follows.

I =

n
n
∑

i=1

n
∑

j=1
wij(xi − x)(xj − x)

n
∑

i=1

n
∑

j=1
wij(xi − x)2

(4)

where n is the sample size, xi and xj are the observations of the spatial positions i and j.
wij represents the proximity of spatial positions i and j when i and j are adjacent, wij = 1;
otherwise, it is 0. The global Moran’s I index has a range of values with [−1,1], greater than
0 means spatial positive correlation, less than 0 means negative correlation, and equal to 0
means uncorrelation.

2.4. Space Markov Chains

The traditional Markov Chain is derived from the Russian mathematician Markov’s
theory of stochastic processes, which measures the state of occurrence of events and their
development trend by constructing a state transition probability matrix. In which, given
current knowledge or information, the past (i.e., the historical state before the current
period) is irrelevant to predicting the future (i.e., the future state after the current period);
that is, “no after-effect”, also known as “Markovity”. The evolution of many economic
phenomena has the characteristic of “no after-effect”, and the evolution process of agri-
cultural ecological efficiency also has no exception. Assuming that Pij is the transfer
probability of agricultural ecological efficiency in a certain area from state i in year t to
state j in year t + 1, the transfer probability can be estimated by the frequency of transfer
Pij = nij/ni. Where nij represents the number of provinces that have shifted from state i
in year t to state j in year t + 1 during the sample investigation period and satisfies the
formula (∑j Pij = ∑j P{Xn+1 = j|Xn = i} = 1). If the agricultural ecological efficiency is
divided into N types, that is, N states, the state transition probability matrix N × N can
be constructed. In addition, the transfer direction can be defined according to the up-
ward (increasing), constant, and downward (decreasing) changes of agricultural ecological
efficiency types (Table 2).

Table 2. Markov chain transfer probability matrix (N = 4).

ti/ti+1 1 2 3 4

1 P11 P12 P13 P14
2 P21 P22 P23 P24
3 P31 P32 P33 P34
4 P41 P42 P43 P44

Spatial Markov Chain analysis introduces the concept of spatial lag into the transfer
probability matrix because the evolution of regional economic growth and other economic
phenomena is not geographically isolated and random, but closely related to and interacts
with neighboring regions. Spatial MC compensates for the neglect of the spatial correlation
effects of traditional MC analysis on the study area and is used to reveal the intrinsic
relationship between the spatial-temporal evolution of an economic phenomenon and
the spatial background of the region. Taking the spatial lag type of a region in the initial
year as the condition, the traditional N × N state of the transition probability matrix
is decomposed into an N transfer condition probability matrix (N × N). It enables the
analysis of the possibility of improving or decreasing the agricultural ecological efficiency
of a certain region under different geographical background conditions. Taking the N
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condition matrix as an example, Pij(N) indicates the spatial lag type N of a certain region
in year t, and the one-step spatial transfer probability of the year is transferred from state i
in year t to state j in year t + 1. The spatial lag type of a region is classified by the spatial
lag value of its ecological efficiency value in the initial year, and the spatial lag value is the
spatially weighted average of the agricultural ecological efficiency value in the adjacent
area of the region, which is calculated by the product of the regional agricultural ecological
efficiency value and the spatial weight matrix, that is ∑j WijYj. Yj represents the ecological
efficiency value of a certain region and Wij represents the element of the spatial weight
matrix W. The principle of common boundaries is used in this paper to determine the
spatial weights matrix. If the regions are adjacent, Wij = 1; otherwise, Wij = 0. Due to
the special geographical location of Hainan Province, the calculation of the weight matrix
assumes that Hainan is adjacent to Guangdong.

By comparing the corresponding elements of the traditional Markov transfer matrix
and the spatial Markov transfer matrix (Table 3), the relationship between the magnitude
of the probability of upward or downward transfer of agricultural ecological efficiency
in a certain area and the surrounding neighborhood can be understood, so as to explore
the differences and the spatial spillover effects between spatial contexts and the transfer
of agricultural ecological efficiency. If P12 > P12/1, it means that the probability of a
province’s ecological efficiency shifting from state 1 to state 2 without considering that the
neighborhood is greater than the probability of transferring from state 1 to state 2 when
considering the neighborhood and the province is adjacent to the province in state 1. If the
spatial background has no effect on the state transfer, there is P12 = P12/1.

Table 3. Spatial Markov transfer condition probability matrix (N = 4).

1 2 3 4

1

1 P11/1 P12/1 P13/1 P14/1
2 P21/1 P22/1 P23/1 P24/1
3 P31/1 P32/1 P33/1 P34/1
4 P41/1 P42/1 P43/1 P44/1

2

1 P11/2 P12/2 P13/2 P14/2
2 P21/2 P22/2 P23/2 P24/2
3 P31/2 P32/2 P33/2 P34/2
4 P41/2 P42/2 P43/2 P44/2

3

1 P11/3 P12/3 P13/3 P14/3
2 P21/3 P22/3 P23/3 P24/3
3 P31/3 P32/3 P33/3 P34/3
4 P41/3 P42/3 P43/3 P44/3

4

1 P11/4 P12/4 P13/4 P14/4
2 P21/4 P22/4 P23/4 P24/4
3 P31/4 P32/4 P33/4 P34/4
4 P41/4 P42/4 P43/4 P44/4

The Markov process occurs after a long transition. If the system has an equilibrium
state, i.e., the probability that the system is in the same state when it is balanced, it does not
depend on the initial state and no longer changes over time. The probability distribution
at this time is a stationary distribution. Based on the Markov probability transfer matrix,
a smooth distribution of the stochastic process can be obtained, which can predict the
dynamic evolution trend of an economic phenomenon (agricultural ecological efficiency).
It is assumed that the traditional Markov chain is {Xn, n = 0, 1, 2, . . .} , pij is a one-step
transfer probability, {π, i ∈ S} is a smooth distribution of the traditional Markov chain.
Extended to spatial Markov chains, according to the similarity principle, the spatial sta-
tionary distribution under each spatial lag type is obtained, and the maximum transition
probability is taken as the possible evolution trend of the corresponding state.

2.5. Research Data

Agriculture in the broad sense includes agriculture, animal husbandry, and fishery, and
in the narrow sense refers to the planting industry. This paper measured the agricultural
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ecological efficiency in the narrow sense, and the research objects were 31 provinces,
autonomous regions, and municipalities directly under the central government (excluding
Hong Kong, Macao, and Taiwan). Starting from 2000, a total of 20 years was used as the
study interval to 2019. The agriculture-related data used in this paper were derived from
the “China Rural Statistical Yearbook”, the statistical yearbook of various provinces, and
the carbon emission data was used in the calculation.

Through the spatialization analysis of the total power of agricultural machinery,
fertilizer input, land input, and labor input, there was spatial heterogeneity between
the inputs in different provinces. Specifically, in 2020 (Figure 1), the provinces with a
total mechanical power greater than 6000 KWH were mainly clustered in the main grain-
producing areas, of which Heilongjiang, Henan, Shandong, and other provinces were
representatives. The provinces with fertilizer inputs greater than 300 tons were Henan
and Shandong; the provinces with larger agricultural land inputs were Henan, Shandong,
Sichuan, and Heilongjiang; the provinces with large population inputs were Shandong,
Henan, Guangxi, and Sichuan.

  
(a) (b) 

  
(c) (d) 

Figure 1. Input factors for provincial agricultural production in China in 2020. (a) Machine input;
(b) fertilizer input; (c) land input; (d) population input.
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3. Results

3.1. Measurement and Temporal and Spatial Pattern of Agricultural Ecological Efficiency in China

DEA SOLVER PRO 5.0 (Beijing, China) software, non-Oriented, and super-efficient
SBM model with variable returns to scale were used to measure the agricultural ecological
efficiency of 31 provinces, autonomous regions, and municipalities directly under the cen-
tral government in China from 2000 to 2019 (Figure 2). The agricultural ecological efficiency
in each year was basically below 0.7, and the overall agricultural ecological efficiency in
China was at a low level, which means that there is a large space for resource conserva-
tion and environmental protection in the two-type development of China’s agriculture.
Between 2001 and 2019, the agricultural ecological efficiency of China showed a steady
upward trend in fluctuations, especially from 2006 to 2010. Since the 21st century, the
No. 1 central document has focused on agriculture for many years, paying attention to the
issues of “Agriculture, rural areas and farmers”, and clearly proposing to “encourage the
development of circular agriculture and ecological agriculture”, showing the government’s
emphasis on the sustainable development of agriculture and improved agricultural eco-
logical efficiency. By comparing the agricultural ecological efficiency of the three regions
in the east, central, and west, the agricultural ecological efficiency ranked in order of the
eastern, the western, and the central, but the gap between the central and western regions
was small, showing that with the continuous development of the agricultural economy, the
agricultural technology level in the eastern region made significant progress. More atten-
tion has been paid to agricultural modernization, the coordination between agricultural
production, resource conservation, and environmental protection. However, the level of
agricultural technology in the central and western regions has developed slowly, the degree
of agricultural mechanization is low, and the mode of agricultural economic development
is relatively extensive.

In order to explore the agglomeration differences in the evolution of agricultural eco-
logical efficiency over time in various provinces, the nonparametric Kernel density function
of the Gaussian normal distribution was used. The estimated Kernel density at five time
points of observation in 2001, 2005, 2010, 2015, and 2019 was selected to obtain the distribu-
tion of different time points. The height of the crest reflects the degree of agglomeration
of agricultural ecological efficiency in various provinces, and it can be seen in (Figure 3)
that the agricultural ecological efficiency of China as a whole presents the evolution and
distribution characteristics of a “double peak” from left to right and crests from high to low,
showing the increasing trend of China’s agricultural ecological efficiency with time. Most
provinces have gradually changed from low-level agglomeration to the trend of narrowing
the difference between “high-low” quantities. In 2001, the agricultural ecological efficiency
of most provinces was at low levels. After 2010, with the enhancement of agricultural
environmental awareness, the transfer of rural labor, and the acceleration of the progress
of agricultural mechanization, the agricultural ecological efficiency of various provinces
has improved to varying degrees, but there are still differences in resource endowments
and economic strength among provinces. The gap in agricultural ecological efficiency in
various provinces and cities has begun to increase, forming a number of peaks of different
amplitudes. However, the peaks of low-level agglomeration have gradually declined until
2019. The peak height gap of the bimodal distribution has narrowed, indicating that the
gap between low-level agricultural ecological efficiency and high-level agricultural eco-
logical efficiency has been further narrowed, and a “bimodal” evolution pattern similar to
“club convergence” of “low-level agglomeration and high-level agglomeration” has been
gradually formed.
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Figure 2. Provincial agricultural ecological efficiency from 2001 to 2019 (x-axis: agricultural gross
domestic production).
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Figure 3. Kernel density function plot from 2001 to 2019.

3.2. Temporal Evolution Characteristics of Agricultural Ecological Efficiency in China

The temporal analysis of agricultural ecological efficiency and the density Kernel
analysis can only characterize the temporal change trend and evolution difference of eco-
logical efficiency, but it is hard to deeply reflect its inherent spatial-temporal evolution
law. To solve the probability transfer matrix of the traditional Markov chain, consider-
ing the provincial view measurements of each type are roughly the same, according to
the quantile division method, the agroecological efficiency values are divided into four
complete intervals that are adjacent but not intersecting according to the quantile division
method, with the quantiles of 1/4, 1/2, and 3/4 as the boundaries. The complete intervals
of these four states are defined as k = 1, 2, 3, 4, respectively; the larger the k, the higher the
agricultural ecological efficiency of the region. In addition, according to the trend evolution
diagram, the whole research period is roughly divided into two stages: 2001–2010 and
2011–2019. According to the division of state types, the traditional Markov probability
transition matrix is obtained (Table 4).

Table 4. Markov Chain state transition probability matrix of agricultural ecological efficiency in
China from 2001 to 2019.

ti/ti+1

2001–2010 2011–2019

1 2 3 4 1 2 3 4

1 0.8842 0.1257 0.0000 0.0000 0.8854 0.1143 0.0000 0.0000
2 0.1094 0.7822 0.1095 0.0000 0.0000 0.8532 0.1638 0.0000
3 0.0000 0.1315 0.7643 0.1023 0.0000 0.0270 0.9125 0.0495
4 0.0000 0.0161 0.0733 0.9014 0.0000 0.0000 0.0118 0.9872

The elements on the diagonal line indicate the probability of the non-transfer of agricul-
tural ecological efficiency between different state types, reflecting the stability characteristics
of agricultural ecological efficiency in the region. The elements on the non-diagonal line
indicate the probability of the transfer of agricultural ecological efficiency between differ-
ent state types, showing the evolution characteristics of agricultural ecological efficiency
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without considering the geospatial pattern. The agricultural ecological efficiency of each
province has the stability of maintaining its original state. All elements on the diagonal are
significantly larger than those on the non-diagonal. The minimum value of the elements
on the diagonal is 0.7643, and the maximum value is 0.9872. It means, regardless of the
period, the agricultural ecological efficiency of a certain province belongs to a certain type
in the current year and the probability of still belonging to the type in subsequent years. In
addition, the types at both ends of the diagonal have the greatest probability of maintaining
stability (type 1 and 4), and there is a trend of agricultural ecological efficiency converging
to low and high levels, that is, “club convergence”. On the whole, agricultural ecological
efficiency has a significant trend of transferring to a high level. In view of the transfer
frequency of the two stages, the number of type 1 and type 2 in 2011–2019 was significantly
less than that in 2001–2010, while the number of type 3 and type 4 was more than that
in 2001–2010. However, there were also differences in transfers between different phases.
From 2001 to 2010, the probability gap of the upward or downward transfer between type
2 and type 3 was small, and the gap between P22 and P33 was also small, indicating that the
change of agricultural ecological efficiency of provinces in this stage was relatively stable.
While during 2011–2019, P21 = 0 < P23 = 0.1638, P32 = 0.027 < P34 = 0.0495, the provincial
agriculture ecological efficiency was more likely to increase during this period. Besides, it
is difficult to achieve a leapfrog transfer of agricultural ecological efficiency. The transfer
of agricultural ecological efficiency occurs almost on both sides of the diagonal line, and
from the perspective of non-diagonal elements, the probability on the non-diagonal line
is significantly smaller than the probability on the diagonal line, and its maximum value
is 0.1638, which means that between two consecutive years, the probability of achieving
a leapfrog transfer of agricultural ecological efficiency is extremely small. It proves that
the improvement of agricultural ecology in various provinces is a relatively stable and
sustained process, and achieving leapfrog development and evolution in the short term is
relatively hard.

3.3. Spatial Evolution Characteristics of Agricultural Ecological Efficiency in China

With the improvement of the agricultural market economy and the expansion of re-
gional openness in China, the spatial mobility of agricultural production factors has become
more frequent, the spatial connection between agricultural production has become closer,
and the location effect of agricultural ecological efficiency between adjacent provinces will
become more significant. In order to deeply research the temporal and spatial evolution
differences of agricultural ecological efficiency in different provinces, the spatial Markov
chain probability transfer matrix is constructed. On the premise of whether there is a
spatial background effect, by comparing the corresponding elements in the two matrices, a
relationship was found between the transfer probability of agricultural ecological efficiency
types of a province and its neighboring provinces. The spatial correlation test results of
the global Moran’s I index of agricultural ecological efficiency show that the Moran’s I
index of agricultural ecological efficiency in different years was positive (0.1245~0.2780).
Except for a few years, all of them passed the test at the significance level of 5% (or 10%),
which showed that there was a significant positive correlation in the spatial distribution of
agricultural ecological efficiency in China. The geospatial spatial pattern is an important
factor affecting the agricultural ecological efficiency of China, and the impact of agricultural
ecological efficiency between neighboring provinces was spatially dependent. From 2001
to 2010, 28 provinces witnessed an increase in agricultural ecological efficiency. From 2011
to 2019, 7 provinces saw an increase in it (Figure 4). Although the number of growing
provinces decreased, the gap between provinces became smaller.

185



Land 2022, 11, 722

  
(a) (b) 

Figure 4. Changes in agricultural ecological efficiency in China from 2001 to 2019: (a) 2001–2010;
(b) 2011–2019.

The traditional Markov probabilistic transfer matrix does not take into account the
effects of the transfer of the surrounding neighborhood type, but the upward or downward
transfer of agricultural ecological efficiency is not spatially isolated; however, it is paved
with the surrounding neighborhood and practically related. On the basis of the traditional
Markov probability transfer matrix, the geospatial background factor is introduced. The
spatial Markov probability transfer matrix is constructed based on the spatial lag type
of each province in the initial year. The spatial Markov probability transfer matrix is
constructed on the condition that the spatial lag type in different regions in the initial year
is obtained. The division of the two periods in the above study shows that the type transfer
of agricultural ecological efficiency is unstable in time, and the 2001–2010 and 2011 are
established, respectively (Table 5).

Table 5. Spatial Markov probability transfer matrix of agroecological efficiency in China from 2001 to 2019.

Space Lag ti/ti+1
2001–2010 2011–2019

1 2 3 4 1 2 3 4

1

1 0.8731 0.1289 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
2 0.1200 0.7700 0.1300 0.0000 0.0000 0.0000 0.0000 0.0000
3 0.0000 0.0785 0.8412 0.0779 0.0000 0.0000 0.0000 0.0000
4 0.0000 0.0632 0.0322 0.9022 0.0000 0.0000 0.0000 0.0000

2

1 0.8712 0.1268 0.0000 0.0000 0.9400 0.4000 0.0000 0.0000
2 0.1613 0.7419 0.0964 0.0000 0.0000 0.9350 0.0760 0.0000
3 0.0000 0.0765 0.7693 0.1548 0.0000 0.0323 0.8000 0.0668
4 0.0000 0.0000 0.0436 0.9547 0.0000 0.0000 0.0000 1.0000

3

1 0.8814 0.1178 0.0000 0.0000 0.8000 0.3000 0.0000 0.0000
2 0.0477 0.8263 0.1155 0.0000 0.0000 0.7535 0.2433 0.0000
3 0.0000 0.1112 0.7322 0.1668 0.0000 0.0153 0.9428 0.0417
4 0.0000 0.0000 0.1112 0.8887 0.0000 0.0000 0.0144 0.9856

4

1 0.9231 0.0669 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
2 0.0930 0.7906 0.1162 0.0000 0.0000 0.7144 0.2858 0.0000
3 0.0000 0.0532 0.6843 0.2642 0.0000 0.0625 0.7819 0.1566
4 0.0000 0.0000 1.0000 0.0000 0.0000 0.0000 0.0230 0.9800
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4. Conclusions

This paper takes the provincial panel data of China from 2001 to 2019 as the research
unit, regards the narrow agriculture (planting industry) as the research object, uses the
super efficiency SBM model to measure the inter-provincial agricultural ecological efficiency,
and constructs the traditional and spatial Markov probability transfer matrix based on the
time analysis of Kernel density estimation and the spatial correlation analysis of global
Moran’s I index. Through the comparative analysis of the matrix, the temporal and spatial
dynamic evolution characteristics of agricultural ecological efficiency are analyzed, and
the influence of geospatial patterns on the temporal and spatial evolution of agricultural
ecological efficiency is concluded. The main conclusions are as follows.

From the perspective of the difference in temporal evolution, the agricultural ecological
efficiency of China based on line charts and Kernel density estimation shows a steady
upward trend in fluctuations, and the volatility was mainly clustered around 2001–2019.
From 2011 to 2019, there was still much space to improve agricultural ecological efficiency.
The Kernel density estimation chart shows that the crest of the evolution of agricultural
ecological efficiency in China has the distribution characteristics of a “double peak” from
high to low, and the gap in wave crest height has narrowed. A “club convergence” pattern
of “low agglomeration and high agglomeration” is gradually formed. This result is the
same as Wang (2022) [4].

From the perspective of spatial evolution, the results of the global Moran’s I index
show that there was a significant positive correlation between the agricultural ecological
efficiency of China and spatial distribution, and there was spatial dependence between in-
terprovincial agricultural ecological efficiency. The traditional Markov probability transfer
matrix presents that the overall trend of agricultural ecological efficiency shifting to a high
level is significant, the evolution of agricultural ecological efficiency has the stability of
maintaining the original state, and it is difficult to achieve leapfrog transfer. The probability
of the type at both ends of the matrix remaining unchanged is the largest, and there is a
possibility of “low agglomeration and high agglomeration”. The comparison between the
spatial Markov probability transfer matrix and the traditional transfer matrix shows that,
in addition to common characteristics, the geospatial pattern plays an important role in
the spatial-temporal evolution of agricultural ecological efficiency and the spatial spillover
effect is obvious. In different spatial contexts, the probability of the transfer of agricultural
ecological efficiency types in different provinces has differences. If a province is adjacent to
a province with a high agricultural ecological efficiency, the probability of upward transfer
increases, while if it is adjacent to a province with low agricultural ecological efficiency, the
probability of downward transfer increases. It means that provinces with high agricultural
ecological efficiency enjoy positive spillover effects, while provinces with low agricultural
ecological efficiency have negative spillover effects, so as to gradually form a “club conver-
gence” of “high agglomeration, low agglomeration, high radiation and low inhibition” in
the spatial pattern, which can echo the characteristics of time evolution. This result is the
same as Guo (2020) [14] and Liu (2020) [15].

5. Discussion

Based on the super-efficiency SBM model and the spatial Markov probability trans-
fer matrix, the spatial and temporal evolution characteristics of agricultural ecological
efficiency in China are summarized as follows.

The super-efficient SBM model based on undesirable output can fully consider the
impact of the resource environment on agricultural ecological efficiency and can further
compare DMU with an efficiency of 1, but this paper does not discuss the various socio-
economic factors that lead to the loss of agricultural ecological efficiency, because the loss
of agricultural ecological efficiency is the result of the joint influence of various factors [38].
Future research can consider structural changes, policy changes, technological changes,
urbanization [39], foreign direct investment (FDI), and other factors, as well as profoundly
discussing the influencing factors of agricultural ecological efficiency loss.
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The long-term evolution trend of China’s agricultural ecological efficiency shows that
there is a huge potential for improvement in provinces with low agricultural ecological effi-
ciency. The agricultural modernization of China is still facing the arduous task of resource
conservation and environmental protection [40]. In accordance with the requirements
of green and low-carbon development, it is necessary to continue to deeply change the
mode of agricultural economic development, pay attention to resource conservation and
protection and the control of agricultural pollution emissions, learn from the experience
of ecological agriculture management in neighboring provinces with high agricultural
ecological efficiency, and reduce the provincial gap of agricultural ecological efficiency.
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Abstract: As the most concentrated area of human activities, cities consume many natural resources
and discharge a large amount of waste into the natural environment, which has a huge environmental
impact. Most of the ecological and environmental problems, such as environmental pollution, global
climate change, and loss of biodiversity, are related to urban systems. How to coordinate urban
development with the urban ecological carrying capacity is related to the destiny of the city itself, and
also to whether its surrounding areas can successfully achieve the goal of high environmental quality
and sustainable development. At present, the theory and methods of urban ecological carrying
capacity research are relatively new, which has caused problems for policy makers in practical
applications. This paper proposes a theoretical framework for urban ecological carrying capacity
assessment based on the analysis of ecosystem services supply and demand. Combined with multi-
source spatial data and spatial model methods, the supply and demand of ecosystem services were
spatially quantified. The capital city of China, Beijing, was the case study area for this research.
The spatial differentiation of the supply–demand relationship of ecosystem services is formed. The
priority areas for ecological carrying capacity improvement at pixel scale and at the administrative
level are obtained, respectively. The results show that the first priority area is concentrated in the
center of the urban area, accounting for 31.11% of the total area of Beijing. According to the secondary
zone and the specific ecosystem service type, the ecological carrying capacity improvement strategy of
different zones is proposed. This study provides a new perspective for investigating urban ecological
carrying capacity and for identifying the priority areas for ecological carrying capacity improvement,
and helps the policy-makers to design tailored policy actions.

Keywords: ecological carrying capacity; ecosystem services; supply and demand; priority areas
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1. Introduction

1.1. Taking Ecosystem Services as the End of Evaluation Is the Core Idea of Urban Ecological
Carrying Capacity Evaluation

Global population growth and rapid social and economic development have made
urbanization an inevitable trend in human society. As the most concentrated area of human
activities, cities consume a large amount of natural resources and discharge a lot of waste
into the environment, with great impact in terms of sustainability. Various negative effects
have emerged during the rapid urbanization process, such as traffic congestion, housing
shortage, energy shortage, water shortage, air pollution, inadequate public services and
urban unemployment, along with resources, environment, ecological and social problems.
The carrying capacity of cities are unable to support the scale of urban growth, posing
great challenges to the sustainability of urban development [1]. Enhancing the urban
carrying capacity for maintaining population quality of life, allowing sustainable urban
development, and for meeting the growing demand of urban areas, has been a research
hotspot at national and international level [2].

The concept of carrying capacity was introduced into the field of ecology in the 1920s.
In order to meet the needs of the largest livestock capacity management and wildlife
population protection, in the western United States, ranchers and researchers began to
use the term “carrying capacity”. The term indicates the maximum number of livestock
that a pasture can support in a certain area at a given time without compromising the
productivity of the pastures for the future [3,4].

Since the 1930s, with the development of agricultural technology and the invention
of antibiotics and vaccines, human society has broken away from the population model
that had been largely coordinated with food supply. Explosive population growth has
caused increasingly prominent problems, such as environmental pollution and resource
shortages. People have gradually realized that the land available for food production, the
resources available for extraction, and the ability to dilute and absorb pollution are limited
and cannot support the limitless growth of human society. The concern of scientists was
reflected in the publication of the Club of Rome, “The Limits to Growth” [5,6], and research
related to carrying capacity began to shift from biological populations to the pressing
resource and environmental problems facing human society [6,7]. Research has focused
on exploring different aspects of carrying capacity, such as population, environmental and
resource availability, etc. [8–10].

However, as one of the research strands of carrying capacity studies, there is not a
unique definition of ecological carrying capacity (ECC) among scholars. In the Chinese
context in particular, there has been a more and more extended meaning of “ecology” or
“ecological”, and there is confusion around the definition of ECC. Most scholars assess that
ECC is the carrying and supporting capacity of resources and environmental subsystems
needed for social and economic activities within a certain period of time [11]. Some others
believe that it should be the combination of resource carrying capacity for social and
economic development and for ecological and environmental functions [12]. The unclear
definitions may cause semantic confusion in these studies, and difficulty in defining unified
standards and indicators of ecological, resource, and environmental carrying capacity,
which prevents a simple, easy and problem-oriented approach when formulating policies
and actions for sustainable resource use.

The confusion may come from the introduction of the ecological footprint theory.
Rees and Wackernagel [13] first put forward the ecological footprint theory. From the
perspective of Earth’s natural resource carrying capacity, it is believed that the carrying
capacity is the sum of all the different kinds of ecologically productive land space that can
supply the daily production and living of the interior population. This is the symbol of
the shift from a single-element research objective to a comprehensive research approach in
ecosystem carrying capacity studies. However, when Rees [14] first proposed the ecological
footprint theory, he did not use the term “ecological carrying capacity”. Instead, he used
“carrying capacity”, emphasizing the focus on the occupation and consumption of natural
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capital by humans. Later, in the Living Planet Report [15,16], published every two years
by World Wildlife Fund (WWF), which mainly applied the ecological footprint approach,
the term “biological capacity” or “biocapacity” was used to represent the production and
regeneration capacity of the ecosystems, and the corresponding “ecological footprint”
represented human consumption of natural capital. In the “China Ecological Footprint
Report 2012” [17] jointly released by China, the corresponding carrying capacity was
termed as “biocapacity”. The comparation of “biocapacity” and “ecological footprint” was
used to draw a conclusion of ecological deficit or surplus. However, due to the existence of
“ecology” in the term of “ecological footprint”, the corresponding carrying capacity was
translated into “ecological carrying capacity” by many scholars in China when it was first
introduced to China. It then became a method that later generations of researchers had to
mention when studying ecological carrying capacity.

In the past few years, Chinese scientists have carried out a series of studies on “ecolog-
ical carrying capacity” with different focuses and different methods. From the perspective
of the succession of natural ecosystems, Wang et al. [18] believed that ECC is an objective
reflection of the adjustment ability of the natural system, and it is the limit of the main-
tenance and adjustment ability of the ecosystem. Beyond this limit, the natural system
will lose its resilience and be destroyed, degrading from a highly complex natural system
(such as an oasis) to a lower-level very simplified natural system (such as a desert). From
the perspective of sustainable development, Gao [8] believes that the most basic and most
important condition for system and regional sustainable development is to keep human
activities within the ecological carrying capacity boundaries. He defined ECC as the self-
sustaining and self-regulating ability of the ecosystem, the supply capacity of resources
and environmental subsystems, the intensity of social and economic activities and the
number of people with a certain standard of living that it can sustain. It is arguably the
most widely accepted definition. From then on, many studies have followed this defini-
tion or adjusted and supplemented it on this basis, such as Jin et al. [19], focusing on the
urban ecosystem, who recognized that ECC is an important criterion for measuring the
sustainable development capacity of a certain area. He divided the urban ecosystem into
four sub-systems of resources, environment, society, and economy, and considered that
ECC includes three levels: the self-sustaining and self-regulating ability of the ecosystem,
the supply capacity of the environmental and resource subsystems in the ecosystem, and
the pressure on the environment and resource subsystems caused by human activities
and social economic production activities; Yang and Sui [20] proposed the concept of ECC
based on ecosystem health, which refers to the potential capacity of natural ecosystems to
maintain their service functions and their own health under certain social and economic
conditions. Shen et al. [21] focused on the structure and function of the ecosystem, and
defined the ECC as the ability of the ecosystem to withstand external disturbances, espe-
cially human activities, on the premise that the structure and function of the ecosystem are
not damaged.

In recent years, some scholars have argued that the theory of ecosystem services (ES)
provides new ideas for ECC research. Ecosystem services are the benefits that people
obtain directly or indirectly from the ecosystem [22], and are the bridge between human
society and nature. The advantages of applying ecosystem services theory to ECC study
include: (1) ecosystem services have the characteristic of being “systemic”—ecosystem
services are the characteristics of ecosystems, which are manifested through the interaction
of multiple ecosystem structures and processes. However, the use of one or several physical,
chemical, and biological indicators, (such as the environmental quality status or natural
biodiversity conservation), makes it difficult to detect the changes in the structure and
function of the ecosystem. (2) Ecosystem services refer to the benefits that humans get
from ecosystems, which have an important impact on human well-being, and humans
usually intuitively perceive their changes [23]. Using ecosystem services to characterize
ecological carrying capacity is the current trend in ecological carrying capacity research.
Based on the theory of ecosystem services, Cao et al. [24] proposed that ECC is the popu-
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lation and economic scale with a certain level of development that can be supported by
ecosystem services determined by the structure, process and spatial pattern of a regional
ecosystem; Xu et al. [25] emphasized that ECC refers to the ability of ecosystems to provide
services and functions, prevent ecological problems, and ensure regional ecological security.
Cao et al. [24], Jiao et al. [26] and Wang et al. [27] have made attempts to evaluate ECC by
using ecosystem services from different perspectives or combining different methods.

Compared with resource carrying capacity, environmental carrying capacity and
regional carrying capacity, ecological carrying capacity should be more stressed on the
carrying capacity of the ecosystem. An ecosystem is a unified whole system formed by
the continuous circulation of material and energy flow processes between all living things
(i.e., biocenose) that live together in a certain space and environment [28]. The supply of
ecosystem services depends on its structure, process and function. Its existence is objective
and cannot be transferred by human will. It is a measure of the potential ability of the
ecosystem to provide products and services under the current natural environmental
conditions [29,30].

Therefore, the ecosystem services theory contributes to the construction of an inde-
pendent concept of “ecological carrying capacity”, which has the characteristics of linking
natural systems and human social systems. It leads to a more practical method to study
ECC in urban areas where the interactions between human and nature are more intense.

1.2. Existing Studies on the Supply and Demand of Ecosystem Services Have Laid the Foundation
for Identifying Areas with Improved ECC

We approve of the definition of ecological carrying capacity as the ecosystem services
supply capacity of the ecosystem. In the context of the urban ecosystem, it needs to be
stressed that humans and human activities are the carrying targets of the urban ecosystem.
The relationship between the supply and demand of ecosystem services reflects the carrying
state of the urban ecosystem, which is the basis of identifying the spots and the urgency to
improve ECC. The supply is characterized by the ecosystem services that the ecosystem
can provide, and the demand can be indicated by the demand for ecosystem services
by humans. If the supply of ecosystem services is small where the demands for those
services by humans are also small, the carrying state of the urban ecosystem may be
within a relatively reasonable range. On the contrary, if the supply of ecosystem services
is large where the demands of these services are also high, the carrying state of the urban
ecosystem may be poor. Therefore, when studying urban ECC, the carrying states can be
judged more scientifically by combining the supply and demand of ecosystem services.
The demand for ecosystem services is affected by multiple factors such as the level of social
and economic development, education and culture, policies and regulations, reflecting
human needs and preferences for different types of ecosystem services [31]. Exploring the
temporal and spatial changes and matching characteristics of the supply and demand of
different ecosystem services typology is a prerequisite for promoting ecosystem services
conservation, enhancing scientific research to provide support for strengthening ecosystem
management and for formulating efficient ECC improvement plans [32]. However, at the
practical level, existing ECC research has mainly focused on quantitative measurement in
the research area, while less attention has been paid to how and where to apply the research
results to enhance the ECC in more detail. Studying and mapping the supply and demand
of urban ecosystem services can clearly reflect the carrying capacity of the ecosystem and
the magnitude of human disturbance, and provide the basis for making practical, integrated
decisions that simultaneously meet the different ecological, social, and economic needs of
urban communities and socio-ecological systems. It can not only provide a priority map for
decision-making but also helps planners to find and analyze the distribution of ecological
services around the city in order to better achieve environmental justice, and it is of great
significance in promoting the sustainable development of societies [33,34].

Our research objective is to analyze urban ecological carrying capacity by the match-
ing of the supply and demand of ecosystem services in a case study of the Beijing area.
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This approach allows us to assess the imbalance between ecosystem service supply and
demand in the different urban areas, addressing the priority improvement urban areas in
terms of urban ECC, offering a new research perspective for the study of urban ecological
carrying capacity.

2. Methods

2.1. Framework for Improving ECC Based on the Supply and Demand of Ecosystem Services

To assess the matching of supply and demand of ecosystem services, in order to zone
the priority improvement areas of urban ECC, the research followed five main steps. The
first step is the selection of the key ecosystem services based on the city’s characteristics.
The second step deals with the selection of appropriate methods for the evaluation and
mapping of the supply and demand of ecosystem services. The third focuses on the
selection of the appropriate methods for matching the ecosystems services supply and
demand. The fourth step consists of identifying the areas needing improvements in ECC
on the basis of the matching results of supply and demand. In the fifth step, ECC efficient
management and policy actions are addressed.

Ecosystem services include supply services (e.g., raw material, fiber and fuel, etc.),
regulation services (e.g., carbon storage and climate regulation), supportive services (e.g.,
nutrient cycling and erosion control), and entertainment and cultural services (e.g., aes-
thetic value and historical recognition) [22,35]. For the evaluation of ecological carrying
capacity by the matching of ecosystem supply and demand in urban areas, it is necessary
to consider the main ecological problems faced by cities, the ecosystem services that have
prominent contradictions between supply and demand, and data availability, to select the
key ecosystem services. In this study, we chose urban flood regulation, soil conservation,
temperature and humidity regulation, pollutant purification, and carbon sequestration,
according to Beijing’s geographical location, climate characteristics, ecological conditions,
population status and future development plans. The demands in terms of food, water, and
energy are far greater than the available supply by the local ecosystem and, given that it is
impossible to achieve self-sufficiency locally, most of these demands are solved by external
inputs. This belongs to the research category of resource carrying capacity. Therefore, these
supply services are not considered in this study. Cultural services provide humans with
abstract benefits, such as entertainment, science, and aesthetics, and are often affected by
multiple factors, such as people’s preferences, economic conditions, and education levels,
which are difficult to quantify, and so are not considered in this study either.

ES supply can be assessed using biophysical models, participatory questionnaires, ex-
pert knowledge, monetary valuation, ecological footprint methods, or other techniques [36].
This research uses the Urban InVEST model developed by the US Natural Capital Project
Group, which is based on a biophysical model, and is suitable for urban scale and ecolog-
ical issues that meet urban concerns. InVEST models are jointly developed by Stanford
University, The Nature Conservancy (TNC) and the World Wildlife Fund (WWF), aiming
to help decision makers weigh human trade-offs by simulating changes in the quantity and
value of ecosystem services under different land cover scenarios. These models can provide
spatially-explicit assessment results, using maps as information sources and producing
maps as outputs with flexible spatial resolutions. They have been updated by many ver-
sions since their release. Urban InVEST is a set of newly developed models, which has been
released since early 2020. It especially suits multiple urban ecosystem services, and aims
to help the decision makers integrate urban ecosystem services in city design and spatial
planning (https://naturalcapitalproject.stanford.edu/software/urban-invest, accessed on
21 March 2022).

ES demand evaluation mainly includes risk evaluation, human preference, direct
use, consumption, and other methods. Indicators may include social standards (e.g.,
poverty line, water quality standards, average food or water consumption), and empirical
knowledge (e.g., tolerance of soil loss), along with others [37]. Among them, risk assessment
is mainly used in those services for which scarcity may cause disasters, economic losses
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and health threats to people. Preferences, values and direct use methods are mainly used
for cultural services, while water, energy and other supply services are mainly based on
consumption assessments [36]. Each selected key ecosystem service supply and demand at
a local level are quantified as follows.

The technical route is shown as Figure 1.

Figure 1. The technical route of this study.

2.2. Methods of ES Supply Quantification
2.2.1. Flood Mitigation Service Supply Quantification

The capacity of the city’s flood control and mitigation plays an important role in
reducing urban waterlogging [38,39]. The latest version of the InVEST model added the
Urban Flood Risk Mitigation model and the Urban Cooling Model, which are more suitable
for finer assessment of urban ecosystem services on a smaller scale, and relevant to the
ecological problems of the city’s concern. This paper uses the Urban Flood Risk Mitigation,
as shown in Equations (1)–(4).

Qp,i =

⎧⎨
⎩

(Ps−0.2Smax,i)
2

Ps+0.8Smax,i
, i f Ps > 0.2Smax,i

0 , otherwise
(1)

Smax,i =
25, 400

CNi
− 254 (2)

R f mi = 1 − Qp,i

Ps
(3)

R f mi

(
m3

)
= R f mi × Ps = Ps − Qp,i (4)

The curve number method was used in the model to calculate the flood runoff (Qp,i),
in the function of the land use and soil characteristic of each pixel. The runoff retention
volume R f mi

(
m3)(P − Qp,i) and runoff retention index R f mi(1 − Qp,i/P) represent the

capacity of flood risk mitigation. With reference to the previous literature [39], this paper
uses runoff retention volume as the supply of flood mitigation services. Specifically, the
input parameter Ps adopts the definition of a rain storm in China’s meteorological standards,
which is 50 mm rain within 24 h. (http://www.cma.gov.cn/2011xzt/kpbd/rainstorm/
2018050901/201805/t20180509_468007.html, accessed on 9 February 2021). CN values
that correspond closely to land cover type and soil characteristics are obtained from the
NRCA-USDA guidelines. Smax,i is the potential water retention of the soil.
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2.2.2. Soil Retention Service Supply

Generally, soil retention as a service is quantified by using the difference between
potential soil loss and actual soil loss. Potential soil loss is the amount of soil loss that is
simulated without land cover and human activities. The actual amount of soil loss is the
amount of soil loss with the actual land cover and under human management activities,
which can be calculated using the universal or revised soil loss equation (USLE/RUSLE).
In this section, the InVEST Sediment Retention model, which is based on RUSLE, is used to
calculate soil retention services. This model takes into account the ability of the block itself
to intercept upstream sediments, so that the calculation results are more accurate [40]. The
equations are shown in Equations (5)–(12). This paper uses sediment retention output to
evaluate the supply of soil retention services.

Sediment Retention = Ri × Ki × LSi × SDRibare soil − Ri × Ki × LSi × Ci × Pi × SDRi (5)

where Ri is the rainfall erosivity of pixel i, Ki is the soil erodibility of pixel i, LSi is a slope
length gradient factor of pixel i, Ci is a crop-management factor of pixel i, which is closely
related to vegetation coverage, Pi is a support practice factor of pixel i,, SDRibare soil is the
sediment delivery ratio of bare soil and SDRi is the actual sediment delivery ratio of pixel i.

In this equation, the monthly rainfall erosivity function that is suitable for Beijing was
used to calculate R [41].

Rm = 0.689 × P1.474
m (6)

R =
12

∑
k=1

Rmk (7)

where Pm is monthly precipitation and Rm is monthly rainfall erosivity.
Soil erodibility K is an index representing the sensitivity to erosion of soil, which is

calculated by the following equations [42]:

K = fcsand × fcl−si × forgc × fhisand (8)

fcsand = 0.2 + 0.3exp[−0.0256ms(1 − msilt/100) ] (9)

fcl−si =

[
msilt

mc + msilt

]0.3
(10)

forgc = 1 − 0.25orgC/[orgC + exp(3.72 − 2.95orgC)] (11)

fhisand = 1 − 0.7(1 − ms/100) /{(1 − ms/100) + exp[−5.51 + 22.9(1 − ms/100) ]} (12)

where ms, msilt, mc and orgC represent sand (%), silt (%), clay (%), and organic matter (%)
of the soil, respectively.

LS factor and SDRi are automatically calculated based on DEM data in the model. C
and P are referenced from the relevant literature of the Beijing–Tianjin–Hebei area [43].

2.2.3. Temperature and Humidity Regulation Service Supply

The InVEST Urban Cooling model is used to evaluate temperature and humidity
regulation service supply. This model calculates an index of heat mitigation based on shade,
evapotranspiration, and albedo, as well as distance from cooling islands (e.g., parks). The
equations are as follows:

HMi = 0.6 × shade + 0.2 × albedo + 0.2 × ETI (13)

ETI =
Kc × ET0

ETmax
(14)

where HMi is heat mitigation capacity which implies the temperature and humidity regu-
lation service, shade represents the proportion of tree canopy (≥2 m in height) associated
with each land use/land cover (LULC) category, ETI represents a normalized value of

197



Land 2022, 11, 698

potential evapotranspiration, Kc is crop coefficient associated with the pixel’s LULC type,
ET0 is reference evapotranspiration, and ETmax is the maximum value of the ET0 in the
area of interest.

2.2.4. Air Purification Service Supply

The ecosystem has the capacity to purify air pollutants. The absorption and sedimen-
tation of pollutants by vegetation is closely related to Leaf Area Index (LAI) [44]. LAI can
be simulated based on NDVI data (Equations (15) and (16)).

For forest,
LAIi = 9.7471 × NDVIi + 0.3718 (15)

For grassland, cropland and other land use types,

LAIi = 3.227 × NDVIi/NDVIavg (16)

where NDVIi is NDVI of i pixel, NDVIavg is the average NDVI of other land use types
except forest in the research area.

2.2.5. Carbon Sequestration Service Supply

Net ecosystem productivity (NEP) can be used to estimate the carbon sequestration
capacity of the ecosystem [45]. NEP is calculated from net primary productivity (NPP)
minus heterotrophic respiration (soil respiration), or according to the conversion coefficient
of NPP and NEP, where the equation is:

NEP = α × NPP(R, E) (17)

MODIS17A3HGF006 NPP [46] data were used, and for wetlands and urban area,
where MODIS data were rare, data from the literature were used to supplement it [47,48].
α was referenced from the literature [49].

2.3. Methods of ES Demand Quantification

Risk assessment is used for services where a lack may cause disasters, economic losses
and health threats to people, e.g., flood mitigation services can reduce hydrogeological
disaster, soil retention services can slow down soil erosion, temperature and humidity
regulation can reduce the impacts of high temperature and heat waves in the city, and air
purification services can decrease air pollution. While carbon sequestration services are
related to the human need to reduce carbon emissions, which is a long-term goal of human
society and difficult to quantify in terms of specific disasters, it is generally evaluated by
the consumption method (carbon emitted) [50–53].

The HEV risk assessment framework is one of the most comprehensive and widely
used risk assessment methods, proposed by the Intergovernmental Panel on Climate
Change (IPCC). The framework is expressed as Equation (18),

R = H × E × V (18)

where H represents the hazard (or coerciveness), E represents exposure, and V represents
vulnerability (including vulnerability and coping capacity/resilience) [53–55]. A hazard
mainly refers to the severity and impact of disaster events that may cause loss or destruction
of life, health, property, infrastructure, or ecosystem. Exposure refers to the affected people,
ecological resources, infrastructure, assets, or economic activities, etc., which is the bridge
connecting hazard and vulnerability. Vulnerability refers to the tendency to be affected,
including the sensitivity to damages and the ability to respond and adapt to damages,
e.g., gender, age, class structure, economic development level, medical and health services,
etc. [54].
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H, E or V may be quantified by one or more indexes. The indexes are normalized in
order to eliminate the influence of dimension and magnitude of each index (Equation (19)).⎧⎨

⎩ X′
i =

Xi−min{X}
max{X}−min{X} , positive index

X′
i =

max{X}−Xi
max{X}−min{X} , negetive index

(19)

where Xi is the original value of the index, and X′
i is the normalized value.

For those characterized by multiple indexes, the corresponding H, E or V is calculated
using the equal-weight weighting method after normalization.

2.3.1. Flood Mitigation Service Demand

The risk of urban populations and assets encountering floods is used to assess the
demand of flood mitigation service.

The hazard of urban floods mainly involves factors including flow velocity, flow
quantity, submerge area, depth and time, etc. [53]. According to the availability of data,
this study considers two indicators, the runoff caused by storms and the depth of sinks, to
evaluate the hazard of floods. One of the outputs of the InVEST Urban Flood Risk Mitigation
model, Q_mm, refers to the flood runoff, while the depth of sinks can be simulated by the
hydrologic analysis tools in ArcGIS [56].

The exposure to urban flood includes urban assets, road density and population
density, where urban assets are expressed by housing price [54,55].

The vulnerability is expressed by the population ratio of the elderly and children,
which represents sensitivity, and GDP per capita and number of hospital beds per thousand
people, which represent coping capacity.

2.3.2. Soil Retention Service Demand

The demand on the soil retention service is assessed by the risk of soil erosion. The
main risks of soil erosion are the decline of soil fertility and productivity, the destruction of
the ecosystem, etc., which affects local agricultural production and farmers’ income [57].
The hazard of soil erosion is expressed by actual soil loss, which is one of the outputs of the
InVEST SDR model. The exposure is expressed by the combination of population density,
the proportion of employees in the primary sector and the output value per unit area of
agriculture [58].

The vulnerability is expressed by the combination of the proportion of rural poor
population, the proportion of soil erosion exposure area and per capita GDP, where the
proportion of rural poor population represents risk sensitivity, and the proportion of soil
erosion treatment area and per capita GDP represent resilience capacity.

2.3.3. Temperature and Humidity Regulation Service Demand

Temperature and humidity regulation service demand is assessed by the risk of urban
heat islands. Urban high-temperature and heat-wave disasters threaten human health.

The hazard of urban heat is expressed by the surface temperature in summer. The
exposure is expressed by population density, and the vulnerability is expressed by the
population ratio of the elderly and children, GDP per capita and number of hospital beds
per thousand people [54,55,59].

2.3.4. Air Purification Service Demand

Air purification service demand is assessed using air pollution health risks. The hazard
is indicated by air pollutant density. The exposure is expressed by population density, and
the vulnerability is expressed by the population ratio of the elderly and children, GDP per
capita and number of hospital beds per thousand people [54,55,59].
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2.3.5. Carbon Sequestration Service Demand

Carbon sequestration service demand is evaluated by the consumption method (car-
bon emitted) [50–53]. The carbon emissions by humans can be spatialized by nighttime
lights data [60] and gridded population density data [61]. This study refers to the com-
bination of Suomi-NPP VIIRS nighttime lights data and population distribution data to
simulate the spatial characteristics of carbon emissions and indicate the demand for car-
bon sequestration services [62,63]. Suomi-NPP is an earth-observing satellite launched by
NASA and NOAA at the end of 2011. It is equipped with five earth observation sensors,
include the Visible Infrared Imaging Radiometer Suite (VIIRS), whose Day/Night Band
(DNB) allows nighttime light observations [64].

The nighttime lights data are used for spatialization in light areas, while in the areas
without lights, the population distribution data are substituted. It is considered that the
carbon emission per capita in the dark area is half of that in the light area. The equation is
as (20)–(22).

CL = SPL × a (20)

CD = SPD × a
2

(21)

TC = CL + CD (22)

So we can derive that:
a =

TC
SPL + SPD/2

(23)

where TC is the total carbon emissions in the study area, CL is the total carbon emissions in
all light areas in the study area, SPL is the total population in the light areas, CD is the total
carbon emissions in all dark areas in the study area, SPD is the total population in the dark
area, a is the carbon emission per capita in the light area, and a

2 is the carbon emission per
capita in the dark area.

According to the above equations, the carbon emission of each grid in the light area
CLj and in the dark area CDj can be obtained, as Equations (24) and (25) show. The carbon
emissions distribution is calculated by ArcGIS tools.

CLj =
Lj

TLj
× SPL × a (24)

CDj =
PDj

SPD
× SPD × a

2
= PDj × a

2
(25)

2.4. ECC Improve Priority Area Identification Method Based on Ecosystem Services Supply
and Demand

The (mis)matches of ecosystem services supply and demand can be used to classify the
states of the urban carrying capacity. In the assessment of the supply/demand of ecosystem
services, the Z-Score normalization method (Equations (26)–(28)) is applied to study the
spatial differentiation and imbalance of ES supply and demand [37], which can eliminate
the influence of dimension, observe the changes in ecosystem services more clearly, and
intuitively compare the supply and demand matching [65].

x =
xi − x

s
(26)

x =
1
n

n

∑
i=1

xi (27)

s =

√
1
n ∑n

i=1(xi − x) 2 (28)
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where x is the normalized supply/demand of ecosystem services, xi is the supply/demand
of ecosystem services of the i-th grid, and x and s are the average value and the standard
deviation of the supply/demand of ecosystem services of the study area.

When the normalization result of the ES supply is greater than 0, and the result of
the ES demand is less than 0 at the same time, it indicates high supply and low demand
(H–L); an ES supply and demand both greater than 0 indicates high supply and high
demand (H–H); an ES supply and demand both less than 0 indicates low supply and low
demand (L–L); an ES supply less than 0, and an ES demand greater than 0, indicates low
supply and high demand (L–H) [66]. L–H indicates that the relationship between human
and land is relatively tense, the supply of the ES cannot meet the demand of residents
in the limited space, and the ecosystem is in a weak carrying state, which is defined as
the first priority when considering the improvement needed in urban ECC. L–L indicates
that the ecology system service is relatively low, but the ES demand is not that intense,
and the ecosystem is in a relatively weak carrying state, which is the second priority for
ECC improvement. H–H indicates that ecological protection and economic activities are in
coordinated development, and the ecosystem shows a relatively strong carrying capacity,
which is the third priority for ECC improvement; H–L indicates that the ecosystem services
are relatively sufficient, and the ecosystem is in a strong carrying capacity, which is in the
last priority of ECC improvement.

Zoning of the states of ECC provides the basis for managing ecosystem services and
enhancing ECC strategies. Since the various management tasks to improve ECC must
be carried out by various departments and governments at different levels, in addition
to identifying the priority areas at pixel-level, administrative boundaries should also
be considered. This study used the zoning statistics method to match the relationship
between ES supply and demand, and then formed the ECC improvement zones related to
administrative units.

2.5. The Case Study Area and the Data Source

The capital city of China, Beijing, is the study area of this research. Beijing is located in
the northern part of China and the northern part of the North China Plain. It has 16 districts
with a total area of 16,410.54 square kilometers. At the end of 2019, the permanent popu-
lation was 21.536 million, the urban population was 18.65 million, the urbanization rate
was 86.6%, and the permanent migrant population reached 7.943 million. The terrain of
Beijing is high in the northwest and low in the southeast. The west, north and northeast
are surrounded by mountains, and the southeast is dominated by plains, where the urban
construction is concentrated. Figure 2 shows the land use map of Beijing for the year 2018.

Beijing is located within semi-humid and semi-arid regions in the temperate zone.
The vegetation is temperate deciduous broad-leaved forest and warm coniferous forest.
There are many soil types, of which Cinnamon Soil is the main, followed by Alluvial Soil,
Mountain Brown Soil, and Paddy Soil, etc. There are four distinct seasons with obvious
temperature changes. The average temperature is about 28 ◦C in July and −3 ◦C in January.
The relative humidity outdoors in Beijing is about 58% in summer and 37% in winter.
The annual precipitation is about 470–660 mm, of which more than 90% occurs mainly
in summer from April to September. Sometimes there will be heavy rain that causes
serious disasters.

As the capital, Beijing is China’s political, cultural, diplomatic, and technological
innovation center. Constructing and managing Beijing is an important part of the modern-
ization of the national governance system and governance capabilities. Due to long-term
interference and destruction by human activities in history, Beijing has many ecological and
environmental problems, such as serious air pollution, a shortage of water resources, and
fragile ecosystems. At present, the shortage of water and soil resources, the little room for
urban development, and the contradiction between the supply and demand of ecosystem
services are very prominent in Beijing. Studying the improvement in Beijing’s ecological
carrying capacity will help set a model for other cities in China and the world.
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Figure 2. The land use map of the study area.

Multi-source data are used in this study, including spatial data, literature data and
statistical data, as shown detailed in Table 1.

Table 1. Data sources.

Item Indicator Data Type and Resolution Year Data Source

General data

Land use 30 m 2018
Resource and Environment Science and
data center; National Catalogue Service

for Geographic Information

Green area
in the city’s

constructed area
Vector 2018 Mapuni (https://www.mapuni.com/)

DEM 30 m - ASTER GDEMV2 (Geospatial data cloud)

Gridded population
density 100 m 2018

WorldPop (WorldPop and Center for
International Earth Science Information

Network (CIESIN), 2018) [67]

Statistical data
e.g., permanent

population, GDP, and
rural data.

Statistical data 2018
Beijing Statistical Yearbook for Districts in

2019 (Beijing Municipal Bureau of
Statistics, 2019)

NDVI 250 m 2018 MODIS13Q1 [68]
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Table 1. Cont.

Item Indicator Data Type and Resolution Year Data Source

ECC

Flood mitigation

Storm rain Literature data 2018
http://www.cma.gov.cn/2011xzt/kpbd/
rainstorm/2018050901/201805/t2018050

9_468007.html

Hydrologic soil
groups 250 m 1900–2015 [69]

CN value Literature data - [70]

Urban road Vector 2018 OpenStreetMap (http:
//download.geofabrik.de/asia.html)

Urban housing price Vector 2018
CEIC database

(https://www.ceicdata.com), and Anjuke
website (https://www.anjuke.com)

Urban buildings Vector 2018 https://mp.weixin.qq.com/s/
tKXmlTJPT0btrVvqP_iqcQ

Soil retention

Monthly
precipitation Interpolated 2018 http://www.nmic.cn/

Sand, silt, clay, gravel
and organic matter

content of soil
30” 2009 Harmonized World Soil Database [71]

P Literature data - [43]

Humidity and
temperature
regulation

PET 30” 1970–2000
Global Aridity Index and Potential
Evapotranspiration (ET0) Climate

Database v2 [72]

tree-canopy 30 m 2015 https://lcluc.umd.edu/metadata/global-
30m-landsat-tree-canopy-version-4 [73]

albedo Literature data Multiple
years [74,75]

Kc Literature data - [43]

Surface temperature 70 m https://ecostress.jpl.nasa.gov

Air purification

Air pollution data Interpolated 2018 [76]

Ability of vegetation
to purify air
pollutants

Literature data - [44,77]

Carbon sequestration

NPP About 500 m 2018 MODIS17A3HGF006 data [46]

NEP conversion
factor Literature data - http://www.iuems.com/ [49]

VIIRS nighttime
lights data About 500 m 2018 https:

//eogdata.mines.edu/products/vnl/ [64]

Notes: “-” means not specifically mentioned.

3. Results

3.1. ES Supply/Demand Evaluation and the Matching Results of Supply/Demand Relationship

The spatial distribution of the supply and demand of the five ecosystem services are
shown as Figure 3(a1,a2,b1,b2,c1,c2,d1,d2,e1,e2). The legends are divided by the natural
breaks method and appropriate categories to present natural color differentiation and
transitions. The spatial matching of supply and demand after Z-Score normalization based
on the grid scale was carried out, and the results are shown in Figure 3(a3,b3,c3,d3,e3). It can
be seen that the spatial distribution of the relationship between supply and demand of the
four services of flood mitigation, temperature and humidity regulation, air purification, and
carbon sequestration are similar. There are large areas of L–H in the city center, which are
in a state of weak carrying capacity and need to be improved urgently. In the suburbs of the
city, there are large areas of H–L areas, and the ECC is very strong. The soil retention service
has relatively scattered L–H areas in the eastern, northern and southwestern mountainous
areas. Because most of the urban centers are impervious surfaces of construction land, we
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consider that there is no demand on soil retention services in these areas, and there is no
corresponding supply–demand carrying capacity relationship.

Figure 3. Supply/demand evaluation and the matching results of supply–demand relationship.
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3.2. The Identification of ECC Improvement Priority Area

H–L, H–H, L–L and H–L represent the fourth, third, second and first priority of ECC
improvement, respectively. The priority of ECC improvement on each pixel is represented
by the highest priority of the five services, which can be worked out by the grid-based pixel
statistics tools. The results are shown in Figure 4, where the first priority is concentrated in
the center of the urban area, accounting for 31.11% of the total in Beijing.

Figure 4. Pixel-scale ECC improvement priority distribution.

In the first priority area, there may be priorities for multiple services. In order to more
intuitively identify the types of services that need to be improved in each plot, the binary
bit method is used to number the five ES types. From right to left, digits 1–5 represent
flood mitigation, soil retention, temperature and humidity regulation, air purification, and
carbon sequestration. Pixels categorized as 1 means that the service is the first priority for
that pixel, and 0 means other priorities (as Table 2). The results are shown in Figure 5 (a
total of 31 types, excluding 11011).

Table 2. Binary code table.

From Left to
Right

Carbon
Sequestration

Air
Purification

Temperature
and Humidity

Regulation
Soil Retention

Flood
Mitigation

The first priority 1 1 1 1 1
Other priorities 0 0 0 0 0

 
Figure 5. Pixel-scale distribution of priority areas for category-based ECC improvement.
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According to zonal statistics (Table 3), there are fewer overlapping areas where all
five types of ES are in first priority. Dongcheng and Xicheng have four services in the first
priority at the same time, accounting for a relatively large proportion, as high as 90.20% and
91.51%. The contradiction between human need and what the ecosystem can provide is the
most intense. Chaoyang, Fengtai, Haidian, and Shijingshan also account for a relatively
large proportion of four first priority areas. More than 80% of the areas in Mentougou,
Huairou, and Yanqing are not in the first priority area of any service, and the carrying states
are less tense. There is 45.97% of Tongzhou that is not in the first priority improvement area
of any service, and the carrying state is only second to Daxing and Changping. Tongzhou
has nearly half of the area that has a certain degree of carrying potential.

Table 3. Statistics on the overlapping of the first priority improvement area in each district.

Number of Types of ES that Are All in First Priority

District 0 1 2 3 4 5

Dongcheng 0.00% 0.52% 0.73% 8.54% 90.20% 0.00000%
Xicheng 0.00% 2.09% 0.55% 5.84% 91.51% 0.00000%

Chaoyang 4.70% 7.46% 7.56% 14.93% 65.34% 0.00000%
Fengtai 10.91% 7.32% 9.45% 12.25% 60.07% 0.00000%

Shijingshan 19.79% 6.99% 8.54% 8.41% 56.27% 0.00000%
Haidian 24.91% 10.92% 8.28% 9.37% 46.53% 0.00000%

Mentougou 94.09% 2.75% 0.90% 0.95% 1.31% 0.00000%
Fangshan 72.03% 14.98% 5.55% 3.91% 3.53% 0.00027%
Tongzhou 45.97% 19.46% 11.97% 9.12% 13.48% 0.00000%

Shunyi 61.04% 17.40% 9.22% 4.91% 7.42% 0.00000%
Changping 69.05% 9.77% 5.10% 5.03% 11.05% 0.00000%

Daxing 53.27% 17.77% 8.40% 6.44% 14.12% 0.00000%
Huairou 84.29% 12.84% 1.23% 0.73% 0.91% 0.00000%
Pinggu 68.30% 24.71% 2.94% 1.78% 2.27% 0.00332%
Miyun 73.21% 24.07% 1.32% 0.55% 0.85% 0.00032%

Yanqing 87.42% 10.39% 0.81% 0.68% 0.71% 0.00005%
Beijing Total 68.89% 14.42% 4.19% 3.52% 8.98% 0.00027%

The spatial statistics of the first priority areas for improving the carrying capacity
of each ecosystem service in each district are shown in Table 4. Dongcheng, Xicheng,
Chaoyang, Fengtai, Shijingshan, and Haidian have more priority areas for the improvement
of flood mitigation, temperature and humidity regulation, air purification, and carbon
sequestration services, while in mountainous areas such as Huairou, Pinggu, and Miyun,
there are more priority areas for soil retention service.

Based on the boundaries of towns and subdistricts in Beijing, the match of supply
and demand for each service at the administrative boundary scale (Figure 6) and the
priority zones for improvement in ECC are obtained (Figure 7a). According to the number
of services with the first priority in each town and subdistrict, Figure 7b shows that
more ecosystem services must be improved in the darker color, and more comprehensive
improvement is required. The binary code is also used to see which services need to be
improved more intuitively (Figure 7c).
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Table 4. Statistical table of the first priority area of each ES carrying capacity improvement in
each district.

Flood Mitigation Soil Retention
Temperature and

Humidity Regulation
Air Purification Carbon Sequestration

District Area(km2) Proportion% Area(km2) Proportion% Area(km2) Proportion% Area(km2) Proportion% Area(km2) Proportion%

Dongcheng 38.13 90.93% 0.00 0.00% 41.40 98.74% 41.40 98.74% 41.93 99.99%
Xicheng 46.36 92.05% 0.00 0.00% 49.02 97.35% 49.02 97.35% 50.35 99.98%

Chaoyang 337.46 72.54% 0.00 0.00% 392.21 84.31% 396.75 85.29% 402.95 86.62%
Fengtai 209.78 68.56% 0.08 0.03% 235.79 77.06% 256.11 83.70% 226.13 73.90%

Shijingshan 48.56 57.60% 0.00 0.00% 64.55 76.56% 62.22 73.80% 56.01 66.43%
Haidian 252.87 58.95% 0.00 0.00% 255.52 59.57% 250.61 58.43% 277.73 64.75%

Mentougou 52.35 3.61% 2.73 0.19% 43.69 3.01% 48.27 3.33% 36.04 2.49%
Fangshan 235.44 11.78% 90.44 4.53% 177.09 8.86% 346.92 17.36% 187.89 9.40%
Tongzhou 326.40 36.09% 0.09 0.01% 243.71 26.95% 276.39 30.56% 280.96 31.07%

Shunyi 224.88 22.28% 8.84 0.88% 156.84 15.54% 147.09 14.57% 272.50 27.00%
Changping 272.08 20.25% 11.24 0.84% 265.32 19.75% 241.24 17.95% 275.03 20.47%

Daxing 323.57 31.29% 0.10 0.01% 223.94 21.66% 256.63 24.82% 336.90 32.58%
Huairou 101.81 4.80% 193.44 9.12% 44.90 2.12% 34.47 1.63% 73.46 3.47%
Pinggu 98.11 10.35% 170.77 18.02% 55.34 5.84% 56.23 5.93% 46.23 4.88%
Miyun 114.79 5.16% 449.19 20.20% 50.78 2.28% 29.78 1.34% 62.12 2.79%

Yanqing 120.61 6.04% 109.35 5.47% 41.09 2.06% 42.69 2.14% 23.21 1.16%
The total of

Beijing 2803.18 17.09% 0.00 0.00% 2341.20 14.27% 2535.83 15.46% 2607.53 15.89%

  
(a) (b) (c) 

  

 

(d) (e)  

Figure 6. The (mis)match of ES supply and demand in subdistrict scale.
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(a) (b) (c) 

Figure 7. Subdistrict-scale ECC improvement priority zones (a) Level A; (b) Level B; (c) Level C.

4. Discussions

4.1. Results Interpretation and Policy Recommendations

The supply–demand map not only provides a priority map for planning, but also leads
planners to make the proper decision for each district according to their local and regional
needs. Utilizing the match relationship between the supply and demand of ecosystem
services to evaluate the states of ECC and divide the area into different zones, targeted
strategies can be proposed to enhance the ECC and improve the carrying states of the
ecosystem to meet the sustainability targets of the urban ecosystem.

For the first priority (H–L), as shown in Table 5, strategies can be raised from both the
supply and demand side targets. Flood mitigation service carrying states can be improved
by low impact development (LID) and flood control facilities, e.g., permeable bricks,
rainwater storage tanks, sunken green spaces, green roofs, pipe network transformation,
etc., especially in low-lying areas, roads, buildings, and densely populated areas that are
prone to flooding problems. Soil retention service carrying states can be improved by
increasing vegetation coverage, carrying out engineering measures of soil support practice,
and adjusting the industrial structure of areas prone to soil erosion to reduce exposure to
soil erosion disasters. Temperature and humidity regulation service carrying states can be
improved by planting tall arbor trees and increasing water area, or we can evacuate the
vulnerable people in the heat area to reduce their exposure to the risk of urban heat waves.
It is recommended to prohibit the construction of large residential areas in the central
urban area. For the densely populated areas in the central urban area, consideration should
be given to relocating the population to the plain areas of Changping, Yanqing, Huairou,
Pinggu and Miyun districts. Air purification service carrying states can be improved by
growing plants that absorb air pollutants, and by reducing the emission of air pollutants
to lower the great damage to society. Carbon sequestration service carrying states can be
enhance both by increasing carbon sequestration by enlarging vegetation coverage, and by
reducing emissions.

The areas belonging to the second and the third priority correspond to the match
type of L–L and H–H. The supply and demand of ecosystem services in these areas are
relatively coordinated. In these areas, the coordination should be maintained. For the areas
in the second priority (L–L), the construction of ecological economy can be promoted, and
the functions of the natural ecosystem need to be improved, while ensuring the balanced
development of the regional society and economy. For the areas in the third priority (H–H),
the decision maker can radiate the high-quality development of the ecosystem services and
the social economy in the surrounding areas, simultaneously.

The last priority belongs to the last order of ECC improvement, which corresponds to
the types of high supply and low demand (H–L). It can develop ecological economy under
the premise of protecting the existing high-quality ecosystem services. The infrastructure of
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small towns and countryside should be strengthened to appropriately attract the population
of the surrounding area, and explore the development demands within the area.

Table 5. The different characteristics and strategies for different ECC matching zones.

Level A Level B
The Specific

Type
Representative Areas Strategies to Improve ECC States

The first
priority

Quadruple compound
priority promotion zone 10111

All of Dongcheng, Xicheng, Fengtai
District, Chaoyang District except Sunhe

and Capital Airport area, the west of
Tongzhou District, the north of Daxing

District, the urban area of Fangshan
District, the east of Shijingshan District,

the southern and urban areas of
Changping District, the urban area of

Yanqing District, Quanhe Subdistrict, etc.,
in Huairou District, Gulou Subdistrict,

etc., in Miyun District, Yuyang
Subdistrict etc., in Pinggu District, some
streets adjacent to Shijingshan District

and Fengtai District in the east of
Mentougou District, Houshayu,
Nanfaxin, Shunyi District, etc.

Flood Mitigation, temperature and
humidity regulation, air purification,

comprehensive improvement of carbon
sequestration, need to carry out flood
control and drainage projects, increase

vegetation coverage, especially tall trees,
reduce pollution emissions, save energy

and reduce carbon emissions, etc.

Triple compound
priority promotion zone

10011 Doudian Town in Fangshan District,
Songzhuang Town in Tongzhou District

Flood mitigation, air purification,
comprehensive improvement of carbon
sequestration, need to carry out flood
control and drainage projects, increase
vegetation coverage, reduce pollution

emissions, save energy and reduce
carbon emissions, etc.

00111 Dongfeng, Xiangyang in
Fangshan District

Temperature and humidity regulation,
air purification, comprehensive

improvement of carbon sequestration,
need to increase vegetation coverage and

tall trees planting, save energy and
reduce carbon emissions, etc.

10101 Miaocheng area in Huairou District,
Miyun Town in Miyun District

Flood mitigation, temperature and
humidity regulation, comprehensive

improvement of carbon sequestration,
need to carry out flood control and

drainage projects, increase vegetation
coverage and tall trees planting, save

energy and reduce carbon emissions, etc.

Double compound
priority promotion zone

00101

Machikou area in Changping District,
Shangzhuang Town in Haidian District,
Longquan Town in Mentougou District,

Wulituo Subdistrict in
Shijingshan District

Temperature and humidity regulation,
comprehensive improvement of carbon
sequestration, need to increase tall trees
planting, reduce carbon emissions, etc.

10001

Sunhe and Capital Airport area in
Chaoyang District, Yinghai area in
Daxing District, Wenquan Town in

Haidian District, Tanying area in Miyun
District, Tianzhu area in Shunyi District,
Majuqiao Town and Lucheng Town in

Tongzhou District

Flood mitigation, comprehensive
improvement of carbon sequestration,

need to carry out flood control and
drainage projects, increase vegetation

coverage and reduce carbon
emissions, etc.

00110 Shilou Town in Fangshan District

Temperature and humidity regulation,
comprehensive improvement in air

purification, need to increase vegetation
coverage and tall trees planting, reduce

air pollutants emission, etc.
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Table 5. Cont.

Level A Level B
The Specific

Type
Representative Areas Strategies to Improve ECC States

The first
priority

Single priority
promotion zone

00001

Yangfang Town, Nanshao Town, Baishan
Town in Changping District, Caiyu Town
in Daxing District, Liangxiang area and
Changyang Town in Fangshan District,

Sujiatuo Town in Haidian District,
Beifang Town and Yangsong Town in

Huairou District, Daxingzhuang Town in
Huairou District, the west and central
parts of Shunyi District, Xiji Town in

Tongzhou District, etc.

Improvement of carbon sequestration,
need to increase vegetation coverage and

reduce carbon emissions, etc.

00010 ChanggouTown in Fangshan District
Improvement of air purification, need to
increase vegetation coverage, reduce air

pollutants emission, etc.

01000 The middle of Miyun District, the south
of Pinggu District

Increase in soil retention, vegetation
coverage, and soil and water

conservation measures

10000 Mafang area in Pinggu District
Flood mitigation, need to increase

vegetation coverage and carry out flood
control and drainage projects

The
second
priority

- -

The north of Changping District, most of
the central western part of Yanqing

District, the south of Huairou District
adjacent to Changping District and parts

of the north of Huairou District,
Tiangezhuang Town and Xiwengzhuang

Town in Miyun District,
Shandongzhuang Town and

Machangying Town in Pinggu District,
Dalin Town, Dasungezhuang Town, etc.,
in Shunyi District, the south of Tongzhou

District, Daxing District, Fangshan
Distric, etc.

To maintain a good economic and
ecological coordination, develop
ecological economy, improve the

functions of natural ecosystems, and at
the same time ensure the healthy

development of the regional society
and economy

The third
priority - -

The west of Fangshan District, the north
of Pinggu District, the east and west of

Miyun District, the north of Yanqing
District and parts of the west of

Huairou District

To maintain a good economic and
ecological coordination, driving the

high-quality development of ecosystem
services and social economy in

surrounding areas

The last
priority - -

Parts of the north of Fangshan District,
most of Mentougou District, the middle

and parts of the north of Huairou
District, the east of Yanqing District

Develop ecological economy on the
premise of protecting the existing

high-quality ecosystem service functions
appropriately attract the population of
the surrounding area, and develop the

population development needs of within
the area

The message to come out of this study is that when making urban planning, we should
pay attention to the objective conditions of the city’s economic and social development
level, location, natural endowment, resource, environmental and ecological foundations.
Traditional urban planning in China often focuses on the share of maintained green/blue
areas or permeable spaces, but ignores the different ecological services provided by different
ecological components [78]. As the concept of ecological civilization has taken root in recent
years, plenty of urban planning has attempted to go beyond traditional indicators and
advocate for the matching conditions of ecosystem services supply and demand in decision-
making. However, in actual decision making, planners usually opt for easier ways to
enhance the ES supply, but still do not necessarily try to target minimizing mismatches
between the supply and demand of ES through land use planning, especially in old
downtown or densely populated areas [78,79]. Based on our findings, the development
scales and plans should be coordinated to the matching conditions of the supply and
demand of ecosystem services to optimize the local ECC. Potential intervention points for
improving ECC should be identified to be integrated into frameworks. Our methods can
spatially quantify how much a given ES needs to be increased, and identify where demand
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needs to be adjusted to achieve a regional equilibrium of ECC. Our method is an innovative
and potentially highly useful tool for urban planning, since the ES supply depends on
biophysical models to avoid the subjective bias, while the ES demand depends on human
need. It therefore increases the magnitude of the contributions to their security, health, and
wellbeing by linking ES to local conditions.

4.2. The Limitations and Future Prospects

The assessment of ecosystem service demand in this study is relative, and the results
cannot be accurately quantitatively compared with the supply results. In the future, we
can further develop and explore unified ecosystem service supply and demand evaluation
indicators and calculation methods, so that the results of supply and demand are compa-
rable in quantity units, and we can obtain more accurate and detailed assessment results
on the states of ecological carrying capacity. Additionally, the demand side assessment is
highly influenced by population density and other socio-economic data. The precision of
the results depends highly on the quality of these data. Studies discussing higher quality
data or different data sources can be considered in the future.

Based on the focus and length considerations of the research, the quantitative analysis
of ecosystem service supply and demand are referred to the existing literature and the
IPCC framework, with representative indicators selected, combining the consideration of
data availability. The supply and demand calculation method of a certain service can be
refined and calibrated according to the actual situation of the specific research area.

5. Conclusions

The evaluation framework of the urban ecological carrying capacity is constructed
based on the perspective of matching the supply and demand of ecosystem services. Multi-
source spatial data, literature data and statistical data are integrated, using spatial models
and methods. The case study of Beijing has identified the areas and priority that need to be
improved in terms of ecological carrying capacity. The first priority area is mainly in the
urban area, with larger and contiguous areas, accounting for 31.11% of Beijing. According
to the zoning method of specific types, different levels and types of ecological carrying
capacity improvement plans can be proposed. Compared with the traditional method
of studying the specific numerical value of ecological carrying capacity, identifying the
priority of ecological carrying capacity improvement and the specific types that need to be
improved is more realistic for guiding planning and formulating improvement plans. When
the budget for improving ecological carrying capacity is limited in cities, we can start with
the higher priorities and some specific aspects to maximize effectiveness and efficiency.
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Abstract: Farmland circulation is essential for agricultural scale management. Due to rapid urban-
ization and industrialization, a large number of rural laborers have migrated to cities, resulting
in accelerated farmland circulation. Revealing the farmland circulation in different geographical
environments is conducive to efficient farmland management but remain largely unknown. To this
end, based on the questionnaire survey data and statistical data of Zhangye City, we compared the
features of farmland circulation between plains and mountainous areas, and used the binary logistic
regression model and other methods to analyze the main factors affecting differentiated farmland
circulation at the plot level. The main circulation modes and proportions in the plains were leasing
(54.4%), exchange (22.4%), and subcontracting (16.2%), while the single leasing mode in mountainous
areas accounted for 89.5%. The scale management units of more than 33.33 ha accounted for 6.48%
and 30.72% in plains and mountainous areas, respectively. The proportion of circulation periods
exceeding 5 years were 28.13% and 2.23% in plains and mountainous areas, respectively. The factor
of “degree of farmland fragmentation” positively affected (p < 0.01) the farmland circulation in plains
areas but negatively affected (p < 0.01) that in mountainous areas. The “farmland circulation price”
promoted (p < 0.01) farmland circulation in both plains and mountainous areas. Whereas the “actual
water diversion” (p < 0.01) and “river source water” (p < 0.05) only had varying degrees of negative
impacts on farmland circulation in plains areas. Decision makers should practice management mea-
sures such as regulating farmland circulation behavior, formulating reasonable farmland circulation
pricing models, and integrating farmland to promote the circulation and efficient use of farmland.

Keywords: farmland circulation; differential circulation features; driving mechanism; plot level;
plains and mountainous areas; Zhangye City

1. Introduction

Farmland provides essential goods (e.g., food, fiber, and fuel) and vital ecosystem
services for humans and is critical to food security and sustainable socio-ecological sys-
tems [1,2]. However, rapid urbanization and industrialization have driven unprecedented
rural–urban migration in China [3], leading to the concomitant abandonment or under-
utilization of farmland. In addition, the farmland fragmentation in China [4], has caused
negative impacts such as the increased cost [5,6] and reduced efficiency [7] of agricultural
production as well as the decreased agricultural productivity and farmers’ income [8,9].
These undesirable phenomena will hinder the improvement of farmland utilization. Farm-
land circulation has been proven to be a useful way to alleviate the above problems,
realize rational and efficient utilization of farmland resources, and develop modern agricul-
ture [10].
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In recent years, the Chinese government has implemented many policies to promote
farmland circulation. In 2008, the “Decision of the Central Committee of the Communist
Party of China on Some Issues concerning the Improvement of Rural reform and Develop-
ment” was presented to establish a sound market of contract and management rights for
various modes of farmland circulation. In November 2014, the Chinese government issued
the “Opinions on Guiding the Orderly Transfer of Rural Land Management Rights to De-
velop Moderate Scale Agricultural Operations”, aiming to guide the orderly circulation of
farmland management and the sustainable development of moderate-scale managements.
The Chinese government took farmland circulation as a vital way to improve the quality
and efficiency of agriculture in 2016. It can be seen that farmland circulation has been
widely considered by the Chinese government [11]. Driven by these agricultural policies,
China’s rural economic development model has undergone profound changes [12], improv-
ing the efficiency of farmland use [13]. The “separation of three rights” policy implemented
in 2014, namely, land ownership right, land contract right, and land management right,
greatly promoted farmland circulation. Among them, “ownership right” belongs to the
rural collective, the “contract right” belongs to the farmer who signed the contract, and
the “management right” is owned by the farmland circulation subject. The clarity of “three
rights” make the farmland circulation flexible, and more than 30% of China’s 230 million
rural households had circulated farmland as of June 2016 [14]. On a national scale, the
findings of Zhang et al. [15] showed that the order of the farmland circulation rates in China
was: the Northeast Region > the East Region > the Central Region > the Northwest Region
> the Southwest Region. Wang et al. [16] revealed the regional differences in farmland
circulation rate and rent between the north and south of China. There were also differences
in farmland circulation at the provincial scale. Taking Jiangsu Province as an example, due
to the gradient differences in economic development levels in southern Jiangsu, northern
Jiangsu, and central Jiangsu, the farmland circulation rate and the growth rate were not the
same [17]. In addition, there were obvious regional differences in the scale, behaviors, and
rents of farmland circulation [18–20]. Previous studies have mainly focused on regional
differences in farmland circulation on a large scale, and lacked small scale studies, such
as the plains and mountainous areas studied in this paper, this will be detrimental to the
targeted implementation of the farmland circulation policy.

Farmland circulation is generally influenced by natural, social, and economic factors.
Many scholars have used different methods and models to evaluate these influencing factors
from the perspectives of qualitative [21,22] and quantitative analyses [23–25]. Cao et al. [26]
analyzed farmers’ land supply behavior by setting the index of willingness to circulate
farmland. Wang et al. [27] used factor analysis methods to summarize the factors affecting
farmland circulation at the provincial level. Yu et al. [28] have found that agricultural
machinery services can significantly facilitate farmland circulation, yet old age and off-farm
labor had a negative impact on farmland circulation. Additionally, off-farm and part-time
employment both had a significant impact on farmland circulation [29]. The regression
models were commonly used to analyze the factors of farmland circulation in typical
regions of China [30–34]. With the feminization of agriculture, Huang et al. [35] constructed
IV-Probit and IV-Tobit models to explore the relationships between off-farm migration
and rural farmland circulation; the results showed that the off-farm migration of female
laborers inhibited farmland circulation rate. The improvement of farmland use efficiency
is particularly important in arid regions with poor agricultural conditions. However, the
existing research lacks the analysis of influencing factors at the plot scale. The combined
analysis of plot-level information and agricultural planting conditions can more intuitively
reveal the influencing factors of farmland circulation behavior.

Zhangye City is a typical arid agricultural area in Northwest China, and the plains
and mountainous areas have large differences in natural conditions, especially in water
resources that may lead to differences in farmland use efficiency. It is urgent to propose
effective farmland circulation measures to promote the efficient utilization of farmland
resources and the development of modern agriculture. Therefore, based on the farmer’s
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questionnaire survey at plot level, this paper compared the features of farmland circulation
in the local plains and mountainous areas. A binary logistic regression model was used for
influencing factor analysis. The purposes were to promote the rapid circulation and large-
scale management of farmland, and to improve the efficiency of agricultural production.
Furthermore, relevant policies were proposed to promote the farmland circulation with
regional differences, and it is expected to provide a reference for agricultural production in
other arid regions of the world.

2. Materials

2.1. Study Area

Zhangye City is a national modern agricultural demonstration area located in the mid-
dle of the Hexi Corridor in Northwest China (37◦28′–39◦57′ N, 97◦12′–102◦20′ E). Zhangye
City is also an important ecological security barrier, the largest seed corn production area,
and an important food, vegetable, and melon production area of China. According to the
differences in natural conditions, it is divided into plain areas (i.e., Linze County, Ganzhou
District, and Gaotai County) and mountainous areas (i.e., Minle County, Shandan County,
and Sunan County). Sunan County was dominated by animal husbandry, the area of
farmland was 7327 ha, which was only 0.35% of the total area of the county. The area
of land circulation in Sunan County was 1507 ha, accounting for only 1.94% of the total
farmland circulation area of Zhangye City. Therefore, the county was excluded from the
study area (Figure 1).

Figure 1. Location and elevation of Zhangye City.

The city implemented farmland circulation previously and carried out the develop-
ment of agricultural modernization. Although Zhangye City plays an important role in
China’s agriculture, the current situation shows that there are huge differences in water
resource conditions between plains and mountainous areas (Table 1). The “river source
water” in plains is nearly 6 times that of the mountainous areas, the “actual water diversion”
is nearly 4 times that of the mountainous areas, and the “crop irrigation quota” is nearly
twice that of the mountainous areas. As a result, the “whole year actual irrigated area” is
140,000 ha in plains and only 59,687 ha in the mountainous areas. From this point of view,
the water resources situation in plains is far better than that in the mountainous areas.
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Table 1. Status of water resources in plain and mountainous areas of Zhangye City.

Geographic Division River Source Water
(108 m3)

Actual Water Diversion (108 m3) Crop Irrigation Quota
(m3/ha)

Whole Year Actual Irrigated
Area (ha)Main Water Supply Groundwater

Plain areas 22.62 14.56 4.72 499.67 210.00
Mountainous areas 3.78 3.72 1.27 251.50 89.53

Note: The data comes from the 2015 Annual Water Conservancy Management Report of Zhangye City.

2.2. Data Sources

Data used in this study include the following four main datasets. The first dataset
consists of questionnaire survey data collected from a total of 144 farmers in 2015, which
were randomly collected, and the interviewees included village cadres and farmers. The
questionnaire mainly involved the modes, period, destinations, and scale of farmland
circulations in each county. The influencing factors in the questionnaire that were used in
this study are: plot area, degree of farmland fragmentation, farmland quality, farmland cir-
culation price, and whether the crop type has changed. The second dataset is the Farmland
Circulation Report of Zhangye City in 2015, including the area of farmland circulation in
each county and the number of households participating in farmland circulation. The third
dataset is the 2015 Zhangye Statistical Yearbook data (http://www.zhangye.gov.cn/tjj,
accessed on 1 November 2020), from which we mainly collected data on natural conditions
such as the altitude, the annual average temperature, the annual evaporation, and the
annual precipitation. The last dataset is the 2015 Annual Water Conservancy Management
Report (http://www.zhangye.gov.cn/swj, accessed on 1 November 2020), which provided
agricultural irrigation conditions data such as the irrigation water source, the river source
water, the actual water diversion, and the irrigation quota.

3. Methods

3.1. Overall Analysis Framework

In order to promote the development of agricultural modernization, the Chinese
government proposed the “separation of three rights” (i.e., land ownership right, land
contract right, and land management right) for farmland in 2014, aiming to comply with
the wishes of farmers to retain land contract rights, circulate land management rights, and
to promote farmland circulation. Thus, we established an analysis framework based on
the “separation of three rights” policy to study the characteristics and drivers of farmland
circulation (Figure 2). Specifically, we pointed out the farmland circulation situation in
the plains and mountainous areas of Zhangye City, analyzed the feature differences of
farmland circulation in different geographical environments, and revealed the influencing
factors of different farmland circulation behaviors.

Figure 2. The analytical framework for farmland circulation.
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3.2. Questionnaire Design

Two field surveys were conducted in the study area by August 2014 and July 2015,
respectively. The first survey was to set up research points, and the second survey visited
144 households in 5 districts/counties of Zhangye City and collected 136 valid question-
naires from 261 plots. The number of questionnaires in each county/district was based on
regional differences in agricultural development levels (Table 2).

Table 2. The number of questionnaires in each county/district.

Total Ganzhou District Gaotai County Linze County Minle County Shandan County

136 83 13 11 17 12

According to the requirements of the survey error, we determined the sample size of
the sampling survey through scientific calculations and controlled the error of the sampling
survey within the allowable range. The sample size should be 5 to 10 times the number of
questions; therefore, the appropriate number of questionnaires for this paper is between 85
and 170. A total of 136 valid questionnaires were collected in this survey, so the sample
size was statistically significant.

We adopted a semi-structured approach to setting the questions, that is, the answers
are both fixed and open. In order to ensure the high recovery rate and quality of the
questionnaires, we communicated with farmers to obtain the valid first-hand data. In
order to ensure the authenticity and representativeness of the survey, we first screened
the research object, selected qualified farmers, then recorded the survey contents. In
addition, we also conducted return visits to farmers to check whether the researcher’s
operation was standardized, so as to further ensure the authenticity of the survey and the
representativeness of the sample.

3.3. The Binary Logistic Regression Model

The binary logistic regression model is a general regression linear model in which
the dependent variable is binary. The binary logistic regression model has been widely
used to analyze the influencing factors of farmers’ decision-making with binary dependent
variables [36]. In this paper, whether the behavior of farmland circulation occurs or not was
the dependent variable of binary classification. Influencing factors of natural conditions,
irrigation conditions, and farmland features were taken as independent variables, so the
study used this model to analyze the driving factors of farmland circulation. A 0–1 dummy
variable was used to represent the classification of farmland circulation: 1 meant that the
farmland has been circulated, and 0 meant that it had not been circulated. In this way,
the degree of influence of the independent variable (driving factor) on the dependent
variable (the occurrence or not of farmland circulation) was determined. The model is
given as follows:

p(event) = ez/1 + ez (1)

In the formula: z = b0 + b1x1 + b2x2 + . . . + bixi + . . . + bpxp; p is the number of
independent variables; x represents the driving factors of farmland circulation; b0 repre-
sents regression intercept; and bp represents the influence of explanatory variables on the
probability of farmland circulation.

The probability of the event not occurring is:

p(noevent) = 1 − prob(event) (2)

The ratio of the probability of occurrence to the probability of not occurring is:

p(event)
p(noevent)

= eb0+b1x1+b2x2+...+bixi+...+bpxp (3)
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In this study, Equation (3) determines the probability of farmland circulation. Taking
the natural logarithm, then we obtain the standard logarithm model:

ln
P

1 − P
= b0+b1x1+b2x2 + . . . + bixi + . . . + bpxp (4)

Equation (4) is called the logit form.
Based on the survey data and official statistics, we first paid attention to the features

of the farmland. We conducted a comprehensive survey of farmers at plot level, which
intuitively showed the features of local farmland circulation. The farmland features mainly
included the plot area, the degree of farmland fragmentation, the farmland quality, the
farmland circulation price, and whether the crop type had changed. Official statistics show
that there are significant differences in the irrigation conditions between the plains and
mountainous areas, and agricultural planting is closely related to water use. Therefore,
this paper selected the irrigation condition indicators to analyze the influencing factors of
farmland circulation. The specific indicators are the irrigation water source, the river source
water, the actual water diversion, and the irrigation quota. Simultaneously, we observed
the farmland circulation features from the perspective of natural conditions; the indicators
were altitude, annual average temperature, annual evaporation, and annual precipitation
(Table 3). The variables were tested for multicollinearity. Among them, the VIF values of
annual precipitation, the annual average temperature, the annual evaporation, and the
irrigation quota were greater than 10, indicating that they were multicollinear. The possible
reason is that the climatic conditions between plains and mountainous areas were similar,
so they were removed.

Table 3. Explanation and description of explanatory variables.

Variable Type Variable Variable Description/Unit

Farmland
features

Plot area ha
Degree of farmland fragmentation Divided into 1~4 levels

Farmland quality Divided into 1~5 levels
Farmland circulation price USD/ha

Whether the crop type has changed 0: No; 1: Yes

Irrigation conditions

Irrigation water source 1: Surface water; 2: Ground water
River source water 108 m3

Actual water diversion 108 m3

Irrigation quota m3/hm2

Natural conditions

Altitude m
Annual average temperature ◦C

Annual evaporation mm
Annual precipitation mm

4. Results

4.1. Differential Features of Farmland Circulation between Plains and Mountainous Areas in
Zhangye City

The total farmland area of Zhangye City was approximately 269,000 ha, of which
166,733 ha was under family contract management. In recent years, this city had strength-
ened the overall advancement of farmland circulation. As of June 2015, the rural farmland
circulation area in Zhangye City was 77,800 ha, which accounted for 28.92% of the total
farmland areas and 46.66% of the households contracted farmland areas. The farmland
circulation involved 99,000 households, which accounted for 36.01% of the households
contracted farmers (Table 4).

Table 4. Farmland circulation data of Zhangye City.

Total Farmland Area
Area of Farmland

Contracted by
Households

Area of
Plains/Farmland

Circulation

Area of
Mountains/Farmland

Circulation

Area of Rural Land
Circulation

Number of Farmers
Participating in

Farmland Circulation

269,000 ha 166,733 ha 140,144/26,347 ha 121,574/49,967 ha 77,800 ha 99,000 households

Note: The data comes from the Farmland Circulation Report of Zhangye City in 2015.
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4.1.1. Farmland Circulation Rate in Plains Is Significantly Lower than That in Mountainous
Areas

The area of farmland circulation in plains was 26,347 ha, which accounted for 18.80% of
the farmland in plain areas, and 23.49% of households contracted farmers had participated
in farmland circulation, whereas the area of farmland circulation in mountainous areas was
49,967 ha, which accounted for 41.10% of the farmland in mountainous areas, and 59.45%
of households contracted farmers had participated in farmland circulation. In addition,
it was found that there were many “whole village circulations” in the research area. The
number of “whole village circulations” in the plains and mountainous areas were 15 and 51,
accounting for 3.3% and 18.1% of the total number of administrative villages, respectively.
Based on the concept of farmland circulation, “whole village circulation” refers to the
circulation of land management rights. The circulation of the whole village involves many
farmers and industrial and commercial enterprises, resulting in a high concentration of
farmland and a large area of operation.

4.1.2. Various Modes of Farmland Circulation Exist in Plains, and the Mode of Leasing Has
an Absolute Advantage in Mountainous Areas

Before carrying out this section of the analysis, the six types of farmland circulation
modes in the article must be explained. Farmland leasing means that the contractor
leases out the farmland management rights to collect rent; farmland exchange refers
to the exchange of farmland management rights; farmland subcontracting means that
the contractor circulates the farmland management rights to the third party; farmland
transferring means that the contractor circulates the unexpired farmland management
rights to others; share cooperation refers to joint agricultural production with others in
the form of shares; and substitute farming refers to paid management by social service
agencies. The farmland circulation in Zhangye City mainly included six modes: leasing,
exchange, subcontracting, transferring, share cooperation, and substitutive farming. Six
types of circulation existed in plains, and the main modes were leasing, exchange, and
subcontracting, which comprised 54.44%, 22.43%, and 16.13%, respectively. Among them,
the leasing mode accounted for the largest proportion in each county/district. Exchange
mode was most prominent in Ganzhou District, while subcontracting mainly appeared in
Linze County and Gaotai County. However, the farmland circulation in mountainous areas
had an absolute advantage in the modes of leasing, which comprised 90.75%. The modes
of exchange and subcontracting only comprised 0.82% and 4.99%, respectively, with no
mode of transferring (Figure 3).

Figure 3. Proportion of farmland circulation modes in various districts of Zhangye city.
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4.1.3. The Directions of Farmland Circulation Is Diverse in Plains, while Concentrated in
Mountainous Areas

The directions of farmland circulation in the plain areas were mainly large sale growers,
agricultural cooperatives, and family farms, which together comprised 86.55% of the total
farmland circulation area in the plains. The farmland in the mountainous areas mainly
circulated to large scale growers, which accounted for 70.14% of the farmland circulation
area in these mountainous areas; this proportion was much higher than that of 40.58% in the
plains. It was followed by the direction of agricultural cooperatives, which accounted for
18.81% of the farmland circulation area in the mountainous areas, this was lower than that
of 27.35% in the plains. No farmland that had circulated to the industrial and commercial
enterprises was present (Figure 4).

Figure 4. Proportion of farmland circulation directions in various districts of Zhangye City.

4.1.4. Large-Scale Operation Area of Farmland Circulation in Plains Is Significantly Smaller
than That in Mountainous Areas

During the farmland circulation in Zhangye City, the scale management area of more
than 3.33 ha was 70,133 ha, which accounted for 90.15% of the total area of farmland
circulation. Among them were 19,393 ha in plain areas and 47,553 ha in mountainous
areas, which accounted for 24.93% and 61.12% of the total area of farmland circulation,
respectively. The number of largescale operating units in plain areas was 4356, and the large-
scale management area was mainly concentrated in 3.33–6.67 ha and 6.67–33.33 ha. The
number of large-scale operating units in mountainous areas was 1403, and the large-scale
management area was concentrated in 6.67–33.33 ha and 33.33–66.67 ha. The proportion of
more than 66.67 ha was as high as 12.26%. The scale of farmland circulation in plains was
significantly smaller than that in the mountainous areas (Table 5).

Table 5. Number of scale management units of farmland circulation (unit: pcs).

Management Scale Number in Plains Number in Mountainous Areas Proportion in Plains Proportion in Mountainous Areas

3.33–6.67 ha 2991 27 68.66% 1.92%
6.67–33.33 ha 1083 945 24.86% 67.36%
33.33–66.67 ha 199 259 4.57% 18.46%

More than 66.67 ha 83 172 1.91% 12.26%
total 4356 1403 100.00% 100.00%

Note: The data comes from the Farmland Circulation Report of Zhangye City in 2015.

4.1.5. Farmland Circulation Periods in Plains Is Generally Longer than That in
Mountainous Areas

The farmland circulation period refers to the terms for the use of farmland obtained in
accordance with the law. There were differences in the proportion of farmland circulation
periods between plains and mountainous areas (Table 6). The plains contained five types
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of farmland circulation periods (Figure 5). For example, the circulation periods and pro-
portions of Gaotai County were: 1 year (23.97%), 1–3 years (30.21%), 3–5 years. (13.66%),
5–10 years (14.36%), and more than 10 years (17.79%). However, the circulation periods
in mountainous areas were mainly concentrated in 1 year and 3–5 years, such as Shandan
County, 1 year (68.81%), 3–5 years (31.19%), and no circulation period exceeding 5 years.

Table 6. Proportion of various farmland circulation period in plains and mountainous areas.

Areas <1 year 1–3 years 3–5 years 5–10 years >10 years

Plain areas 13.00% 29.54% 29.33% 16.14% 11.99%
Mountainous areas 53.80% 9.83% 34.14% 2.23% 0

Figure 5. Spatial distribution of different circulation period in Zhangye City.

4.2. Influencing Factors of Farmland Circulation

Using SPSS 25.0 to perform logistic regression, the results of the collinearity test
showed that the coefficients of determination of the regression models in plains and
mountainous areas were 83.1% and 93.2%, and the Sig. values of the Hosmer–Lemeshow
test results were 0.481 and 0.758, indicating that the fitting effect is good.

According to the regression results in Tables 7 and 8, the following conclusions are
drawn. The “farmland circulation price” had a significant positive correlation (p < 0.01)
to the farmland circulation in plains and mountainous areas. According to the survey,
the farmland circulation prices of different regions were quite different, the circulation
price per ha could be as low as $235.8–707.4 (¥1500–4500), or as high as $1650.6–2122.2
(¥10,500–13,500). In the case of such a large difference in the circulation price, the higher the
circulation price of farmland, the more farmers tend to circulate the farmland. The “degree
of farmland fragmentation” had a diametrically opposite influence on farmland circulation
in plains and mountainous areas, the impact on plain areas was positive (p < 0.01), and the
impact on mountainous areas was negative (p < 0.01). The fragmented management of
farmland cannot play the scale effect of farmland utilization, which inhibits the improve-
ment of land utilization efficiency, while farmland circulation is conducive to improving
the fragmentation management and labor productivity.

The “actual water diversion” (p < 0.01) and “river source water” (p < 0.05) had different
significant negative effects on farmland circulation in plains but were not significant in
mountainous areas with poor irrigation conditions. The “altitude” was only negatively
correlated with farmland circulation in mountainous areas (p < 0.05), indicating that high
altitude hindered the occurrence of farmland circulation.
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Table 7. Logistic regression results at plot level in plain areas.

Variable B S.E. Wald df Sig. VIF

Plot area 0.033 0.109 0.092 1 0.761 1.746
Degree of farmland fragmentation 1.068 *** 0.408 6.835 1 0.009 2.081

Farmland quality −0.066 0.239 0.077 1 0.781 1.123
Farmland circulation price 0.008 *** 0.002 17.421 1 0.000 1.190

Whether the crop type has changed −0.202 0.661 0.039 1 0.760 1.336
Altitude −0.001 0.004 0.093 1 0.844 1.675

Irrigation water source −0.022 0.521 0.002 1 0.966 1.408
Actual water diversion −0.017 *** 0.007 6.968 1 0.008 3.541

River source water −0.132 ** 0.064 4.262 1 0.039 4.172

Note: ** and *** represent statistical significance of p < 0.05 and p < 0.01, respectively. The abbreviations of “B”,
“S.E.”, “Wald”, “df”, “Sig.”, and “VIF” refer to regression coefficient, standard error, significance of Wald test,
freedom degree of variables, statistical significance, and collinearity test result, respectively.

Table 8. Logistic regression results at plot level in mountainous areas.

Variable B S.E. Wald df Sig. VIF

Plot area −0.431 0.447 0.933 1 0.334 3.695
Degree of farmland fragmentation −2.699 *** 0.926 8.497 1 0.004 3.915

Farmland quality −0.028 0.452 0.004 1 0.951 1.108
Farmland circulation price 0.009 *** 0.002 14.453 1 0.000 1.473

Whether the crop type has changed 0.495 0.782 0.400 1 0.527 1.112
Altitude −0.004 ** 0.002 4.023 1 0.045 2.352

Irrigation water source −0.426 1.442 0.087 1 0.768 3.279
Actual water diversion −0.013 0.012 1.224 1 0.269 2.740

River source water 0.044 0.113 0.153 1 0.696 3.948

Note: ** and *** represent statistical significance of p < 0.05 and p < 0.01, respectively. The abbreviations of “B”,
“S.E.”, “Wald”, “df”, “Sig.” and “VIF” refer to regression coefficient, standard error, significance of Wald test,
freedom degree of variables, statistical significance, and collinearity test result, respectively.

5. Discussion

5.1. Reasons for Differential Features and Their Influencing Factors of Farmland Circulation

Based on the questionnaire data and official statistics of farmers in various dis-
tricts/counties of Zhangye City, we compared the features of farmland circulation between
plains and mountainous areas. Furthermore, the logistic regression model was used to
analyze the influencing factors of farmland circulation in the two areas at plot level. This
study makes up for the lack of research on regional differences in farmland circulation at
the plot level.

Firstly, a focus on the farmland circulation rate in the study area. The poor farming
conditions in mountainous areas led farmers to choose the former between “migrating to
work” and “cultivating at home” driven by comparative interests, which made it easier for
farmers to circulate farmland in mountainous areas. In terms of the modes and destinations
of farmland circulation, the plain areas had better natural conditions and water resources
than that in mountainous areas, so the farmers in the plain areas had more choices in
the modes and destinations of farmland circulation. Thus, the modes and destinations of
farmland circulation in plains were more complex than those in mountainous areas.

Secondly, it was found that the comparison of the differences in “farmland circulation
price” could be carried out from the following three perspectives: first, the irrigation
conditions of the plains were better than those of the mountainous areas, resulting in a
higher circulation price in plains; second, the farmland circulation destinations would
affect the farmland circulation price, and under the same conditions, the price for farmland
circulation between farmers in the same village was lower, while the price of farmers
who circulate to other villages was higher; and third, different types of planting crops of
circulation affected the farmland circulation price, where generally speaking, if the farmland
was used for planting cash crops, the circulation price was much higher than that used for
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planting crops. The survey data showed that the circulation price of farmland used for seed
corn, wheat, and other crops was generally between $236–707 per hectare (¥1500–4500 per
hectare), and for the planting of cash crops such as Chinese herbal medicine, the circulation
price was generally between $1533–1887 per hectare (¥9750–12,000 per hectare).

Thirdly, the factor analysis of the “degree of farmland fragmentation” was carried out.
The fragmentation of farmland hindered its large-scale operation [37] and reduces agricul-
tural labor productivity [38]. There are two main reasons for the diametrically opposite
correlation of “degree of farmland fragmentation” between the plains and mountainous
areas. First, the demand for seed corn planting conditions in plain areas. According to
the survey data, the plains were mainly planted with seed corn, the planting conditions
of this crop were suitable climate, concentrated plots, and isolated zones. In order to
meet the planting requirements, it was common for farmers to exchange farmland with
each other, as a result, the exchange of farmland in plains was one of the main modes
of circulation. Therefore, farmland fragmentation promoted farmland circulation in the
plains. Second, the plot area in mountainous areas were relatively large, and large-scale
operations were basically formed. The survey found that the average area of farmland in
plains and mountainous areas was 0.127 and 0.433 ha, respectively. The larger farmland
area in the mountainous areas is conducive to large-scale operations; however, farmland
fragmentation will hinder the realization of large-scale agriculture. As a result, the index of
“degree of farmland fragmentation” was negatively correlated with farmland circulation in
mountainous areas.

Fourthly, according to information obtained from the investigation, we conducted
a factor analysis of irrigation conditions. Different crops have different requirements for
irrigation water, combined with field survey data, the crop types on the circulated farmland
in Zhangye City included: wheat, field corn, seed corn, oil crops, Chinese herbal medicine,
potatoes, vegetables, forest fruits, and grains. Among them, the four crops of wheat, seed
corn, potatoes, and miscellaneous grains accounted for 22.05%, 19.34%, 14.79%, and 13.43%,
respectively (Figure 6). In addition, Table 9 lists the net income and water consumption
per hectare of different crops in Zhangye City. Therefore, the plain areas were suitable
for planting crops with high irrigation water requirements and high net income, such
as seed corn and vegetables, accounting for 50.6% and 23.5% of crops in the plain area,
respectively. The mountainous areas were suitable for planting crops with low irrigation
water requirements and low net income, such as wheat and potatoes, accounting for 31.3%
and 20.6% of crops grown in the mountainous areas. (Figure 7).

Figure 6. Proportion of planting types of scale management crops.
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Table 9. Per hectare net income and water use of different crops in Zhangye City.

Crop Types Net Income (Dollar/ha) Water Usage (Times)

Seed core 1415–1651 Water 5
Wheat 1179–1415 Water 2
Barley 1179–1415 Water 2
Rape 943 Dryland planting

Tomato 4716 Water 5
Onion 3537–3773 Water 7–9
Potato 2358–3065 Water 4

Note: The data comes from the questionnaire data of farmers in 2015.

Figure 7. Spatial distribution of planting types of scale management crops.

5.2. Policy Implications

The issue of farmland scale management and agricultural efficiency have received
extensive attention from scholars at home and abroad, and it is also the direction of future
agricultural development. The efficient circulation of farmland is the key to agricultural
modernization, especially for the typical study area selected in this study—Zhangye City
in the arid region of Northwest China.

Circulation modes and destinations are more diverse in the plain areas, oral agree-
ments and no written contracts are common, resulting in unclear responsibility relation-
ships [39,40]. The survey found that the proportion of farmland circulation contracts signed
in the plains is 79.3%, lower than 99.6% of the mountainous areas. Some scholars have
conducted research on perfecting the farmland circulation system [41,42], and emphasized
the importance of clear land property rights [43]. Taking the Heilongjiang province as
the study area, Chen et al. [44] suggested improving the farmland circulation market to
promote the non-agricultural employment of surplus labor. For the influencing factors
of farmland circulation, the correct farmland circulation pricing mechanism can promote
the farmland circulation. Due to the differences in farmland systems and national condi-
tions, there were also differences in the research on farmland circulation price between
China and other countries. Foreign scholars generally believe that the value of farmland
was related to factors such as geographical location, psychology, and market. Sills and
Caviglia-Harris [45] analyzed the determinants of land value in an Amazonian frontier
settlement and found that land value was not only related to market distance, but also
to investment and the quality of adjacent land. Rebelo [46] proposed a new method to
improve the efficiency and fairness of land value assessments. Cotteleer et al. [47] believed
that market forces based on the subjective affected the price of farmland. On the whole,
the land rental market is conducive to the redistribution of farmland resources and the
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improvement of farmers’ income [48]. The Chinese scholars found that social, economic,
location, and other factors had an impact on farmland circulation pricing mechanisms.
Tian et al. [49] analyzed land rent from a sociological perspective, emphasizing that land
rent was a dual problem of economy and society, and social factors had a deeper impact on
land rent. Zhang [50] recognized that there are problems in China’s land circulation pricing
mechanism, and pointed out that factors such as economy, location, and cultivation willing-
ness were related to land circulation prices. The research of Du et al. [51] showed that there
are regional differences in the land circulation prices of China. With the development of
the land circulation market, the role of natural factors was decreasing, while the influence
of location economy and human-land resource endowment were further enhanced. In
recent years, China’s land circulation system and circulation price mechanism have been
continuously improved. Land markets are critical not only for non-agricultural growth but,
by allowing more effective use of potentially idle land, this can contribute to significant
productivity gains [52].

Based on the above analysis, we found that there are irregularities in farmland circula-
tion in the plains and mountainous areas of Zhangye City and suggest that government
departments should focus on regulating the behavior of farmland circulation and reduce
the potential risks brought about by farmland circulation. Through the in-depth analysis
of the factors of “farmland circulation price”, it is proposed that the dynamic supervision
mechanism should be used to meet market demand, and encourage the exploration of
various interest linkage mechanisms, to realize the rationalization of farmland circulation
price. In view of the phenomenon of the “fragmentation of farmland”, integrating farmland
resources to reduce the degree of farmland fragmentation is an effective way to promote the
circulation of farmland, and is also the key to realizing large-scale agricultural operations.
For the difference in water resources between plains and mountainous areas, the local
government should encourage the planting of crops according to local conditions, to realize
the rational and efficient use of farmland resources.

6. Conclusions

The farmland circulation features in plains and mountainous areas of Zhangye City
were compared and analyzed, and the binary logistic regression model was used to analyze
the influencing factors of farmland circulation. We further provided differentiated manage-
ment suggestions of farmland circulation to support the scientific basis for related research.

The differences in farmland circulation features between plains and mountainous
areas were manifested in the circulation rate, modes, destinations, scale, and period. This
indicated that differences in geographical environment can affect the characteristics of
farmland circulation. In terms of influencing factors, farmland features mainly affected
circulation behaviors through “farmland circulation price” and the “degree of farmland
fragmentation”. They had varying degrees of influence on farmland circulation in plains
and mountainous areas. Irrigation conditions were most obviously different in these two
areas and were also the main influencing factors of farmland circulation. As an internal
driving force, natural conditions determined the regional geographical environment and
planting conditions, and affected the features of farmland circulation. Thus, decision
makers should practice management measures such as regulating farmland circulation
behavior, formulating reasonable farmland circulation pricing models, and integrating
farmland to promote the circulation and efficient use of farmland, and the sustainable
development of agriculture.
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Abstract: In this paper, we selected the northeast region as a study area from the perspective of
soil nutrient demand, calculated the livestock carrying capacity of farmland under three scenarios
where nitrogen nutrient accounts for 35% (low level), 45% (medium level), and 55% (high level) of
fertilization, and carried out a risk analysis. The results show that the scale of husbandry breeding
is expanding and the scale of the planting industry has remained basically unchanged. Under the
three scenarios, there were 23 regions where the livestock manure exceeded the maximum value
that could be absorbed by farmland in 2008 and 28 regions in 2019. These regions in the potential
area are mostly located in Heilongjiang province and the regions in the restricted area are mostly
located in Liaoning Province. On the whole, the northeast region is generally faced with the problem
of livestock overloading, and the insufficient utilization and treatment capacity of livestock manure
poses a huge threat to regional ecological security. Based on this, adjusting the structure of regional
planting and breeding, promoting the development of the livestock manure processing industry,
enhancing the production capacity of organic fertilizer, and constructing an integrated pattern of
regional planting and breeding are effective ways to realize the sustainable utilization of farmland in
northeast China.

Keywords: livestock carrying capacity risk; planting and breeding balance; northeast China

1. Introduction

Farmland is not only a crucial agricultural resource and production factor, but also the
key to ensuring food production. The northeast region is an important grain production
base in China [1]. This region is endowed with rich black soil resources, and is also one of
the four largest black land regions in the world, where it is very suitable for farming [2].
The existing farmland in the northeast region is 3.59 × 107 ha, the grain output accounts
for nearly one-quarter of the national total grain output, and the exported commercial
grain accounts for one-third of the national total commercial grain [3]. The northeast region
has made an outstanding contributions to ensuring national food security and is known
as China’s first granary. However, in recent years, with the rapid development of the
livestock-breeding industry, a large amount of livestock and poultry manure and other
forms of waste have not been effectively treated, which has led to serious ecological and
environmental problems [4]. The northeast region is gradually evolving from an “ecological
functional area” to an “ecologically fragile area”, and problems such as the degradation
of physicochemical properties and ecological functions have become increasingly promi-
nent, posing a serious threat to the stability of the national food security foundation and
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regional ecological security [5–7]. At present, the phenomenon of planting and breeding
separation in northeast China has become very common. The excessive application of
chemical fertilizers and pesticides on farmland has seriously threatened the security of
water and soil resources in these areas. If coupled with the large-scale discharge of livestock
manure and other wastes, pollutants from the planting and breeding industries entering
the environment will greatly exceed the carrying capacity of the farmland, which will create
serious pollution problems [8,9].

Against the background of many uncertainties, such as COVID-19, international trade,
and extreme weather, the Central Economic Work Conference has clearly identified the
“farmland issue” as one of the eight key tasks to be tackled in 2021. Additionally, the
No. 1 Central Document clearly stated in 2021 that it is necessary to “adopt the measures
of ‘long teeth’ and implement the strictest farmland protection system”. President Xi
Jinping has repeatedly made a series of important instructions regarding the protection
of farmland, such as “protecting farmland like protecting giant pandas, firmly keeping
the red line of farmland protection, and protecting farmland that is a major issue for more
than one billion people to eat . . . ”. The question of how to combine the ecological and
economic benefits of farmland resources and explore a coordinated development path to
ensure food security and ecological security has become an important issue related to the
sustainable development of northeast China. At present, the imbalance of the agro–pastoral
ecological structure caused by the separation of planting and breeding, which has broken
the relationship between material circulation and energy flow within agriculture under
the traditional farming system, is the core cause of the continuous deterioration of local
ecological environments [10–12]. Additionally, the demand for livestock products has
surged significantly due to the changes in the dietary structure of residents, which has
led to the continuous expansion of the husbandry production scale [13], and resulting
problems such as overgrazing will also lead to ecological problems such as soil erosion
and land desertification. Especially with the intensification of the global climate change
process, soil erosion and other problems are becoming more serious [14,15]. In the context
of the separation of planting and breeding, the fertilizers needed for the planting industry
have been gradually replaced by chemical fertilizers. On the one hand, this leads to
environmental pollution and resource waste due to the failure of the return of livestock
manure to fields and resource underutilization. On the other hand, the excessive use of
chemical fertilizers in pursuit of yield improvement also leads to serious environmental
problems [16]. In the long run, this will inevitably threaten regional ecological security and
national food security.

A large number of studies have shown that livestock manure has useful properties,
containing nitrogen, phosphorus, potassium, and other nutrients necessary for crop pro-
duction, and is an important nutrient source for improving soil fertility [17]. However,
overuse of manure can also lead to environmental pollution and soil compaction [18,19].
In recent years, governments at all levels have successively issued a series of measures to
promote the resource utilization of livestock breeding waste, emphasizing the important
role of livestock manure in the high-quality development of agriculture. Thus, relocating
the production activities of husbandry to the agricultural ecosystem, reconstructing the
combination mode and ecological link between agriculture and husbandry, and ensur-
ing that the breeding waste is digested in the ecological cycle system of agriculture and
husbandry will undoubtedly effectively increase soil organic matter content [20,21]. The
combination of planting and breeding and the cycle of farming and grazing are considered
to be the most effective solutions at present [22]. Therefore, based on the idea of planting
and breeding balance, scientifically measuring the nutrient demand of regional crop growth
and the nutrient availability of livestock manure has become the key to adjusting regional
planting and raising structure, reducing the application of chemical fertilizer, reducing
environmental pollution, and achieving high-quality agricultural development [23]. In
this context, research on the regional livestock carrying capacity of farmland is becoming
increasingly abundant [24]. The regional livestock carrying capacity of farmland refers to
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the maximum stock of livestock and poultry that can be supported by farmland in a given
region under the condition of the sustainable operation of the land ecosystem, and it can
also be popularly understood as the ability of a farmland to absorb livestock and poultry
excrement [25].

The existing research generally studies the livestock carrying capacity of farmland
from the perspective of meeting the nutrient requirements of crops, through constructing
the farmland consumption model of livestock breed waste based on the soil nitrogen
and phosphorus nutrient-balance method [23,26–29]. If the regional crops can absorb the
livestock breeding waste in an equal proportion, the balance between planting and breeding
in the region can be considered to be achieved [29]. In 2018, the Ministry of Agriculture
and Rural Affairs of the People’s Republic of China issued the “Technical Guidelines
for the Measurement of Farmland Carrying Capacity of Livestock Manure” (hereinafter
referred to as the Guide), which requires that the livestock carrying capacity should be
calculated based on the balance between the nitrogen supply of manure and the nitrogen
demand of plants. Subsequently, the Nitrogen Nutrient Balance Method (NNBM) has been
widely used in the field of analyzing the carrying capacity of livestock breeding [30,31].
However, farmland consumption of livestock manure is mainly via absorption by crops
of nitrogen, phosphorus, and other elements emitted by livestock. Clearly, the ability
to absorb livestock manure of farmland varies under different fertilization intensities,
and the corresponding livestock carrying capacity of farmland will also be significantly
different, and the existing research has not considered the effect of different fertilization
intensities [32]. Therefore, calculating the carrying capacity of livestock breeding under
different fertilization intensities is helpful for providing references for determining the
reasonable livestock breeding scale and adjusting the industrial layout within the region.

However, based on this, we selected the northeast region as a study area, which
includes Liaoning Province, Jilin Province, and Heilongjiang Province, from the perspective
of soil nutrient demand. We calculated the livestock carrying capacity of farmland under the
three scenarios where nitrogen nutrient accounts for 35% (low level), 45% (medium level),
and 55% (high level) of fertilization, and we carried out a risk analysis. This is expected
to provide decision support for optimizing the layout of livestock breeding, adjusting
the production structure of planting, reducing local pollution, and building a modern
agricultural and animal husbandry policy system with balanced planting and breeding.

2. Material and Methodology

2.1. Study Area

The northeast region is located in the northeastern part of China, including three
provinces of Liaoning, Heilongjiang, and Jilin, with a total area of 787,300 km2 (Figure 1).
Among them, Heilongjiang Province includes 13 cities with a total area of 473,000 km2, Jilin
Province includes 9 cities with a total area of 187,400 km2, and Liaoning Province includes
14 cities with a total area of 145,700 km2 [33]. On the whole, the northeast region has a
temperate monsoon climate, and the terrain is mainly dominated by mountains and plains.
It is the main grain production base in China and has made important contributions to
ensuring national food security, and it also known as the “stabilizer” and “ballast stone”
of China’s grain production [34]. However, due to the imbalance of the planting and
breeding structure, the ecological environmental problems are becoming more and more
prominent. On the one hand, this leads to the lack of nourishment of organic fertilizers and
the decline in soil organic matter; on the other hand, it also leads to the destruction of the
ecological environment [19]. Therefore, determining the scale of planting and breeding that
matches the carrying capacity of arable land is the key to realizing the mutual connection,
coordinated promotion, and common development of planting and breeding, so that
agricultural resources can be fully and effectively utilized.
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Figure 1. Study area.

2.2. Experimental Design
2.2.1. Data Source

The research data in this paper (amount of livestock and poultry breeding, sown
area, annual crop yield, etc.) come from China Animal Husbandry Yearbook (2009–2020),
Agricultural Statistical Yearbook (2009–2020), Heilongjiang Statistical Yearbook (2009–2020),
Jilin Statistical Yearbook (2009–2020), Liaoning Statistical Yearbook (2009–2020), and related
agricultural survey data; China’s provincial administrative division data come from the
National Science and Technology Basic Conditions Platform-Earth System Science Data
Sharing Platform. Additionally, the correlation coefficients involved in this paper all come
from the “Technical Guide for the Measurement of Land Carrying Capacity of Livestock and
Poultry Manure” issued by the General Office of the Ministry of Agriculture in March 2018.

2.2.2. Methodology

According to the main planting and breeding species in the Northeast region, we
analyzed the nitrogen nutrient supply of four types of livestock manure (pig, cattle, sheep,
poultry) and the nitrogen nutrient demand data of regional plants (rice, wheat, corn,
sorghum, millet, potatoes, soybean, cotton, vegetable, melons), and calculated the live-
stock carrying capacity of farmland from 2008 to 2019 by using the Nitrogen Nutrient
Balance Method (NNBM). Considering that the absorption of livestock manure in farmland
mainly depends on the absorption of nitrogen, phosphorus, and other elements in livestock
emissions by crops, the absorptive capacity of farmland will be varied under different
fertilization intensities. Based on this, on the basis of referring to relevant research [35,36],
we considered three different fertilization intensities, that is, the proportion of nitrogen
nutrient in fertilization being 35%, 45%, and 55%, respectively. Finally, we determined the
livestock carrying capacity of farmland under different scenarios.
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2.2.3. Indicator Accounting

(1) Regional livestock manure nitrogen nutrient supply accounting

According to the Guide, the regional livestock manure nitrogen nutrient supply ac-
counting was based on the nitrogen nutrient supply of livestock manure and the nitrogen
nutrient demand for crop growth. The nitrogen nutrient demand for crop growth was
determined according to soil fertility, crop type and yield, and the proportion of manure use.
The nitrogen nutrient supply of livestock and poultry manure was determined according
to the level of livestock breeding and manure nutrient production. Moreover, for ease of
calculation and analysis, other major livestock and poultry were converted into the number
of pigs (pig equivalent) according to the relationship in the Guide, as follows:

Q = Qpig +
20
3

Qcow +
10
3

Qcattle +
2
5

Qsheep +
1

25
Qpoultry (1)

where Q represents the standard pig production, and Qpig, Qcow, Qcattle, Qsheep, Qpoultry
represent the number of pigs, cows, cattle, sheep and poultry to slaughter, respectively.

Therefore, the level of regional livestock manure nitrogen nutrient supply is as follows:

Ns = Q × 0.007 × 10, 000 (2)

where Ns represents the level of regional livestock manure nitrogen nutrient supply, and
0.007 represents nitrogen supply per unit pig equivalent (t).

(2) Accounting for the regional manure nitrogen nutrient requirement for crops

The manure nitrogen requirement of crops is the total amount of nitrogen required for
the complete growth cycle of field plants, as follows:

manure nitrogen nutrient requirement of crops =
regional manure nitrogen nutrient requirement of crops

seasonal utilization of manure
×

the proportion of nitrogen nutrient supplied by fertilization × the proportion of manure in fertilization
seasonal utilization of manure

× 100%
(3)

regional manure nitrogen nutrient requirement of crops =
total crops production × nutrient requirements per unit of yield

(4)

where scenarios of the proportion of nitrogen nutrient in fertilization were determined to be
35%, 45%, and 55%, respectively, and according to the Guide, the proportion of manure in
fertilization was determined to be 50%. The seasonal utilization of manure was determined
to be 30%. Additionally, the nutrient requirements per unit yield of different crops are
shown in Table 1.

Table 1. Recommended nitrogen demand for field crop yields per 100 kg.

Type of Crops Rice Wheat Corn Sorghum Millet

N (kg/t) 20.9 30 25.2 24.8 38

Type of crops potatoes soybean cotton vegetable melons

N (kg/t) 5.1 75 117 3.2 4

(3) Regional livestock carrying capacity of farmland accounting

The regional livestock carrying capacity of farmland is the maximum livestock stock
in a certain area under the condition of sustainable operation of the farmland ecosystem,
as follows:

regional livestock carrying capacity of farmland =
regional manure nitrogen requirement of crops

nitrogen supply of manure per unit pig equivalent
(5)
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(4) The risk coefficient of regional livestock carrying capacity of farmland

This paper referred to Fu et al. (2020) and selected the risk coefficient of regional
livestock carrying capacity of farmland by r, which was used to quantitatively describe
the risk of overloading of regional livestock breeding. If r ≤ 1 (potential area), it means
that the livestock breeding in this region has not exceeded the upper limit of farmland
carrying capacity, and the breeding scale can be appropriately expanded; if 1 < r < 2 (general
risk area), it means that the livestock manure has exceeded the upper limit of farmland
absorption, which will have a negative affect on the regional ecological environment; if r
> 2 (restricted area), it means that the livestock manure has far exceeded the upper limit
of farmland absorption, and if left unchecked, there will be irreversible effects on the
environment. The higher r is, the greater risk of environmental pollution is. This paper
defines three risk levels: low, medium, and high, corresponding to the potential zone,
general risk zone, and restricted zone (Table 2) [32], as follows:

r =
the existing number of livestock breeding in the region

regional livestock carrying capacity of farmland
(6)

Table 2. The risk coefficient classification for regional livestock carrying capacity of farmland.

Risk Coefficient r ≤ 1 1 < r < 2 r ≥ 2

risk level low medium high

risk partition potential area general risk area restricted area

3. Results

3.1. Changes in Livestock Manure Nitrogen Nutrient Supply in the Northeast Region

Figure 2 shows the results of livestock manure nitrogen nutrient supply in the North-
east region. On the whole, the livestock manure nitrogen nutrient supply in each region
shows a trend of steady growth, indicating that the scale of husbandry breeding is expand-
ing, which is basically consistent with the research results of domestic and foreign scholars
on the characteristics of livestock breeding stages [37–39].

 

Figure 2. The livestock manure nitrogen nutrient supply in the northeast region in 2008, 2014, 2019.

From the perspective by year, in 2008, the maximum value of livestock manure nitro-
gen nutrient supply appeared in Changchun, which was 79,210 tons. Additionally, Suihua
(71,530), Jinzhou (71,520), Qiqihar (61,170), and Harbin (51,350) were all at high levels.
In 2019, the maximum value appeared in Suihua, which was 12.192 tons, and except for
Changchun (9.585), Qiqihar (8.636), and Harbin (11.946), Shenyang (10.217) and Anshan
(8.895) were also at a relatively high level. From the perspective of change trends, except for
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Hegang, Benxi, Jinzhou, and Liaoyang, which showed a downward trend, the rest of the
regions all showed an upward trend, but the magnitude of the increase was quite different.
Among them, Harbin, Jiamusi, Shuangyashan, and Shenyang have higher growth rates,
with annual growth rates of 11.05%, 9.27%, 7.25%, and 10.42%, respectively.

3.2. Changes in Manure Nitrogen Nutrient Requirement of Crops in the Northeast Region

Figure 3 shows the manure nitrogen nutrient requirement of crops under three sce-
narios where the proportions of nitrogen nutrient in fertilization are 35%, 45%, and 55%,
respectively. On the whole, the change range of the manure nitrogen nutrient requirement
of crops in the northeast region was not very obvious. Except for Harbin and Suihua, which
showed a relatively obvious growth trends, the change range of the rest of the regions
was quite small, or increased or decreased slightly, indicating that the scale of the planting
industry has remained basically unchanged.

 

Figure 3. The manure nitrogen nutrient requirement of crops in the northeast region in 2008, 2014,
and 2019.

3.3. Changes in Livestock Carrying Capacity of Farmland in the Northeast Region

Figure 4 shows the livestock carrying capacity of farmland under three scenarios
where the proportion of nitrogen nutrient in fertilization is 35%, 45%, and 55%, respectively.
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On the whole, the livestock carrying capacity in each region shows a downward trend,
indicating that the capacity of farmland to absorb livestock manure was declining. However,
it can be clearly seen from Figure 4 that the livestock carrying capacity of farmland in the
55% (high level) scenario is higher than in the 45% (medium level) scenario, and the 45%
scenario is also significantly higher than the 35% (low level) scenario, indicating that the
higher the proportion of nitrogen nutrient in fertilization, the higher the livestock carrying
capacity of farmland. Additionally, combined with the pig equivalent level of livestock
breeding in each region, it can be seen that the livestock production in 27 regions exceeded
the actual carrying capacity in 2008, and in 29 regions it was exceeded in 2019.

Figure 4. The livestock carrying capacity of farmland in the northeast region in 2008, 2014, and 2019.

3.4. Changes in the Risk Coefficient of Regional Livestock Carrying Capacity of Farmland in the
Northeast Region

Figure 5 shows the risk coefficient of regional livestock carrying capacity of farmland
under three scenarios where the proportion of nitrogen nutrient in fertilization is 35%, 45%,
and 55%, respectively. On the whole, it can be clearly seen that the risk coefficient shows an
upward trend; although the risk coefficient slightly decreased in 2019, most of the regions
were still in the general risk area (1 < r < 2) and restricted area (r ≥ 2). Under the scenario
of 35%, there were 13 regions in the potential area, which means the livestock production in
these regions did not exceed the livestock carrying capacity of farmland in 2008, and most
of these regions are located in Heilongjiang province. Additionally, there were 14 regions
in the general risk area, which means that the livestock manure in these regions exceed the
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maximum value that can be absorbed by farmland, and cannot be fully utilized locally. If
effective measures are not taken, this may cause pollution to the environment. Additionally,
there are nine areas in the restricted area, which means that the livestock manure in these
regions greatly exceeded the maximum value that the farmland can absorb, and most of
these regions are located in Liaoning province. In 2019, the potential area decreased to 7,
while the restricted area increased to 15, indicating that the regional ecological environment
is facing a major threat. Additionally, it can still be concluded that if the proportion of
nitrogen nutrient in fertilization is higher, the corresponding risk coefficient will be lower,
which means that the farmland can absorb more livestock manure.

 

Figure 5. The risk coefficient of regional livestock carrying capacity of farmland in the northeast
region in 2008, 2014, and 2019.

4. Discussion

In recent years, with the continuous transformation of northeast China’s residents’
dietary structure, the demand for animal products has been increasing, so the production
scale of husbandry in this area has expanded significantly [40]. With the rise of modern
large- and medium-sized husbandry enterprises, large-scale production has been realized
in the breeding industry with intensive and factory-like characteristics. Large-scale breed-
ing enterprises have achieved spatial concentration, but the degree of integration with
agricultural production is becoming lower and lower. More and more manure is being
produced, but the path for manure to return to farmland is becoming narrower and nar-
rower. Zheng et al. (2019) also pointed that these changes can achieve large-scale economic
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growth in agricultural production and livestock manure treatment, but it often results in
environmental pollution and waste of resources due to the uncoordinated structure of
planting and breeding and the mismatch of planting and breeding spaces [41]. Behind this
alienation, another important problem is that a large amount of manure that is difficult
to digest in farmland is discharged into the ground and rivers in various ways, which
seriously pollutes the environment and water resources, and this then evolves into an
important environmental problem. Therefore, relocating the production activities of hus-
bandry to the agricultural ecosystem, reconstructing the combination mode and ecological
link between agriculture and husbandry, and ensuring the breeding waste is digested in the
ecological circulation system of agriculture and husbandry are important ways to realize
the sustainable utilization of farmland.

As for the changes in the livestock carrying capacity of farmland and risk coefficient,
from the results we can see that although compared with 2008 the risk coefficient shows a
significant improvement, some regions still have a decline compared with 2014, indicating
that the relevant policies issued by governments to promote the adjustment of planting
and breeding structure and the utilization of livestock manure resources have achieved
certain results. However, it cannot be ignored that there were still 28 regions where the
livestock manure exceed the maximum value that can be absorbed by farmland in 2019.
The regional ecological environment is facing huge challenges. Compared with the scenario
where the proportion of nitrogen nutrient in fertilization is 35%, the 55% scenario can
absorb more livestock manure, and the corresponding risk level will be lower. However,
from the perspective of agricultural production law, it is not the case that more fertilization
is more beneficial to farmland protection and crop production. Excessive nitrogen elements
may cause soil salinization, which is also not conducive to the sustainable use of farmland.
Fu et al. (2020) also pointed that we cannot rely on excessive fertilization to improve
farmland’s absorption of livestock manure [32]. Additionally, from the regional distribution
of the livestock carrying capacity, most of the restricted areas are concentrated in Liaoning
Province, while most of the potential areas are concentrated in Heilongjiang Province. This
also indicates that Liaoning Province urgently needs to take more scientific and effective
measures in strengthening the adjustment of the planting and breeding structure and the
utilization of livestock and poultry waste. Moreover, establishing a regulatory framework
for grazing could also be an effective mitigation measure that also improves farmland
quality. The degraded land can be restored by moderating grazing pressures rather than
completely banning livestock grazing [42–44].

5. Conclusions

In this paper, we selected the northeast region as the study area from the perspective
of soil nutrient demand; calculated the livestock carrying capacity of farmland under
three scenarios where nitrogen nutrient accounts for 35% (low level), 45% (medium level),
and 55% (high level) of fertilization; and carried out a risk analysis. We found that the
scale of husbandry breeding is expanding while the scale of the planting industry has
remained basically unchanged. Compared with 2008, the livestock carrying capacity risk
has displayed a significant improvement, but some regions still show a decline compared
with 2014. In the 35% scenario, the scale of livestock breeding in 29 out of 36 regions
exceeded the actual carrying capacity level, and 15 of them belonged to restricted areas in
2019, which means that livestock waste in these regions far exceeds the capacity of farmland
absorption, causing serious environmental problems in the long term. Additionally, the
potential areas were mostly located in Heilongjiang Province, while the restricted areas
were mostly located in Liaoning Province, which means that Liaoning province faces
greater threats in the aspect of environmental pollution from livestock breeding. Moreover,
in the case of mature organic fertilizer technology, the cross-regional deployment of organic
fertilizers (from restricted area to potential area) is also an important way to resolve the
environmental pollution of livestock and poultry manure.
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Therefore, the political implications of this paper include the following aspects: ad-
justing the structure of regional livestock breeding, improving the utilization rate of feed,
and adopting measures such as manure reduction methods to reduce the output of manure
nutrients; adjusting the regional planting industry structure and improving the output level
of farmland crops to increase the ability to absorb manure; and promoting the development
of the livestock manure processing industry and enhancing the production capacity of
organic fertilizer. Additionally, in regions with suitable conditions, we should formulate
policies to guide the regional allocation of the spatial layout of livestock farms and construct
an integrated pattern of regional planting and breeding (Figure 6).

Figure 6. Schematic diagram of regional planting and breeding integration pattern.
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Abstract: Ecological compensation provides innovative ecological solutions for addressing land
degradation and guaranteeing the sustainable provision of essential ecosystem services. This study
estimated the ecosystem service value and the opportunity cost of land use in the Poverty Belt of
China—around Beijing and Tianjin—from 1980 to 2015 on the small watershed scale, and thereafter
estimated the rational range of ecological compensation in this ecologically fragile zone. Results
showed that the total ecosystem service value in the study area gradually decreased from CNY
54.198 billion in 1980 to CNY 53.912 billion in 2015. Moreover, the annual total ecological compensation
of the whole study area ranged between CNY 2.67 billion and 2.83 billion. More specifically, areas
with higher ecological compensation standards are mainly concentrated in the northwestern and
northern parts of the study area, with a lower economic development level, while areas with lower
ecological compensation standards are mainly located in areas with a relatively high level of economic
development, e.g., the southern and southeastern parts of the study area. These results can provide
valuable decision-support information for the design and optimization of ecological compensation to
address land degradation along with rapid urbanization in the Beijing–Tianjin–Hebei region.

Keywords: ecological compensation; ecosystem services; opportunity cost; ecological compensation
priority; land degradation

1. Introduction

Ecological compensation (i.e., payments for ecosystem services or payments for en-
vironmental services) is one of the important factors of the construction of ecological
civilization in China, and plays a fundamental role in addressing land degradation along
with rapid urbanization [1,2]. As an innovative form of ecological solution, ecological
compensation can effectively arouse the enthusiasm of ecosystem service providers to
alleviate land degradation and guarantee the sustainable provision of essential ecosystem
services [3,4], the effectiveness of which has been validated in a number of programs,
such as the ecological compensation program in the Catskill Basin in the United States,
or the PSA Project in Costa Rica [5–7]. There has also been remarkable achievement in
some ecological compensation projects in China, e.g., the Beijing–Tianjin Sandstorm Source
Control Project and the “Three North” shelterbelt project [8,9]. However, the theoretical
research on ecological compensation in China is still in its initial stages, and is far behind
the project practice, which is one of the most important reasons why some ecological
compensation projects in China have not achieved their expected effects [10,11]. It is there-
fore of great practical significance to carry out more in-depth theoretical exploration of
ecological compensation for the design and perfection of ecological compensation projects
in China [11,12].
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Rational ecological compensation standards are key to ensuring the effects of ecological
compensation, but there is still a lack of universal methods for estimating ecological com-
pensation standards [4,11,13]. In fact, scholars around the world have explored a variety of
methods for estimating ecological compensation standards [14,15]. The current methods
generally first use a certain method to estimate the upper and lower limits of the ecological
compensation standard, and then determine the acceptable ones by making appropriate
dynamic adjustments according to the actual situation of the study area and the economic
conditions of stakeholders [11,13,16]. For example, the ecosystem service value and oppor-
tunity cost have been widely used as the upper and lower limits of ecological compensation
standards [13,16]. The opportunity cost measures the opportunity cost of economic devel-
opment for protecting the ecological environment in the compensated areas, which can be
generally estimated via questionnaire surveys, empirical investigation, and indirect calcu-
lation [11,17]. However, the opportunity cost method takes less consideration of the spatial
heterogeneity within the compensated areas, which often results in insufficient compensa-
tion and, consequently, limits the accuracy and applicability of the ecological compensation
standard [6,18]. Nevertheless, the opportunity cost method is still the mainstream method
for determining ecological compensation standards in developing countries, since it is easy
to operate and relatively fair [18]. By contrast, the ecosystem service value, which can be
estimated in a direct or indirect way, can provide a reliable scientific basis for determining
the ecological compensation standards [13,19]. Ecosystem service value is one of the main
bases for determining ecological compensation standards; however, the ecosystem service
value estimated with existing methods far exceeds the actual compensation capacity of
ecosystem service consumers, and can serve as the theoretical upper limit of the ecological
compensation standards [11,20].

The Poverty Belt around Beijing and Tianjin provides an ideal site for the research
on ecological compensation, as it is a typical contiguous poverty zone and an ecologically
fragile area, but serves as an important ecological barrier in the Beijing–Tianjin–Hebei
region [20,21]. The Poverty Belt around Beijing and Tianjin is located in Hebei Province—
a coastal province that contains the largest number of national-level poverty-stricken
counties in China, including 25 of the 39 national-level poverty-stricken counties. The
coordinated development of the Beijing–Tianjin–Hebei region is one of the major national
development strategies of China, while the construction of the ecological environment is
one of the key fields in which prior breakthroughs should be achieved according to the
“Beijing–Tianjin–Hebei Coordinated Development Plan Outline” [22,23]. Establishment of
a diversified ecological compensation mechanism so as to increase the provision of essential
ecosystem services is a major strategic demand for the coordinated development of the
Beijing–Tianjin–Hebei region, and can provide an important means of realizing regional
sustainable development in the new era [22,24]. It is therefore of extremely important
practical significance to promote coordinated development, ensuring ecological safety and
promoting the construction of ecological civilization in the Beijing–Tianjin–Hebei region in
order to carry out in-depth exploration of the ecological compensation in the Poverty Belt
around Beijing and Tianjin in this macro background [25,26].

2. Materials and Methods

2.1. Study Area

The Poverty Belt around Beijing and Tianjin expands across Zhangjiakou City, Chengde
City, and Baoding City in Hebei Province (Figure 1), with a total area of 82,893.55 km2

(113◦51′47′′–113◦51′47′′ E, 39◦1′55′′–42◦38′7′′ N); it serves as a key ecological barrier in the
Beijing–Tianjin–Hebei region, and plays a dominant role in ensuring national ecological
safety [26]. For example, it provides approximately 81% and 93% of the water resources
in Beijing City and Tianjin City, respectively [24,27]. More specifically, the forests and
wetlands in Zhangjiakou City contribute ecosystem services worth CNY ~15 billion to
Beijing every year [20]. However, there are widespread ecologically fragile areas in this
region, where the impacts of climate change and increased human activities along with
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rapid urbanization have led to serious land degradation and greatly threatened the sus-
tainable provision of a number of essential ecosystem services [20,26]. Even worse, this
region has not received sufficient ecological compensation even though it has paid a huge
opportunity cost of economic development in order to ensure the ecological safety of
the Beijing–Tianjin–Hebei region [23,28]. This has led to a sharp contradiction between
socioeconomic development and ecological protection in this region, which has seriously
threatened the national ecological safety and restrained the high-quality development of
the Beijing–Tianjin–Hebei region [22,26].

 
Figure 1. Location of the Poverty Belt around Beijing and Tianjin.

2.2. Estimation of the Ecosystem Service Value

This study estimated the ecosystem service value of the study area from 1980 to 2015
using the equivalent factor method at a 1 km grid scale, and thereafter summarized it
on the small watershed scale, since there is generally a homogeneous internal ecological
environment in a small watershed [29,30]. First, this study classified the local ecosystems
into five types (Table 1), and determined the main ecosystem service types according to
previous research [1,26] and the specific situation of the study area. Then, the ecosystem
service value was further categorized into market and non-market value according to
the supply–demand relationship between the ecosystem and human society, based on
previous studies [19,31,32]. Thereafter, the ecosystem service indicators of most concern to
stakeholders in the study area and related regions were determined (Table 1). Finally, this
study estimated the ecosystem service value of the study area via the ecosystem service
value coefficient per unit land area in 2010 (Table 2), based on the previous studies [32,33],
as follows:

ESV =
n

∑
i=1

m

∑
j=1

Aj × Eij(i = 1 . . . . . . n, j = 1 . . . . . . m) (1)

where ESV is the total ecosystem service value of a certain spatial unit, and this study
chose the 1 km grid and small watershed with a generally homogeneous internal ecological
environment as the basic spatial units. More specifically, the small watershed boundary
data were extracted from the dataset of river basins and networks of China, based on the
DEM (https://www.resdc.cn/DOI/doi.aspx?DOIid=44, accessed on 31 October 2021). Eij
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is the equivalent factor of the ith ecosystem service of the jth ecosystem (Table 2). Aj is the
area of the jth ecosystem, which is obtained from the Land Use Remote Sensing Monitoring
Data of China provided by the Resource and Environmental Science and Data Center, CAS
(https://www.resdc.cn/Default.aspx, accessed on 31 October 2021).

Table 1. Classification of the ecosystem service value in the Poverty Belt around Beijing and Tianjin.

Value Types Ecosystem Service Types Ecosystem Types Land Use Types

Market value Production of food, forest products, raw
material, fishery products, tourism

Cropland ecosystem,
forest ecosystem, wetland ecosystem

Cropland, garden plot, forestland,
water body

Non-market value

Gas regulation,
climate regulation,
water conservation,

soil formation and conservation,
waste disposal,

biodiversity protection,
entertainment and culture

Forest ecosystem, grassland ecosystem,
wetland ecosystem, other ecosystems

Forestland, grassland, water body,
unused land

Table 2. Coefficients of ecosystem service value per unit of land area in the Poverty Belt around Beijing and Tianjin, based
on previous studies [19,31,32] (unit: CNY/hm2).

Ecosystem Service Types Cropland Forestland Garden Plot Grassland Water Body Unused Land

Gas regulation 501.58 1438.97 970.27 328.91 0.00 0.00
Climate regulation 892.16 1110.06 1001.11 370.02 189.12 0.00
Water conservation 600.26 1315.63 957.93 328.91 8378.11 12.34

Soil formation and conservation 1463.63 1603.41 1533.52 801.71 4.11 8.23
Waste disposal 1644.53 538.58 1091.56 538.58 7474.39 4.11

Biodiversity protection 711.26 1340.29 1025.78 448.14 1023.72 139.78
Food production 1003.16 41.11 522.14 123.34 41.11 4.11

Raw material production 98.67 1068.95 583.80 20.55 4.11 0.00
Entertainment and culture 8.23 526.25 267.23 16.44 1784.31 4.11

Total 6923.48 8983.25 7953.34 2976.60 18,898.98 172.68

2.3. Estimation of the Range of Ecological Compensation

This study separately estimated the ecological compensation standards based on
the ecosystem service value and the opportunity cost on the small watershed scale, and
thereafter determined the rational range of the ecological compensation standard and total
ecological compensation value in the study area. This study first estimated the ecological
compensation standards based on the ecosystem service value and gross domestic product
(GDP) in the study area. On the one hand, the ecosystem service value can generally only
serve as the upper limit of ecological compensation, since it far exceeds the payment ability
of ecosystem service consumers, and a conversion coefficient has been widely used to
make ecological compensation based on the ecosystem service value more practical and
acceptable [11,20]. Meanwhile, this study took into account only the non-market ecosystem
service value, since the market value of ecosystem services can contribute to regional
economic development through market mechanisms [11,34,35]. On the other hand, the
more heavily the economic development in a certain area depends on natural resources,
the higher the opportunity cost to protect the ecological environment in that area, which
can be represented by the degree of priority for ecological compensation [32]. This study
accordingly represents the degree of priority for ecological compensation in a certain area
with the ratio of the non-market value of ecosystem services to GDP per unit of area, based
on existing studies [8,32], and estimates it in a spatially explicit way in order to further
improve the practicability of ecological compensation. The ecological compensation based
on the ecosystem service value was finally estimated as follows:

RTesv_i = ESVT_i × k × p_i (2)
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p_i = 2arctan(
ESVT_i

GT_i
)/π (3)

where RTesv_i is the ecological compensation value in the ith area based on the ecosystem
service value; ESVT_i is the total non-market value of ecosystem services in the ith area per
unit of area; k is the conversion coefficient of the ecosystem service value, which is set to
15% based on previous studies [32]; p_i is the degree of priority for ecological compensation
of the ith area, and the higher p_i is, the more urgently the ecological compensation of the ith

area is needed; GT_i is the total GDP per unit of area of the ith area, which is extracted from
the Spatialized GDP Dataset of China provided by the Resource and Environmental Sci-
ence and Data Center, CAS (https://www.resdc.cn/DOI/doi.aspx?DOIid=33, accessed on
31 October 2021); and π is pi.

This study further estimated the ecological compensation based on the opportu-
nity cost of land use. Farmers in the study area play an important role in protect-
ing the ecological environment, for which they sacrifice their economic development
rights [24,27]. The loss of economic development due to ecological protection can be
reflected in the opportunity cost, while the latter can be measured by the land rent per
unit of area [36]. This study obtained the data on the land rent per unit of area of vari-
ous land types in the study area by carrying out some field surveys and using querying
websites (e.g., https://www.tuliu.com/, accessed on 20 October 2021). The total ecological
compensation based on the opportunity cost was finally estimated as follows:

RToc_i = OC_i × λ (4)

where RToc_i is the ecological compensation value in the ith area based on the opportunity
cost; OC_i is the opportunity cost of land use in the ith area based on the land rent, which is
estimated based on the land rent price; and λ is the opportunity cost conversion coefficient,
which is also set to 15% based on the results of field surveys and the ratio of the transac-
tion price to the listing price on the websites (e.g., https://www.tuliu.com/, accessed on
20 October 2021).

3. Results

3.1. Dynamics of the Ecosystem Service Value

The results suggested that the total ecosystem service value in the Poverty Belt around
Beijing and Tianjin showed an overall downward trend between 1980 and 2015 (Figure 2).
Specifically, the total ecosystem service value declined most obviously between 1980 and
1990, and it recovered to a certain degree from 1990 to 1995, but thereafter showed a further
gradual declining trend. In 2015, the total ecosystem service value of the study area reached
CNY 53.912 billion, with a decrease of CNY 286 million compared to that in 1980. More
specifically, the total ecosystem service value of forestland decreased by CNY 292 million,
while that of the water body decreased by CNY 81 million, which was primarily due to the
conversion of the forestland and water body with higher equivalent factors to cropland
and grassland with lower equivalent factors. By contrast, the total ecosystem service value
of cropland, garden plots, and grassland increased slightly between 1980 and 2015, with
increases of CNY 29 million, 29 million, and 31 million, respectively.

3.2. Spatial Heterogeneity of Ecological Compensation

The results suggested that the ecological compensation standards based on the ecosys-
tem service value in the study area showed significant spatial heterogeneity, ranging from
CNY 0.47/hm2 to CNY 910.73/hm2, with an average of about CNY ~341.75/hm2 (Figure 3).
The areas with low ecological compensation standards are widespread in the southern,
central, and northeastern parts of the study area; for example, areas with ecological compen-
sation standards of CNY < 150/hm2 and CNY 150–250/hm2 are contiguously distributed
in most parts of Laiyuan County, Yi County, and Laishui County in the southern part of
the study area, and almost all of the northeastern part of the study area. By contrast, the
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areas with the ecological compensation standard of CNY > 600/hm2 are mainly located
in the western and northern parts of the study area, e.g., most parts of Kangbao County,
the northern part of Shangyi County, most parts of Guyuan County in Zhangjiakou City,
and a few parts of Fengning County and Weichang County in Chengde City. The areas
with the ecological compensation standard of CNY 450–600/hm2 are generally adjacent
to these areas with the ecological compensation standard of CNY > 600/hm2, e.g., most
parts of Zhangbei County, the southwest part of Shangyi County, the middle part of
Guyuan County, and most parts of Weichang County. The level of economic development
is generally very low in these areas with low ecological compensation standards, and the
ecological compensation is overall attractive to most of the local farmers in these areas.
For example, the statistical data suggest that the average rural per capita income from
property in Zhangjiakou City was CNY 103 in 2010. Meanwhile the cropland area per
capital in Zhangjiakou City was generally 0.2133–0.2667 hm2, and the ecological com-
pensation of CNY 600/hm2 means that the income from ecological compensation is CNY
128~160 per capita, which can generally effectively motivate the local farmers to participate
in ecological conservation.

 

Figure 2. The total ecosystem service value in the Poverty Belt around Beijing and Tianjin from 1980
to 2015 (unit: CNY 100 million).

  

Figure 3. Ecological compensation standards based on the (a) ecosystem service value and (b) opportu-
nity cost in the study area.

The spatial pattern of ecological compensation standards based on the opportunity
cost was overall consistent with that based on the ecosystem service value, with some
remarkable differences in a few areas. For example, the ecological compensation standard
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based on the opportunity cost was generally CNY > 500/hm2 in Shangyi County, Zhangbei
County, and Kangbao County in the northwest of the study area, while it was generally
below CNY 400/hm2 in Weichang County and Fengning County in the northern part of
the study area. By contrast, the areas with lower ecological compensation standards were
concentrated in the southeastern and southern parts of the study area, where the ecological
compensation standards were generally CNY 200–300/hm2 or below CNY 200/hm2. In
general, the ecological compensation standards based on the ecosystem service value and
opportunity cost were consistent overall, i.e., the areas with higher ecological compensation
standards were mainly concentrated in the northwestern and northern parts of the study
area, while areas with lower ecological compensation standards were mainly located in the
southern and southeastern parts of the study area.

The results of this study showed that the total ecological compensation value based
on the ecosystem service value and the opportunity cost in the whole study area was
approximately CNY 2.83 billion and CNY 2.67 billion per year, respectively—very close
to and overall consistent with the results of Xu et al. [37], i.e., CNY 3.45 billion per year.
The total ecological compensation value based on the ecosystem service value on the
small watershed scale ranged between CNY 2.40 thousand and 52.98 million per year,
showing conspicuous spatial heterogeneity. Specifically, areas with a total ecological
compensation value based on the ecosystem service value below CNY 5.00 million per year
were continuously distributed in the southern, middle, and northeastern parts of the study
area, where there is a relatively better ecological environment and a higher level of economic
development, jointly resulting in a weak demand for ecological compensation (Figure 4).
By contrast, areas with a total ecological compensation value exceeding CNY 5.00 million
per year were mainly scattered in a few regions in the northern, northwestern, and central
parts of the study area. More specifically, areas with a total ecological compensation value
exceeding CNY 25.00 million per year were mainly located in Zhangbei County, Guyuan
County, Fengning County, and Weichang County in the northwestern and northern parts
of the study area, as well as in Chicheng County in the middle part of the study area. The
level of economic development is very low in in these areas, where there are widespread
key ecological function zones and, consequently, there is very strong demand for ecological
compensation in these areas.

  

Figure 4. The total ecological compensation value based on the (a) ecosystem service value and
(b) opportunity cost on the small watershed scale in the study area (unit: CNY 10,000).

The spatial pattern of the total ecological compensation value based on the opportunity
cost was generally consistent with that based on the ecosystem service value, but with
significant differences in a few areas. For example, the total ecological compensation value
based on the opportunity cost was generally consistent with that based on the ecosystem
service value in the northern and northwestern parts of the study area, all exceeding
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CNY 20.00 million per year. However, there are also areas where the total ecological
compensation value based on the opportunity cost exceeds CNY 20.00 million per year
in Yangyuan County and Huailai County in the middle part of the study area, as well
as in Longhua County, Luanping County, and Xinglong County in the southeastern part
of the study area (Figure 4). This may be because there is more cropland with a higher
opportunity cost but relatively lower ecosystem service value in these areas, leading to
a higher total ecological compensation value based on the opportunity cost. In general, this
study showed that the total ecological compensation value of the whole study area ranged
between CNY 2.67 billion and 2.83 billion per year, and that there were generally consistent
spatial patterns of the total ecological compensation value based on the ecosystem service
value and the opportunity cost, indicating that the ecological compensation in this study is
overall reliable.

3.3. Spatial Pattern of the Ecological Compensation Priority

The results of this study showed that the ecological compensation priority in the
study area ranged between 0.002593 and 0.6269, with an average value of 0.3165. This
study further classified the ecological compensation priority into five levels using the Jenks
natural break method, with the breakpoints of 0.1372, 0.2646, 0.3943, 0.4922, and 0.6269
(Figure 5). There was remarkable spatial heterogeneity of the ecological compensation
priority in the study area, where areas with high or very high ecological compensation
priority were concentrated in the Bashang region in the northern and northwestern parts
of the study area (Figure 5). Specifically, areas with very high ecological compensation
priority were concentrated in the northern part of the study area, e.g., most parts of Shangyi
County, almost all of Kangbao County and Guyuan County, the central and northern parts
of Fengning County, and most of Weichang County. Meanwhile, areas with high ecological
compensation priority were concentrated in most parts of Zhangbei County and parts of
adjacent Chongli County, most parts of Chicheng County and part of adjacent Fengning
County, and a few parts of Shangyi County and Weichang County. There are widespread
important ecological function zones with enormous ecosystem service value in these areas,
all of which play an important role in guaranteeing the ecological safety of the Beijing–
Tianjin–Hebei region by providing a number of essential ecosystem services, such as wind
prevention and sand fixation, water conservation, and biodiversity protection. Meanwhile,
these inland “ecological export” areas with a low level of economic development have paid
a huge development opportunity cost for a long period in order to guarantee the ecological
safety of the Beijing–Tianjin–Hebei region.

It is an arduous task to implement further ecological environmental protection by
relying on the local resources in areas with high or very high ecological compensation
priority, where there is an urgent need for the provision of ecological compensation by other
areas [23]. On the one hand, there is generally a relatively higher level of economic devel-
opment in areas with low or very low ecological compensation priority, which are generally
located in the southern, central, and northeastern parts of the study area, e.g., Xuanhua
District, Xuanhua County, and Huailai County in the southern part of Zhangjiakou City,
and Kuancheng County and Luanping County in the southern part of Chengde City. These
areas generally have a relatively greater ability to implement ecological conservation,
with significant geographical advantages, and taking considerable advantage of the cheap
agricultural and forestry products from those areas with high or very high ecological
compensation priority. Nevertheless, these areas still need some external financial support
in order to establish a more eco-friendly economic system, and cannot provide sufficient
support for ecological conservation in areas with high or very high ecological compensation
priority. On the other hand, some economically developed areas—e.g., Beijing City and
Tianjin City—have taken enormous advantage of the ecosystem services from the study
area and, therefore, should provide some ecological compensation in order to promote the
ecological conservation of the study area [26,28,32]. For example, the areas with high or
very high priority have provided a large amount of water resources to Beijing City and
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Tianjin City, while the areas with low or very low priority have also paid considerable
opportunity costs of industrial development and agricultural production in order to ensure
the supply of water resources to Beijing City and Tianjin City [24,27]. There is an urgent
need for ecological compensation from Beijing City and Tianjin City, which can play an
important role in ameliorating the standard of living in the study area and avoiding a more
intensive manner of land use with serious biodiversity degradation [23,26,32]. Overall,
there is an urgent need for more ecological compensation in the study area, especially in
those areas with high or very high ecological compensation priority, which should be met
with financial support from areas outside the study area.

 

Figure 5. Ecological compensation priority levels in the Poverty Belt around Beijing and Tianjin.

4. Discussion

The results of this study can provide valuable spatially explicit reference information
for the design and improvement of ecological compensation projects, but it is still necessary
to carry out some more in-depth research. For example, this study clearly revealed the
spatial heterogeneity of the ecological compensation in the study area using the small
watershed scale rather than the county-level scale, which may contribute to formulating
more specifically targeted policy measures and improving the feasibility of ecological
compensation policies. However, this study estimated the ecosystem service value with
some static parameter values, which cannot accurately reflect the time-series dynamics of
the ecosystem service value. Moreover, this study considered the inflation factors, but still
cannot accurately reflect the dynamic changes in the ecological compensation standard,
since the latter was estimated based on the Spatialized GDP Dataset of China in 2010,
which is a static dataset even though it can more accurately reveal the spatial heterogeneity
of the ecological compensation. It is still necessary to reveal the time-series dynamics
of the ecosystem service value and ecological compensation standards more accurately
using more dynamic parameter values. Overall, this study accurately revealed the rational
range of ecological compensation in the study area in a spatially explicit way, but it is
still necessary to carry out further research in order to provide more reliable reference
information for the design and improvement of ecological compensation projects.
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5. Conclusions

This study revealed the rational range of the ecological compensation in the Poverty
Belt around Beijing and Tianjin based on the ecosystem service value and the opportunity
cost, in a spatially explicit manner. The following conclusions were finally drawn: (1) The
total ecosystem service value in the study area showed an overall downward trend be-
tween 1980 and 2015, decreasing from CNY 54.198 billion in 1980 to CNY 53.912 billion in
2015. (2) The total ecological compensation value of the whole study area ranged between
CNY 2.67 billion and 2.83 billion per year, and it is feasible to estimate the ecological
compensation based on the ecosystem service value and the opportunity cost. (3) Areas
with a higher ecological compensation value and priority level are mainly located in areas
with lower levels of economic development in the northwestern and northern parts of
the study area, while areas with a lower ecological compensation value and priority level
are mainly located in areas with relatively high levels of economic development in the
southern and southeastern parts of the study area, but both of these areas are in urgent
need of ecological compensation from other areas, e.g., Beijing City and Tianjin City. (4) It
is still necessary to carry out further research on the time-series dynamics of the ecological
compensation in order to provide more reliable reference information for the design and
improvement of ecological compensation projects. Overall, this study accurately reveals
the rational range of the ecological compensation in the study area in a spatially explicit
manner, and can provide valuable information for addressing land degradation along with
the rapid urbanization in the Beijing–Tianjin–Hebei region.
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Abstract: Dust emission is an important corollary of the soil degradation process in arid and semi-arid
areas worldwide. Soil organic carbon (SOC) is the main terrestrial pool in the carbon cycle, and dust
emission redistributes SOC within terrestrial ecosystems and to the atmosphere and oceans. This
redistribution plays an important role in the global carbon cycle. Herein, we present a systematic
review of dust modelling, global dust budgets, and the effects of dust emission on SOC dynamics.
Focusing on selected dust models developed in the past five decades at different spatio-temporal
scales, we discuss the global dust sources, sinks, and budgets identified by these models and the
effect of dust emissions on SOC dynamics. We obtain the following conclusions: (1) dust models
have made considerable progress, but there are still some uncertainties; (2) a set of parameters should
be developed for the use of dust models in different regions, and direct anthropogenic dust should be
considered in dust emission estimations; and (3) the involvement of dust emission in the carbon cycle
models is crucial for improving the accuracy of carbon assessment.

Keywords: dust emission; wind erosion; dust models; dust cycle; carbon cycle

1. Introduction

The aeolian and fluvial processes play a fundamental role in earth systems and have
important environmental and ecological effects at both local and global scales [1]. Wind
erosion is a natural geological process involving the detachment, transport, and deposition
of soil particles by strong winds [2–5], and it is a key soil degradation process in arid
and semi-arid areas worldwide [6–9]. In contrast to water erosion, where the eroded
material follows determined paths, wind-eroded material is widely dispersed over the
landscape [10]. The mineral dust generated by soil particle emissions, in turn caused by
wind erosion, is considered the most important source of atmospheric aerosols [11]. The
global annual emission amount of mineral dust due to wind erosion is estimated to be
around 1 to 5 billion (109) tons [11–14], which account for approximately 30–50% of the
total aerosol introduced into the atmosphere [15]. Dust aerosols play important roles in
regulating the Earth’s radiation budget, climate, global biogeochemical cycles, terrestrial
soil formation, air quality, and human health [16–30].

To assess the socio-economic and environmental effects of dust processes, it is essential
to quantify the dust emission rates at different spatial and temporal scales. Dust emission
involves complex interactions among soil properties, climate, vegetation, and land use
regimes. The understanding of dust processes and the capability of dust emission models
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have improved considerably over the past five decades. Based on the measured physical
properties of dust emission at the field scale, several approaches have been adopted to
estimate dust emission rates, such as mathematical simulation using data on the relation-
ships between meteorological records and interacting surface parameters [31], remote
sensing [32,33], and using geographic information systems (GIS) [34–37]. Numerous
dust models have been developed to quantify dust emission rates and soil losses in the
field [38,39], regional [40,41], continental, and global scales [42,43].

Soil is the main terrestrial reservoir of organic carbon and contributes substantially to
the global carbon cycle [1,44]. Small changes in the soil organic carbon (SOC) stock may
result in large changes in atmospheric carbon dioxide (CO2) concentration [4,45]. Dust
emission is an essential component of the carbon budget; it removes carbon from vast areas
and, if the wind is strong enough, readily transports carbon dust offshore [46,47]. Thus, soil
redistribution through dust mobilisation is an important mechanism underlying carbon
cycling in terrestrial ecosystems, the atmosphere, and oceans. The active component of
SOC and the organic carbon combined with the fine fraction of the soil are easily removed
from terrestrial ecosystems via dust emission [48]. Wind-driven mobilisation of carbon
augments the net loss of carbon from terrestrial systems.

In this review, we discuss empirical and physical dust models at multiple spatial
scales, developed worldwide over the past five decades; the effects of dust emission on
global dust budgets and SOC dynamics; and the link between dust processes and the global
carbon cycle.

2. Dust Models Adopted Worldwide

2.1. Factors Influencing Dust Emissions at Multiple Scales

Dust emission is a dynamic natural process regulated by complex interactions among
the climate, soil properties (grain size, aggregation, structure, moisture, and surface rough-
ness), vegetation (cover, distribution, and height), and land use at different spatial and
temporal scales [3,34,49–54]. This process is recognised as a major source of uncertainty in
climate models [55,56].

Dust emission is essentially a flow process in which soil is detached from an erodible
surface and transported in various ways (surface creep, saltation, and suspension) in
response to wind shear stress (Figure 1) [57]. Dust transport mechanisms redistribute soil
and associated nutrients and organic materials at different spatial scales (Figure 1). The
mechanism by and the distance to which soil particles are transported are determined by
their size. Large (>500 μm) and medium-sized (100–500 μm) particles are more likely to
be transported via surface creep and saltation, respectively, over relatively short distances;
smaller particles (<100 μm) can be transported via suspension over longer distances, across
regions, continents, and the world [32,57–61].
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Figure 1. Dust processes and their controls at different spatial scales.

The development of dust models requires an understanding of the factors affecting
dust emission at different spatial scales. At the grain scale (<10−2 m), dust emission
is controlled by wind shear speed and the structure, texture (particle size distribution),
moisture content, mineral composition, electrostatic forces, chemistry, and microbiota
composition of the soil (Figure 1) [57,62–70]. Together, these factors determine the weight,
drag, and interparticle cohesion of soil aggregates and threshold friction velocity (u*t) [57].
The u*t, which controls both frequency and intensity of erosion events, is the minimum
friction velocity required to initiate the movement of soil particles, representing the strength
of forces among the soil particles and the capacity of an aeolian surface to resist wind
erosion [60,71–73]. This crucial parameter controls the frequency and intensity of dust
emission. Soil erodibility is defined as the susceptibility of soils to detach and transport by
erosive agents, namely water or wind. Soil erodibility is also dependent on the intrinsic
properties of soils (include texture, mineralogy, chemistry, and organic matter content) and
the combined influence of temporal soil properties, namely moisture, aggregation, surface
crusting, and the availability of loose erodible material [57,66,68,69,74–77]. At the field
scale, the grain-scale conditions of soil texture, soil moisture, and inter-particle bonding
control soil aggregation and crusting, and thus, influence soil particle movement and the
potential for dust emission [74,75]. Aggregation and crusting affect soil surface roughness,
u*t, and the availability of loose erodible soil particles. The latter parameters affect soil
erodibility at the landscape (103 m) scale [62].

At the landscape scale, dust emission is determined by soil type, vegetation cover,
cultivation practices, soil surface roughness, u*t, and the availability of loose erodible
material [57]. However, at the regional to global scales (>104 m), the transport, transfor-
mations, and deposition of dust particles, and their chemical reaction with air pollutants
are affected by soil type, landforms, climate, ecoregional environmental conditions, and
practices of land use and land management [76]. Together, these factors determine the
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relative influence of soil moisture, aggregation, and crusting on the soil surface, as well
as the spatial and temporal variations in soil erodibility at the field scale. The regional
climate, other ecoregional conditions, and land use practices may, in turn, be affected by
dust transport and deposition. This interdependence generates feedback that affects soil
erodibility at various scales, from the landscape to the microscopic [57].

2.2. Dust Models at Multiple Spatial and Temporal Scales

To understand the role of dust in the earth system, numerous models that simu-
late dust emission at various spatial and temporal scales have been developed since the
1960s [38,78–81]. Most of these models are used to predict dust emission rates. Dust mod-
els can be divided into empirical and physical types [7]. Empirical models are based on
functions derived from field or wind tunnel experiments under a wide variety of soil
types and soil surface roughness conditions. Physical dust models focus largely on the
physical mechanisms of dust movement and predict patterns of dust emission, transport,
and deposition driven by climate, land use, and/or the land management measures being
employed. The evolution of the dust models reviewed in this study is illustrated in Figure 2.
We systematically reviewed a representative selection of 18 dust models developed over
the past 60 years.

Dust models usually concentrate on smaller (<100 μm in diameter) soil particle emis-
sions, as such particles can be suspended in the atmosphere and transported over long
distances [61]. One such model is the wind erosion equation (WEQ) developed by Woodruff
and Siddoway [38] from empirical functions that describe the effects of environmental fac-
tors on the rate of soil loss. Physical models were developed mainly in the 1980s (Figure 2).
As shown in Figure 2, before 2000, dust models mainly constituted dust emission mod-
ules at the field scale (e.g., WEQ, wind erosion prediction system (WEPS), Texas erosion
analysis model (TEAM), revised wind erosion equation (RWEQ), wind erosion assessment
model (WEAM), and wind erosion stochastic simulator (WESS)) [38,39,82–85]. With in-
creasing awareness of the role of dust at regional scales, regional dust emission models
were developed and forced by climate datasets (e.g., wind erosion on European light soils
(WEELS) and Australian land erodibility model (AUSLEM)) or dust transport models were
developed by integrating dust emission modules with regional- to global-scale climate
models (e.g., integrated wind erosion modelling system (IWEMS), computational fluid
dynamics wind erosion model (CFD-WEM), computational environmental management
system (CEMSYS), global ozone chemistry aerosol radiation and transport (GOCART),
GOCART-Air Force Weather Agency (GOCART-AFWA), GOCART—University of Cologne
(GOCART-UoC), dust entrainment and deposition (DEAD), community aerosol research
model (CARMA-MM5), and global transport model of dust (GMOD), and Lund-Potsdam-
Jena dynamic global vegetation model–dust (LPJ-Dust)) [11,40–43,53,86–91].
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Figure 2. Evolution of wind erosion models. AUSLEM: Australian Land Erodibility Model [91];
CARMA-Dust: Community Aerosol Research Model, by Ames/NASA [86]; CEMSYS: Computa-
tional Environmental Management System [87]; CFD-WEM: Computational Fluid Dynamics Wind
Erosion Model [53]; DEAD: Dust En-trainment and Deposition [42]; DENAPAP: Dust Emission
Model, supported by the National Acid Precipitation Assessment Program [92]; DPM: Dust Produc-
tion Model [93]; GMOD: Global Transport Model of Dust [43]; GOCART: Global Ozone Chemistry
Aerosol Radiation and Transport [94]; GOCART—AFWA: GOCART—Air Force Weather Agency [88];
GOCART—UoC: GOCART—University of Cologne [11,89,90]; IWEMS: Integrated Wind Erosion
Modeling System [40]; LPJ—dust version 1.0: Lund–Potsdam–Jena dynamic global vegetation
model—dust version 1.0 [95]; RWEQ: Revised Wind Erosion Equation [82]; TEAM: Texas Erosion
Analysis Model [84]; WEAM: Wind Erosion Assessment Model [85]; WEELS: Wind Erosion on Euro-
pean Light Soils [41]; WEPS: Wind Erosion Prediction System [39]; WEQ: Wind Erosion Equation [38];
WESS: Wind Erosion Stochastic Simulator [83].

To account for the complex interaction between the physical processes and anthro-
pogenic factors of wind erosion, dust models are drawn from field and laboratory measure-
ments. Owing to the differences in model complexity, required inputs, and outputs [61],
these models provide variable dust process simulations at specific spatial and temporal
scales. The spatio-temporal scales, input parameters, and outputs of the dust models re-
viewed in this study are summarised in Table 1. The early dust models are mainly focused
on the development of dust emission models at a field scale. However, dust models after
2000 have mainly concentrated on dust transport models at the regional and global scales.
Field-scale dust models can be used to assess soil losses due to wind erosion under different
land management regimes. Physical models require more detailed inputs and are difficult
to implement owing to the lack of soil and land-surface parameters. In addition, these
emission models are mainly applied at a field scale and usually cannot estimate spatial
variations of dust emissions for a region. Regional and global-scale dust models integrated
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into dust emission modules and climate models should be employed to predict spatial and
temporal variations of dust processes, such as dust emission, transport, and deposition.

Table 1. Summary of reviewed dust models, including spatial scale, inputs, and outputs.

Reference Model Name Category Spatial Scale Input Data Output Data

[92] DENAPAP Emission R
Soil roughness, probability density function for

wind speed, threshold wind velocity,
field length

Dust emissions

[38] WEQ Emission F Soil surface, ridges, surface roughness, climate,
field length, wind, vegetation cover Soil loss rates

[39] WEPS Emission F
Weather conditions, soils properties,

management, management decisions,
threshold wind velocity

Soil loss rates

[85] WEAM Emission F Climate, soil types, vegetation cover Dust emissions,
dust depositions

[84] TEAM Emission F

Wind, relative humidity, clay content, particle
size distribution, surface cover factor, soil
erodibility, soil bulk density, length of the

erosion segments

Soil loss rate, dust
concentration, dust

emission, dust
deposition

[82] RWEQ Emission F
Weather factor, percentage dry aggregation,

soil crust factor, soil roughness,
vegetation cover

Dust emissions,
dust depositions

[83] WESS Emission F Wind, soil surface, ridge height Dust emission,
dust deposition

[40] IWEMS Transport R

Soil properties (strength, fine content, bulk
density, particle size distribution), surface

characteristics (land use, frontal area index,
vegetation height), climate (rainfall,

evaporation, wind velocity)

Dust emissions,
dust trajectories

[41] WEELS Emission R Soil moisture, soil erodibility, soil surface
roughness, land use Wind erosion risk

[42] DEAD Transport C, G

Vegetation cover, surface soil moisture, soil
texture, threshold wind velocity, particle size
distributions, optical properties, land surface

and geographic constraints

Dust emissions,
dry depositions,
wet depositions

[93] DPM Emission C, G Soil particle size distribution, surface
roughness, threshold wind velocity Dust emissions

[86] CARMA-
Dust Transport C, G MM5 forecast data Dust

concentrations

[91] AUSLEM Emission R
Rainfall, soil moisture, evaporation, vegetation

cover, percentage of sand, silt and clay
in topsoil

Wind erosion
hazards

[87] CEMSYS Transport R, C Soil texture, soil type, vegetation, roughness,
soil moisture, land surface, atmospheric data

Soil losses, dust
concentrations

[43] GMOD Transport C, G

Meteorological conditions, wind friction speed,
relative humidity of the surface air, threshold
wind velocity, densities of mineral dust and

dry air, effective radius of the particles

Dust
concentrations,

dust depositions,
dust optical

thickness, particle
size distributions
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Table 1. Cont.

Reference Model Name Category Spatial Scale Input Data Output Data

[53] CFD-WEM Transport R
Digital elevation model (DEM), surface
roughness length, land uses, threshold

wind velocities

Sensitive areas to
wind erosion

[95] LPJ-dust Transport C, G
Vegetation cover, soil texture, soil moisture,

snow depth, threshold wind velocity,
temperature, wind speed

Dust sources, dust
emissions, dust
trajectories, dust

depositions

Note: F, R, C, and G represent field, regional, continental, and global, respectively.

Evidently, u*t is the key factor affecting dust emission simulations. Dust emission will
occur when the wind friction velocity over the land surface (u*) exceeds u*t. Generally, there
are two approaches for representing the factors that influence the soil’s susceptibility to
wind erosion in dust models: (1) constructing empirical relationships between soil surface
conditions, soil moisture, and vegetation cover to predict rates of soil loss (e.g., models WEQ
and RWEQ); and (2) integrating physical processes and theoretical relationships among
soil properties, land surface conditions, and u*t (e.g., models CFD-WEM, GMOD, TEAM,
and WEAM). Empirical models can account for dynamic variations in soil erodibility [96],
but they largely depend on field measurements, which are not available at large spatial
scales [38]. Physical models enable the inclusion of large-scale spatial inputs and are not
restricted to specific environments [40,42]. The complexity of the description of u*t and
dust emission has increased as the development of dust models progressed over the past
five decades (Table 1). The definitions of u*t and the soil’s susceptibility to wind erosion
differ between these models; therefore, calculations and predictions obtained from different
models are not directly comparable. Thus, there is a need to integrate the two types of
models to reduce the uncertainty of dust models overall.

Precisely modelling the spatial and temporal variability of dust emissions is a prereq-
uisite to estimate and forecast atmospheric dust concentrations and their effects. Current
dust emission models mostly include main physical processes of dust production, which
can reproduce the spatial and temporal variability of dust emissions if the model inputs are
accurately described. Studies have confirmed that the accuracy of ground surface condition
data is the key determinant of spatial and temporal variability accuracy of dust emissions
models [9,77,97]. In addition, the accuracy of temporal variability of dust emission models
is also determined by specific model parameter values, such as the Kawamura coefficient
value in a dust scheme [90] and the roughness correction factor to u*t in the dust schemes
of the Community Earth System Model (CESM) [77]. However, it is difficult to define or
customise these values owing to the spatial heterogeneity of ground surface conditions and
the dearth of dust observations. To evaluate and improve the performance of temporal vari-
ations of dust emission models, it is essential to improve the accuracy of surface parameters
in dust emission models and strengthen the collection of dust observation globally.

Dust models are important tools to account for the complex interaction between the
physical processes and anthropogenic factors of wind erosion. However, there are no
universally accepted parameters for these models in different regions/countries. There-
fore, most of these models have to be parameterised before they can be applied to other
regions. For example, models IWEMS and CFD-WEM have been successfully applied to
the simulation of dust emissions in Asia after calibration of their parameters [9,96,98–101].
Model parameterisation is essential to ensure the accuracy of the estimation results. Dust
models can be evaluated using in-situ measurements of dust and other required inputs. To
ensure the accuracy of the simulation, before the application of a dust model in a region,
the model’s empirical variables can be adjusted by comparing the model’s predictions with
field measurements [101]. However, this comparison is challenging because of the difficulty
in obtaining dust data. Several studies have attempted to validate dust model predictions
against measured and observed data. The performance of some of the selected dust models
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in Europe, Australia, and China (Table 2) have shown considerable differences in the accu-
racy among different dust models and among estimations in different regions using the
same model. This also proved that the localisation of model parameters is important for
the simulation accuracy of dust models.

Table 2. Performance of selected dust models.

Model Name Validation Region Observed Parameter R Square (R2) References

WEQ Argentina Average annual soil loss R2 = 0.96 [8]

WEAM
Inner Mongolia, China

Wind tunnel Experiments at
Loxton and Borrika, Australia

Vertical dust flux
Saltation flux

R2 = 0.87
R2 = 0.66

[102]
[85]

TEAM U.S.A. Horizontal dust flux R2 = 0.71 to 0.82 [6]

RWEQ
Argentina

Egypt
China and U.S.A.

Saltation flux
Saltation flux
Saltation flux

R2 = 0.96
R2 = 0.91

R2 = 0.02 to 0.81

[8]
[103]
[70]

WEPS U.S.A. Amount of suspended material R2 = 0.71 [65]

DPM Mu Us Desert, China Saltation flux R2 = 0.83 [104]

WEELS 25 member states of the
European Union Wind-erodible fraction of the soil R2 = 0.50 [105]

Shao dust scheme Japan–Australia Dust
Experiment (JADE) Vertical dust flux R2 = 0.89 [89,90]

3. Global Dust Budgets

3.1. Dust Sources and Sinks

Global dust source regions have been identified using different approaches, such
as information gathering from dust weather records [99], remote sensing [32,100], dust
monitoring networks [106], and dust models [42,55,86,107]. The seven main dust source
regions of the world are North Africa, Middle East/Central Asia, East Asia, North America,
South America, South Africa, and Australia (Figure 3).

Some studies simulated the global dust emission, deposition, and budgets over the
past three decades (Table 3). The map of global dust emission and deposition in different
regions (Figure 3) generated based on the data from previous studies represented in Table 4
shows that North Africa is the largest dust source region in the world. Because of the
Sahara, the world’s largest desert, North Africa accounts for approximately 60% of the
global dust emissions and approximately 65% of the global atmospheric dust load [55,108].
The second largest dust source region is Asia, comprising Arabia, Central Asia, and East
Asia. Dust emissions and atmospheric dust loads in Asia account for approximately 30% of
the global values [42,43,55]. Specifically, the dust emission and atmospheric dust load in
East Asia are approximately 214 and 1.1 Tg yr−1, respectively [55]. Australia is the largest
contributor to dust emissions in the Southern Hemisphere, accounting for approximately
6% of the global dust emissions [33,42,55,108–110] and 5% of the global atmospheric dust
load [43,55]. The smallest dust source regions are North and South America, accounting
for 0.3% and 2.5% of the global dust emissions, respectively [33,42,55,109].
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Table 3. Research periods of global dust emission, deposition, and budgets in several studies.

Reference Research Period Reference Research Period

[111] 1981–1989 [110] 31 years

[112] 1981–1990s [18] 1980–1990

[94] 1987–1997 [55] 1990–1995

[113] 1990 [43] 20 years

[114] 1990, 1996, 1997 [13] 1996–2006

[115] 1982–1993 [14] 1960–2018

[109] 1979–1988 [116] 1950–2014

[108] 1979–2000 [117] 2000–2014

[42] 1990–1999 [80] 2004–2008

[33] 1981–1996

Table 4. SOC erosion associated with dust emission in major regions of the world.

Region
Min-Max Dust

Emission
(t ha−1 yr−1)

SOC Erosion Flux
(t C ha−1 yr−1)

Wind Eroded
Area (×106 ha)

Total SOC Erosion
(Tg C yr−1)

Oxidation at 20%
SOC Erosion
(Tg C yr−1)

Africa 2.8–7.7 0.06–0.16 186 11.1–29.1 9–23
Asia 1.2–2.6 0.03–0.06 222 5.7–12.3 5–10

South America 0.8–1.3 0.02–0.03 42 0.8–1.2 1–1
North America 0.1–1.5 0.00–0.03 35 0.1–1.2 0–1

Europe 0 0 42 0 0–0
Oceania 2.3–9.3 0.05–0.19 16 0.8–3.0 1–2
Global 1.6–4.2 0.03–0.09 543 18.6–47.4 15–38

The amount of dust deposition over land is around three orders of that deposition over
oceans [52]. Although dust deposition measurements are relatively scarce and incomplete
worldwide, existing dust deposition rates records show large variations on land and
oceans [52]. The estimates of dust deposition on the ocean shown in Figure 3 illustrate
a considerable discrepancy among different studies. Nevertheless, according to most
estimates, the region of maximum dust deposition is the North Atlantic due to the Saharan
dust, which accounts for nearly 43% of the total dust deposited worldwide [18]. The second
largest deposition centre is the Indian Ocean, receiving dust from North Africa, Arabia,
Central Asia, and Australia, accounting for approximately 25% of the total dust deposition
worldwide. Dust deposition in the North Pacific, South Pacific, South Ocean, and South
Atlantic is 15%, 6%, 6%, and 4% of the global total, respectively.

3.2. Dust Budgets

The estimated global dust emission ranges from 895 to 8079 Tg yr−1, and the global
atmospheric dust load is estimated to be between 8 and 41.65 Tg yr−1 (Figure 4). Similarly,
there is uncertainty regarding the lifetime of the global atmospheric dust load and the ratio
of dry to wet deposition. Evidently, there are large discrepancies among the dust models.
These discrepancies can be attributed to the following: differences in the description of
dust processes in different dust models; different particle size ranges utilised in each
model (particle size is a fundamental parameter for simulating soil particle processes and
estimating the effect of dust particles on radiation and cloud processes); and different
meteorological/climatic data that form a part of the model input.
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Figure 3. Map of global (a) dust emissions, deposition, and (b) dust budgets at different regions, esti-
mated by several dust models. Grey and black arrows in (a) denote dust emission and deposition (per-
cent of the total dust deposition worldwide), respectively. Horizontal and vertical bars in (b) denote
annual dust emission (from land regions) and deposition (in oceans), respectively, estimated by dif-
ferent studies. The particle size ranges (r) of dust emissions are Werner et al. [109], 0.1 ≤ r ≤ 219 μm;
Luo et al. [108], 0.1 ≤ r ≤ 10 μm; Zender et al. [42], 0.1 ≤ r ≤ 10 μm; Ginoux et al. [33], 0.1 ≤ r ≤ 6 μm;
Miller et al. [110], r < 10 μm; Tanaka and Chiba [55], 0.2 ≤ r ≤ 20 μm; Kok et al. [80], 0.2 ≤ r ≤ 20 μm;
Checa-Garcia et al. [117] and Aryal et al. [116], multi-model with different maximum dust particle size.
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Figure 4. Global and annual mean dust budget according to several dust models. A: Take-
mura et al. [113]; B: Ginoux et al. [94]; C: Chin et al. [114]; D: Tegen et al. [115]; E: Werner et al. [109];
F: Zender et al. [42]; G: Luo et al. [108]; H: Miller et al. [110]; I: Tanaka and Chiba [55]; J: Yue et al. [43];
K–M: Huneeus et al. [13]; N–S: Wu et al. [14]; T: Zhao et al. [107].

In Africa, the estimated rates of dust emission and deposition are 1112 and 685 Tg yr−1,
respectively (Figure 3). In Asia, 736 Tg of dust are suspended in the atmosphere, and 611
Tg of dust are deposited on the land surface annually. In Australia, the largest dust
source in the Southern Hemisphere, the dust emission and deposition rates are 73 and
46 Tg yr−1, respectively. However, in North and South America, the dust emission rate is
considerably low (approximately 14 Tg yr−1), whereas the dust deposition rates are 27 (in
North America) and 11 Tg yr−1 (in South America). Europe has the smallest rate of dust
emission (~1 Tg yr−1), but the dust deposition rate is approximately 50 Tg yr−1. It can be
concluded that Africa, Asia, and Australia are net dust sources, whereas North and South
America and Europe are net dust sinks. Approximately 25% of the global dust emissions
are deposited into the open ocean [118]. The deposition of dust is a primary source of
micronutrients, such as nitrate, phosphates, and iron, to the sea surface. This has important
implications for the CO2 budget; by increasing the iron concentration of the global ocean,
dust deposition can increase plankton productivity and thus decrease CO2 concentration
in the atmosphere [4,45].

4. Dust Emission and SOC Dynamics

4.1. Loss of SOC Due to Dust Emission

Generally, SOC storage represents the net long-term balance between photosynthesis
and respiration in terrestrial ecosystems [29,119]. The global SOC storage is estimated
to be approximately 1550 Pg of carbon; this accounts for nearly 54% of the terrestrial
carbon pool and is twice the magnitude of the atmospheric carbon pool (760 Pg) [48]. Soil
erosion by wind, and the transport and deposition of the eroded material, redistribute SOC
across landscapes and regions [20,120]. These physical processes substantially affect the
biological mediation of carbon mineralisation in the soil system. Erosion and mobilisation
of mineralised carbon could result in a net release of carbon from the soil system to the
atmosphere, which may offset carbon sinks in vegetation [120–127]. The fraction of soil
carbonates in SOC entering the atmosphere may reduce the intensity of terrestrial carbon
sequestration and further increase the CO2 concentration in the atmosphere, which has a
positive feedback effect on climate warming [123,124,128].

Dust emission affects SOC by selectively removing fine particles from the soil surface.
In this way, the soil evolves toward a coarser texture [119]. Fine soil particles have a high
content of stable SOC [122], which directly affects plant growth and soil biological activities,
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soil air CO2 concentration, soil water regimes, temperature, and respiration, and, therefore,
carbon flux to the atmosphere [119,128]. Studies have shown that the SOC loss caused by
wind erosion is mainly the active component of SOC and the organic carbon components
combined with the soil fine-grained particles [48,54,119,129–131]. Dust emissions can affect
soil reflectivity, and thus, soil moisture and temperature, thereby accelerating the in-situ
mineralisation of residual SOC [48]. Soil desertification and dust emission reduce the soil’s
water-holding capacity, root depth, and the efficiency of water and nutrient uptake by
plants, thus reducing soil productivity, the amount of organic matter returning to the soil,
and the rate of POC formation [24,132]. Moreover, severe dust emission removes the topsoil
and exposes the calcium carbonate-rich subsurface soil horizon. This can result in increased
emission of CO2 into the atmosphere due to carbon oxidation [48,128].

Despite the significance of dust in the global carbon cycle, wind erosion-induced
carbon emissions remain a poorly understood, unquantified component of the global
carbon budget. The SOC erosion associated with dust emission in major regions of the
world is presented in Table 4 [24,45,120,131]. The difference in an order of magnitude in
total min-max dust emission, wind-eroded area, and total SOC erosion across different
regions is shown in Table 3. Although several studies have attempted to estimate SOC
losses due to dust emission in specific regions, such as China (75 Tg C yr−1 [7]), Aus-
tralia (1.59 Tg C yr−1) [46], the United States (34 Tg C yr−1), a small arable catchment in
Germany (4.4 g C m−2 yr−1) [133], and a dryland farming system in Western Australia
(3.6 t C ha−1 yr−1) [134], there is significant inconsistency among these results.

4.2. Fate of SOC in Dust

Soil losses due to wind erosion do not amount to a net loss of SOC; it is a process of
SOC migration, in other words, a non-source and non-sink process [135,136]. The fate of
the SOC involved in dust dynamics is determined by a series of complex interactions. As
these interactions constitute a dynamic process, it is difficult to accurately estimate the
ultimate fate of wind-eroded SOC. In general, the fate of the SOC is mobilised, as dust
may include [134]: (1) proximal deposition, from creep and saltation, in the range of tens
of meters; (2) deposition in lakes and rivers; (3) transport, in the form of dust, to a distant
system; (4) release to the atmosphere by oxidation; and (5) variation in SOC with dust size.

The net change in SOC stocks reflects the balance between carbon sequestration and
soil carbon emission. Some studies have indicated that the main losses in the process of dust
emission are mainly the active organic carbon of SOC and the organic carbon combined
with soil fine-grained components [137–140]. Soil active organic matter components are the
habitat and survival matrix of soil microorganisms. Therefore, the loss of SOC caused by
dust emission can significantly reduce soil biological activity. The decrease in soil biological
activity and the change in soil structure and water-holding capacity caused by wind erosion
can significantly change the biological process of carbon mineralisation and result in the net
release of carbon from the soil system to the atmosphere. Therefore, from the perspective
of the global carbon balance, more attention should be paid to the loss of mineralised SOC
due to wind erosion. The mechanisms of carbon mineralisation during the migration and
deposition of wind-eroded material are yet to be determined. This raises the question of
how to estimate the effect of dust emissions on the global carbon balance. The current
estimates of SOC loss usually ignore the redistribution of SOC generated by dust emissions;
consequently, they overestimate the contribution of SOC erosion to atmospheric CO2. The
fate of wind-eroded SOC is still discussed in merely qualitative terms. Quantitative analysis
is limited to smaller space-time scales. In-depth study and quantification of SOC in dust,
especially the fate of wind-eroded SOC in the global dust cycle, is essential to quantify the
release of CO2 from SOC dust to the atmosphere, the contribution of SOC deposition to
downwind carbon sinks, and the effect of dust processes on the global carbon balance.
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5. Conclusions

Advances in dust modelling in the past five decades have changed the requirements
for input data, and increased model complexity and the availability of model outputs.
Owing to the diversity of the required inputs, hybrid observation methods (integrating
multiple observation methods) should be adopted to provide dust models with input
data. Although the development of dust models has progressed considerably over the
past 30 years, the model simulation results are still replete with uncertainties. Dust models
developed in a specific region require careful calibration when used to other regions. It is
only possible to simulate dust processes in an area after the model’s parameters have been
localised with the use of observation data. There are no universally accepted parameters
for dust models in different regions/countries. Therefore, it is necessary to develop a
set of parameters for different regions. It is recognised that anthropogenic activities can
also induce dust emissions; as such, they are non-negligible contributors to global dust
concentrations [140–145]. However, all models reviewed in this study simulated ‘natural’
or indirect anthropogenic (e.g., cropland and pastureland) dust processes, neglecting the
contribution of direct anthropogenic dust (e.g., city construction and transportation). This
leads to considerable uncertainties in estimating dust emissions. Therefore, to improve the
accuracy of dust emission simulations, the consideration of anthropogenic dust emissions
is imperative [146].

SOC loss due to wind erosion is a key component of the global carbon cycle. A better
understanding of the role of dust processes in the global SOC flux and carbon budget
is needed. Although it is recognised that SOC is transported and redistributed by dust
processes, SOC cycling schemes used in land surface models (LSMs) typically only consider
the effects of net primary production and heterotrophic respiration. Current estimates of
SOC loss results in significant underestimations due to the omission of the effects of dust
emission. Moreover, the dust emission flux observation does not include the measurement
of SOC concentrations; there is a lack of SOC concentration in different dust sizes, and
how dust emission is directly linked to SOC erosion is not well represented. It is necessary
to explore the various effects of dust processes on SOC pools, mineralisation rates, and
SOC emission to the atmosphere in dust source regions, and on the enrichment of SOC
in deposition regions. Currently, although some Earth System Models have the ability
to simulate the effects of mineral dust deposition on biogeochemistry [78,147,148], most
dust models are limited to estimating dust emission and deposition and do not consider
the effects of dust on the global carbon cycle. Similarly, the current carbon cycle models
ignore the effects of SOC movement caused by dust processes. Therefore, representing the
linkages between dust processes and the carbon cycle in both dust and carbon cycle models
is essential.
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Abstract: Eco-compensation is an effective means of coordinating ecological protection and economic
development, and the assessment of its standards is core content in the study of eco-compensation
projects. To improve the operability of eco-compensation standards, taking Nujiang Prefecture as
the study area, we combine the equivalent factor method and water footprint method to evaluate
the ecosystem-service-value (ESV) spillover and use the market comparison method to calculate
the opportunity cost. The final eco-compensation upper and lower limits model is constructed
on the basis of the ESV spillover and opportunity cost. The results show the following: (1) the
ecological protection of Nujiang Prefecture has been effective, based on the stabilization of its ESV
after an initial increase. The main types of ecosystem services provided are regulation and provision
services. Gongshan County makes the most significant contribution to the total ESV. (2) The ratio
of the ESV self-consumption in Nujiang Prefecture shows a trend of first rising and then falling.
This is mainly explained through the reduction in the use of industrial and agricultural water.
After deducting self-consumption through the water footprint method, it can be observed that
there is ecological spillover in Nujiang Prefecture. (3) The opportunity cost in Nujiang Prefecture
increases yearly from 2005 to 2020 owing to ecological protection policies. Combined with the
ESV spillover, it is determined that the rational range of the eco-compensation standard is between
CNY 6.17 × 102 million and 120.01 × 102 million in 2005, between CNY 10.02 × 102 million and
128.25 × 102 million in 2010, between CNY 30.34 × 102 million and 197.12 × 102 million in 2015,
and between CNY 41.97 × 102 million and 227.52 × 102 million in 2020. The current study can offer
decision makers a more flexible eco-compensation standard while coordinating the contradiction
between regional ecological protection and economic development.

Keywords: eco-compensation; ecosystem service value; opportunity cost

1. Introduction

Dietze et al. defined ecosystem services as “nature’s contribution to people”. That is,
ecosystems provide a large number of products and services for human beings [1]. How-
ever, dramatic changes in land-use patterns, such as rapid urbanization and transformation
for agriculture and forestry, have had a considerable impact on the ecosystems [2,3]. It has
brought about a series of challenges, including environmental pollution, climate change,
loss of species, and the degradation of ecosystem functions [4–7], which ultimately under-
mines the wellbeing of humans themselves. Much effort has been expended in responding
to these environmental crises. Among them, payment for ecosystem services (PESs) can
maintain the sustainable use of ecosystems through economic means and regulate the rela-
tionship between stakeholders. As a result, it has been the subject of numerous theoretical
studies and practices worldwide [8–11].
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Eco-compensation is a term commonly used in China to describe PESs [12]. Relevant
practices in developed countries mostly use watersheds or specific regions as the market
scope and trade various ecosystem services as commodities. In contrast to the market
behavior widely used in developed countries, China’ s market-oriented eco-compensation
is only conducted in a few regions due to economic and development constraints, and
eco-compensation projects are mostly government led. China has established a variety of
eco-compensation projects for promoting sustainable socioeconomic development [13], for
example, watershed [14], forest [15], farmland [16,17], grassland [18] eco-compensation
forms. In 2010, China issued the National Plan for Main Functional Zones (NPMFZ), which
specifies that the National Key Ecological Functional Zone is targeted at safeguarding na-
tional ecological security and restricts large-scale, high-intensity industrial development in
this zone [19,20]. It serves as a spatial control tool for regional development. Meanwhile, as
a strategic, basic, and binding form of planning, it can provide guidance for the delineation
of ecological protection red line and the allocation of construction land indexes, being
organically integrated into the territorial spatial planning system, so as to have a certain
indirect role in guiding land-use decisions. In order to encourage ecological protection,
China introduced the fiscal transfer payment method matching with the NPMFZ in 2011,
which serves to provide eco-compensation for the National Key Ecological Functional
Zone [21].

Eco-compensation standards are at the core of eco-compensation project research be-
cause they are correlated with the success of eco-compensation policy implementation [22].
Researchers have recently investigated a number of quantitative assessment methods re-
lated to setting compensation requirements, including the contingent valuation method
(CVM) [23–26], the ecosystem-service-value method [27,28], and the opportunity cost
method [29]. The conclusions of these methods often vary considerably in practical applica-
tions [30]. The CVM investigates the willingness to pay and be paid by the interested parties
under market conditions based on the principle of utility maximization. This method is
convenient for obtaining survey information, but it is heavily influenced by subjective
considerations [31] that make it challenging to address the imbalance between a willingness
to pay (WTP) and willingness to accept (WTA) [23]. The ecosystem-service-value approach
can allow for the accurate evaluation of the ESV from the perspective of ecosystem service
suppliers [27]. In contrast, its assessed values are frequently excessive [32], which could
be used as a theoretical upper limit for eco-compensation standards [33]. Opportunity
costs are more regularly employed, but some of them can be challenging to measure, and
whether their inputs and ecological outputs are equivalent is easily overlooked [21]. In
general, the opportunity cost method can be used to determine the lower limit of the
eco-compensation standard [32]. Many studies have shown that ecological compensation
standards at present are unreasonable [34,35]. First of all, there is a general problem that the
eco-compensation standard is too low. This will dampen the enthusiasm for ecological pro-
tection and is not conducive to the sustainability of the eco-compensation policy; secondly,
most of the previous studies were based on a single ecological compensation standard. A
single standard is one-sided, and it is difficult to adjust flexibly according to actual needs.
For example, the assessment of ecosystem service value often far exceeds the government’s
financial capacity, resulting in a reduction in the operability of eco-compensation standards.
Therefore, it is necessary to seek a rational range of eco-compensation standards.

Nujiang Prefecture is not only one of the deep-poverty areas in China, but also a
biodiversity hotspot [36] and the core zone of the Three Parallel Rivers, a world natural
heritage site, which has a very important ecological status in the country. A handful of
ecological protection policies have been put into place in this area. Based on the above,
the present study uses Nujiang Prefecture as an example, and firstly selects the equiva-
lent factor method to analyze the variations in ESV before and after the implementation
of eco-compensation from 2005 to 2020. Subsequently, a market comparison method is
used to assess the opportunity cost of the loss of ecological conservation in Nujiang Pre-
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fecture. Finally, an upper- and lower-limit model is built to assess a rational range of
eco-compensation standards in Nujiang Prefecture based on the ESV and opportunity cost.

2. Materials and Methods

2.1. Theoretical Framework

“Externality” theory is an essential theoretical basis for eco-compensation. It refers to
an external benefit or cost to some resulting from the activities of others [37]. The utilization
of natural resources often has externalities. It is precisely because of this externality that
the phenomenon of “free-riding” prevails, and the interests of all parties are difficult to co-
ordinate. Eco-compensation can internalize the external cost of the ecological environment
by economic means [38]. The current study builds a theoretical framework based on the
externality theory, as shown in Figure 1.

Figure 1. Theoretical analysis framework.

In the case of ecological protection (without eco-compensation), it is presumed that
the ecosystem service provider is able to obtain benefit A. As a result of ecological protec-
tion, ecosystem service providers offer significant ecological goods (ecosystem services)
at the expense of their development opportunities [22]. As rational economic agents,
ecosystem service providers alter the status quo of land use for financial gain when the
eco-compensation standard is lower than its expended opportunity cost B, causing negative
environmental externalities [39], such as deteriorating water quality and the loss of carbon
sinks. This increases the cost of living for people in downstream areas and reduces the
overall ESVs of the basin by C + D. Therefore, eco-compensation fails to stimulate ecological
protection behavior; downstream beneficiaries are also reluctant to pay where the standard
is higher than the ESV spillover D provided by ecosystem service providers. Logically, the
only situation where ecosystem service providers and consumers can rationally come to an
agreement is when the compensation standard falls somewhere in between. Since most
ecosystem services are non-market products, people’s willingness to pay needs to be taken
into account when calculating the compensation standards. The opportunity cost B is the
lower limit of the eco-compensation standard, and the ESV considering the willingness to
pay is the upper-limit reference of the eco-compensation standard.

2.2. Study Area

Nujiang Prefecture, which has jurisdiction over Lushui City, Fugong County, Gong-
shan County, and Lanping County, is situated on the northwest border of Yunnan Province,
China (98◦39′ E–99◦39′ E, 25◦33′ N–28◦33′ N). It has a total area of about 1.45 × 104 km2

and its elevation is 739–5075 m (Figure 2). As a whole, Nujiang Prefecture belongs to the
National Key Ecological Function Area. Included are the Gaoligong Mountain National
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Nature Reserve and Yunling Provincial Nature Reserve. The prefecture has a unique to-
pography, diverse ecosystem types, rich biological resources, and a forest coverage rate of
78.90%. Nevertheless, Nujiang Prefecture is also one of the country’s most deeply impov-
erished regions. Taking the year 2018 as an example, its per capita GDP was CNY 30,800,
only 21.12% of Shanghai’s per capita GDP. There is a general contradiction between eco-
logical protection and poverty alleviation. With the promotion of poverty-alleviation and
poverty-reduction policies, Nujiang Prefecture has undergone tremendous socioeconomic
changes. Nujiang Prefecture is facing the dilemma that its economic development is being
constrained by environmental protection.

Figure 2. Location of the study area and its elevation spatial distribution pattern.

2.3. Methods
2.3.1. Ecosystem-Service-Value Method

Costanza et al. [40] presented a precise definition and classification of the ecosystem
services offered by an ecosystem and its components. They estimated the global ecosystem
service value by dividing them into two categories based on whether or not they are
marketable. Xie et al. [41,42] modified the ecosystem-service-value coefficients proposed
by Costanza et al. and put forth a system of ecosystem-service-value equivalent factors
applicable to China. In the current study, we used the revised model of ecosystem service
value by Xie et al. [41] to evaluate the ecosystem service value of Nujiang Prefecture.

(1) Standard unit ecosystem-service-value equivalent factor

The potential contribution of different ecosystem types to ecological service function
can be quantified by the standard unit ecosystem-service-value equivalent factor. Xie
et al. [41] defined the standard unit ecosystem-service-value equivalent factor as the eco-
nomic value of annual natural grain output of 1 hm2 farmland, which is equal to 1/7 of
the economic value of annual current grain output of 1 hm2 farmland. It can be calculated
as follows:

C =
1
7

P × Q (1)
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where C (CNY/hm2) is a standard unit ecosystem-service-value equivalent factor; P
(CNY/kg) is the average grain price; and Q (kg/hm2) is the average grain yield in the
study area.

(2) Estimating the ecosystem service value

The calculation formula of ecosystem service value in the study area is:

VCj = E fvj × C (2)

ESV =
n

∑
j=1

(
Aj × VCj

)
(3)

where VCj (CNY/hm2) is the ecosystem-service-value coefficient of land-use type j; E fvj is
the modified ecosystem-service-value equivalent of land-use type j; C is a standard unit
ecosystem-service-value equivalent factor; and ESV (CNY) is the ecosystem service value;
Aj (hm2) is the area of land-use type j. Table 1 was created by referring to Nujiang Prefec-
ture’s land-use and land-cover data and the Xie s’ table of ecosystem service equivalents
per unit area. According to the relevant research [43], the ecosystem service of construction
land was not considered, and it was assigned a value of 0.

Table 1. Ecosystem services equivalent factors in Nujiang Prefecture.

Classification of Ecosystem Services
Farmland Forestland Grassland Waterbody Unused Land

Primary Type Secondary Type

Provision
services

Food production 1.11 0.25 0.23 0.80 0.01
Raw material 0.25 0.58 0.34 0.23 0.01

Water provision −1.31 0.30 0.19 8.29 0.01

Regulation
services

Air regulation 0.89 1.91 1.21 0.77 0.07
Climate regulation 0.46 5.71 3.19 2.29 0.05

Environment purification 0.13 1.67 1.05 5.55 0.20

Support
services

Hydrological regulation 1.50 3.74 2.34 102.24 0.12
Soil conservation 0.52 2.32 1.47 0.93 0.07

Nutrients-cycle maintenance 0.16 0.17 0.11 0.07 0.01

Culture
services

Biodiversity 0.17 2.12 1.34 2.55 0.07
Aesthetic landscape 0.07 0.93 0.59 1.89 0.03

Total 3.95 19.70 12.06 125.61 0.65

2.3.2. Water Footprint Method

Water footprint theory can be used to reasonably measure the number of water re-
sources used in a specified period, reflecting the ecosystem service value of its consumption.
Therefore, referring to previous studies [44,45], we constructed a self-consumption model of
ESV on the basis of the water footprint theory. Nujiang Prefecture’s utilization of ecosystem
services is expressed by comparing the water footprint with the water resources available.
The calculation formula is as follows:

VS = EV × Dwater

Swater
(4)

where Vs represents the ecosystem service value consumed by Nujiang Prefecture; EV
represents the ecosystem services value in Nujiang Prefecture; Dwater represents the demand
for water resources in Nujiang prefecture, which is calculated by the water footprint;
and Swater represents the water available. Referring to the previous research [46], it was
calculated as 30% of total water resources.
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The water footprint calculation can be divided into water for agriculture, water for
industry, water for human life, and water for ecology [45,46]. There is a lot of virtual water
in agriculture, and less in other sectors. Therefore, in the present study, the agricultural
water footprint was calculated separately, and the water consumption of other sectors was
calculated according to the actual usage. The calculation of the agricultural water footprint
can be divided into agricultural and animal products. Based on the Penman–Monteith
formula [47] recommended by FAO, we calculated the water requirements for the growth
of main agricultural products. First, calculate the reference crop evapotranspiration ET0
(mm) under climatic factors:

ET0 =
0.408Δ(Rn − G) + γ 900

T+273 U2(es − ea)

Δ + γ(1 + 0.34U2)
(5)

where Rn indicates the net radiation on the crop surface (MJ/m2·d); G indicates soil heat flux
(MJ/m2·d); γ indicates psychrometer constant (kPa/◦C); T indicates average temperature
(◦C); U2 indicates the wind speed at a height of 2 m above the ground (m/s); es indicates
saturation vapor pressure (kPa); ea indicates measured water vapor pressure (kPa); and
Δ indicates slope of correlation curve between saturated vapor pressure and temperature
(kPa/◦C).

Using the crop coefficient Kc, ET0 is then adjusted to obtain the water demand of crops
ETc (mm).

ETC = KC × ET0 (6)

AWFi =
10 ∑n

i=1 ETC

CYi
(7)

where 10 ∑n
i=1 ETC is the water requirement per unit area of crops; CYi is the crop yield per

unit area; and AWFi is the virtual water content of crops. The specific calculation is realized
via the CROPWAT 8.0 model developed over the standard Penman–Monteith formula and
the CLIMWAT 2.0 database.

Since most of the ecosystem services are non-market products, the public’s awareness
of the ecological environment and standard of living determine their willingness to pay
for ecosystem services. Therefore, the compensation standard should take into account
compensators’ willingness to pay based on ESV. As a non-exclusive public good, people’s
willingness to pay for ecosystem services increases with the level of living and economic
development [48], showing a curvilinear growth state resembling an S-shaped Pearl growth
curve [49]. Hence, with the help of the S-shaped Pearl growth curve, we used the Engel
coefficient to quantify the economic development and improvement of the people’s living
in the study area to obtain the ecological compensation correction factor regarding the
willingness to pay. The calculation formula is:

r =
1

1 + e−t (8)

The upper limit of Nujiang Prefecture eco-compensation standard is:

C = (EV − VS)× r (9)

where C is the upper limit of final eco-compensation; r is the eco-compensation correction
coefficient; e is the natural logarithm; and t = En

−1 − 3, En is the regional Engel coefficient.
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2.3.3. Opportunity Cost Method

Opportunity cost is defined in economics as “what you give up in making one decision
but not another” [50]. When applied to the field of eco-compensation, it refers to the
benefits that the subject gives up for the protection of the ecological environment. Various
methods are used to estimate opportunity costs. Limited by the availability of county-level
statistical indicators, the current study selected the market comparison method that was
the most commonly used and had the most relaxed requirements for indicators. That is,
comparing the reference area with the study area in terms of the per capita local fiscal
revenue, per capita net income of rural residents, and per capita disposable income of
urban residents [34], to indicate the opportunity cost of local government and residents.
The calculation formula is:

C = (G0 − G)× P + (R0 − R)× PR + (U0 − U)× PU (10)

where G0, G, R0, R, U0, U are the per capita local fiscal revenue (G), per capita disposable
income of urban residents (R), and per capita net income of rural residents (U) in the
reference area and the study area, respectively; P, PR, PU are the total population, urban
population, and rural population in the study area, respectively.

2.4. Data Source

The study’s primary data sources were as follows: (1) land-use and land-cover data in
2005, 2010, 2015, and 2020 were derived from the Resource and Environment Science and
Data Center of the Chinese Academy of Sciences (https://www.resdc.cn, accessed on 6
June 2022). These data are based on artificial visual interpretation of Landsat TM/ETM
remote sensing images, where the accuracy is more than 90% [22]. Based on the reality
and research needs of the study area, it was divided into six types of land use: farmland
(including dry land and paddy field), forest land (including shrub forest, sparse forest land,
etc.), grassland (including high-, middle-, and low-coverage grassland), waterbody (in-
cluding ponds, wetlands, etc.), construction land (including urban construction land, rural
construction land, industrial and mining land, etc.), and unused land (including desert,
bare land, etc.). The DEM data were obtained from the geospatial data cloud platform
(http://www.gscloud.cn, accessed on 6 June 2022). (2) The main crop planting area, yield,
and average price data were obtained from the statistical yearbook of Yunnan Province, the
statistical yearbook of Nujiang Prefecture, the national economic bulletin, and the social
development bulletin of Nujiang Prefecture in 2005, 2010, 2015, and 2020. Data on water
consumption were obtained from the Nujiang Water Resources Bulletin. Some missing
data were supplemented by the interpolation method. (3) The data required by the CROP-
WAT model to evaluate crop water requirements were derived from FAO’s CLIMWAT2.0
database, including soil, air temperature, precipitation, irrigation schedule, etc.

3. Results

3.1. Spatia—Temporal Evolution of ESVs in Nujiang Prefecture

According to the relevant data on economic development and agricultural production
in Nujiang Prefecture, five main food crops, including rice, wheat, corn, soybean, and
potato, were selected for calculation. Taking into account the accessibility and comparability
of data, we calculated with the average grain yield per unit of grain in Nujiang Prefecture
from 2016 to 2020 and the grain price in 2020. As estimated by Formula (1), the value
of an ecosystem service equivalent factor in Nujiang Prefecture was 1427.87 CNY/hm2.
Combined with the equivalent factor weights of different ecosystems, we calculated the
ESVs of Nujiang Prefecture from 2005 to 2020 as presented in Figure 3 and Table 2.
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Figure 3. ESVs of counties in Nujiang Prefecture from 2005 to 2020.

Table 2. Temporal evolution characteristics of ESVs in Nujiang Prefecture (×CNY 102 million).

Primary Type Secondary Type 2005 2010 2015 2020

Provision
services

Food production 6.86 6.78 6.78 6.78
Raw material 11.45 11.64 11.64 11.63

Water provision 5.23 5.48 5.48 5.60

Regulation
services

Air regulation 38.30 38.85 38.84 38.80
Climate regulation 109.04 111.20 111.17 111.07

Environment purification 33.37 33.93 33.92 33.96

Support
services

Hydrological regulation 86.64 87.96 87.94 89.20
Soil conservation 45.94 46.67 46.66 46.61

Nutrients-cycle maintenance 3.66 3.70 3.70 3.70

Culture
services

Biodiversity 41.66 42.36 42.34 42.33
Aesthetic landscape 18.39 18.69 18.69 18.69

Total 400.54 407.29 407.17 408.36

As evidenced by Figure 3 and Table 2, the ecosystem service value of Nujiang Prefec-
ture in 2005, 2010, 2015, and 2020 are CNY 400.54 × 102 million, CNY 407.29 × 102 million,
CNY 407.17 × 102 million, and CNY 408.36 × 102 million, respectively. From the perspective
of service content, regulation and provision services have always been the core primary-
type functions of the ecosystem services of Nujiang Prefecture. The main secondary-type
functions provided by Nujiang Prefecture are climate regulation, hydrological regulation,
and soil conservation. From the perspective of the ESV value, the ESV of Nujiang Pre-
fecture first increases and then remains stable. ESV increased between 2005 and 2010
while stabilizing between 2010 and 2020. The ESVs of Fugong County from 2005 to
2020 were CNY 81.22 × 102 million, CNY 81.71 × 102 million, CNY 81.69 × 102 mil-
lion, and CNY 81.59 × 102 million; the ESVs in Gongshan County from 2005 to 2020
were CNY 123.69 × 102 million, CNY 124.29 × 102 million, CNY 124.25 × 102 million,
and CNY 124.23 × 102 million; and the ESVs in Lanping County from 2005 to 2020 were
CNY 117.66 × 102 million, CNY 118.02 × 102 million, CNY 117.78 × 102 million, and
CNY 118.12 × 102 million, respectively. The ESVs in Lushui City from 2005 to 2020 were
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CNY 77.97 × 102 million, CNY 83.27 × 102 million, CNY 83.25 × 102 million, and CNY
84.41 × 102 million, respectively. It can be observed that the ESVs in the four counties
showed an increasing trend. Among the four counties in Nujiang Prefecture, Gongshan
County contributed the most to the overall ecosystem service value. This was because
the Gaoligong Mountain National Nature Reserve, which has strict ecological protection
policies, retained relatively primitive vegetation and provided many ecosystem services. In
terms of the ESV per unit area provided by the four counties, Fugong County increased
from 26,214.54 to 26,333.97 CNY/hm2, Gongshan County increased from 24,860.76 to
24,969.30 CNY/hm2, Lanping County increased from 23,980.64 to 24,074.40 CNY/hm2,
and Lushui City increased from 22,519.12 to 24,379.10 CNY/hm2. Fugong County had the
largest ecosystem service value per unit area, while Lushui City had the largest increase in
ecosystem service value per unit area.

3.2. Self-Consumption of ESV in Nuijiang Prefecture

The water footprint was initially proposed on the basis of ecological footprint and
virtual water [51], which indicates the amount of water resources needed for social produc-
tion and consumption of all resources. It reflects the actual regional consumption of water
resources in terms of consumption [52]. Similar to the ecological footprint [53], the water
footprint can also quantify the extent to which human beings occupy natural resource capi-
tal [54]. As a result, we chose the water footprint model to measure the self-consumption
of ecosystem services in Nujiang Prefecture. In the evaluation of the water footprint, the
following four types of water requirements were mainly considered [45,46]: (1) water for
agriculture, which specifically included crop and animal production water; (2) water for
industry, which can be divided into industrial production, construction, etc.; (3) water for
human life, which mainly included water used by residents for daily cooking, laundry, etc.;
and (4) water for ecology, which primarily referred to water use for greenery and clean
sanitization, etc.

The agricultural sector consumes the most water all over the world [55]. Various types
of agricultural products actually contain a large amount of virtual water [56]. According to
the social and economic situation of the Nujiang Prefecture, we selected ten main crops of
wheat, rice, corn, barley, soybeans, oil crops, sugar crops, tobacco leaves, and vegetables,
and five main animal products of pork, beef, mutton, eggs, and milk for the study. The
factors that affect crop-water requirements include crop species, soil conditions, climate
and irrigation methods, etc. Using Formulas (5) and (6), we can obtain the crop-water
requirement ETc and the unit virtual water content. The virtual water content of animal
products refers to the virtual water content per unit product of Chinese animal products
compiled by Chapagain and Hoekstra [52]. Given the wide variety of industrial products
and their low virtual water consumption, the virtual water content of industrial products is
often ignored and instead counted based on their actual water consumption. The actual
water consumption data of water for industry, life, and ecology were obtained from the
Water Resources Bulletin for each year. Then, we obtained the water footprint for Nujiang
Prefecture from 2005 to 2020 based on the water footprint model presented above, as
detailed in Table 3.

As far as individual crops are concerned, oil crops, tobacco leaves, and soybeans
had higher virtual water contents per unit, indicating that these three crops needed more
water during their growth. The crops that consumed lower virtual water content were
potatoes, sugar crops, and vegetables. As far as water use sectors are concerned, agriculture
consistently accounted for the largest proportion of virtual water use, all above 50%, with
64.68%, 55.60%, 55.64%, and 53.29% from 2005 to 2020, respectively. The water for industry
and life first increased and then decreased, while water for ecology showed an upward
trend from year to year. The water footprints of Nujiang Prefecture from 2005 to 2020
were 267.77 × 106, 332.75 × 106, 338.73 × 106, and 326.20 × 106 m3. Overall, there was
an upward trend in 2005–2015 and a significant decline in 2015–2020. This shows that
from 2005 to 2015, people have a higher demand for material production and ecological
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environment (an increase in industrial and ecological water use) with the development
of society. In contrast, the 2015–2020 period showed a downward trend, mainly caused
by lower water use in agriculture and industry. The reasons for this are as follows: on the
one hand, in order to protect the ecology, the Nujiang Prefecture actively promotes the
ecological management of steep slopes and implements the Returning Farmland to Forests
project, with all steep slopes above 25 degrees in the prefecture requested to withdraw
from farmland, resulting in a decrease in crop yield and eventually causing a decrease
in water for agriculture; on the other hand, because of a certain time lag in the policy,
some high-water-consuming and high-polluting industrial enterprises are gradually closed
down only after a certain time following the introduction of the ecological protection policy.
In addition, the Negative List of Industrial Access to National Key Ecological Function
Areas introduced in Yunnan Province in 2018 also imposes controls and restrictions on
industrial enterprises and higher environmental requirements, which eventually leads to
lower industrial water use.

Table 3. Water footprint of Nujiang Prefecture in 2005–2020.

Items
Virtual Water

/(m3·kg−1)

Consumption/×106 m3

2005 2010 2015 2020

Water for
agriculture

Agriculture
product

Wheat 1.36 18.20 10.20 15.45 11.43
Rice 0.65 23.51 25.50 25.34 14.37
Corn 0.63 47.62 57.55 60.60 51.08

Barley 1.61 17.32 15.92 19.04 11.91
Soybeans 1.94 30.98 34.60 38.67 31.70
Potatoes 0.19 11.28 11.02 22.76 23.56
Oil crops 3.95 2.88 5.58 7.90 4.46

Sugar crops 0.10 6.70 7.68 7.91 1.31
Vegetables 0.23 14.69 16.98 18.61 21.12

Tobacco leaves 2.23 0.00 0.00 0.00 0.21

Livestock
product

Pork 2.21 39.50 53.00 57.81 65.86
Beef 12.56 24.7 38.17 50.34 33.91

Mutton 5.20 12.90 17.74 20.46 22.88
Eggs 3.55 0.96 0.94 1.42 1.50
Milk 1.00 0.19 0.17 0.41 0.36

Water for
industry - - - 7.65 22.94 21.00 7.15

Water for
human life - - - 8.36 14.17 18.00 13.96

Water for
ecology - - - 0.31 0.61 3.00 6.75

Total
water

footprint
- - - 267.77 332.75 388.73 326.20

Water
availability - - - 6497.10 4569.00 4317.00 6669.00

The water consumption coefficient, derived from the ratio of water footprint to water
availability, was 4.12%, 7.28%, 9.00%, and 4.89% from 2005 to 2020, respectively, indicating
that there were spillovers in the ecosystem service value of Nujiang Prefecture. Using the
regional statistical yearbook data, we obtained the Engel coefficients from 2005 to 2020 of
0.45, 0.43, 0.32, and 0.30, respectively. Then, according to Formula (9), the upper limits
of eco-compensation standards from 2005 to 2020 are CNY 120.01 × 102 million, CNY
128.25 × 102 million, CNY 197.12 × 102 million, and CNY 227.52 × 102 million (Table 4).
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Table 4. Upper limit of eco-compensation standard based on ESV.

Year
ESV

/×CNY 102 Million
Consumption

Factor/%
Correction
Factor/%

Upper Limit
/×CNY 102 Million

2005 400.54 4.12 31.25 120.01
2010 407.29 7.28 33.96 128.25
2015 407.17 9.00 53.20 197.12
2020 408.36 4.89 58.58 227.52

3.3. Opportunity Cost of Ecological Protection in Nujiang Prefecture

Although the National Key Ecological Function Areas policy has been implemented
since 2010, we also assessed the opportunity cost from 2005 to 2020 to facilitate compar-
ison with the upper limit of the ecosystem-service-value method. Meanwhile, we took
into account the impact of the establishment of the Three Parallel Rivers world natural
heritage protection, and the Gaoligong Mountain National Nature Reserve. When select-
ing the reference area, the following principles were followed: (1) adjacent to the study
area, to minimize the interference of geographical spatial heterogeneity factors; (2) non-
“key ecological function zone”, which means that the reference area is not affected by
the ecological compensation policy and has good development opportunities. Based on
these two principles, Baoshan City and Lijiang City were selected as the reference areas
for Nujiang Prefecture. We reduced uncertainties with the average opportunity cost of
two reference areas. Finally, based on data obtained from the National Economic and
Social Development Bulletin and formula (10) of each year, the opportunity costs were
CNY 6.17 × 102 million, CNY 10.02 × 102 million, CNY 30.34 × 102 million, and CNY
41.97 × 102 million from 2005 to 2020, respectively. It is clear that Nujiang Prefecture has
lost out on numerous types of growth prospects as a result of the restrictions placed on
it by ecological preservation policies, and this opportunity cost is rising. The passion
for ecological protection of Nujiang Prefecture will be diminished if there is a persistent
absence of rational ecological compensation criteria, which is not helpful for the long-term
growth of ecological protection mechanisms.

3.4. Rational Range of Eco-Compensation Standard in Nujiang Prefecture

Taking the ecosystem service values and opportunity costs derived from the equivalent
factor method and the market comparison approach as the basis, we collated the upper
and lower limits of eco-compensation in Table 5. It can be observed that the compensation
standard is between CNY 6.17 × 102 million and CNY 227.52 × 102 million, which is
a considerable difference. In addition, the upper and lower limits of the compensation
standard increased synchronously. On the one hand, with the improvement of residents’
living standards, their awareness of ecological protection also increased, and they were
more willing to pay for ecosystem services [48,49]. On the other hand, due to the limitations
resulting from ecological protection policy, the gap between local industry and resident life
is growing compared with the reference area, which leads to an increase in the lower limits
of the compensation standard.

Table 5. Eco-compensation standards of Nujiang Prefecture from 2005 to 2020.

Year Upper Limit/×CNY 102 Million Lower Limit/×CNY 102 Million

2005 120.01 6.17
2010 128.25 10.02
2015 197.12 30.34
2020 227.52 41.97
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4. Discussion

4.1. Advantages and Uncertainties of Eco-Compensation Standards Recommended by This Study

The current study combined the ESVs and opportunity costs in recognizing both the
ecological contribution of Nujiang Prefecture to the Nujiang Watershed and the economic
sacrifices it makes for ecological conversation. This avoided the problem of disproportion-
ate inputs to ecological outputs when applying the cost approach alone and low operability
due to the high compensation standard when using the ecosystem-service-value method
alone. The compensation standards of this study were neither so low as to harm the
enthusiasm of ecological protection, nor so high as to be unable to afford. Based on the
equivalent factor method, we observed that the ESVs of Nujiang Prefecture tend to stability
after rising from 2005 to 2020. In contrast, land urbanization occurring in most regions of
China was accompanied by the decrease in ecosystem service value [57], and the ESVs in
urban agglomeration in the central Yunnan Province also declined from 2000 to 2020 [58].
This shows that the ecological protection of Nujiang Prefecture is quite effective, and the
national key ecological functional zone policy and eco-compensation policy have played
a positive role to some extent. From 2014 to 2020, Nujiang Prefecture has accumulated
CNY 26.31 × 102 million of transfer payment funds issued by the central government
for the key ecological function zone, with an average of CNY 4.78 × 102 million per year.
Compared to the results obtained by the current study, it was observed that the current
eco-compensation standard was unreasonable, which is also in line with Li et al.’s research
results [34]. Meanwhile, the results of this study are in the same order of magnitude as that
of Li et al.’s study on the Sichuan-Yunnan ecological barrier [59] and Chen et al.’s research
on southwestern China [60]. The difference was mainly due to the different parameter
settings of the equivalent factor method and the consideration of the willingness to pay. It
suggests that the research results are scientific and can provide a reference for similar areas.

The uncertainties of the current study are mainly reflected in the following aspects. To
begin with, the study used meteorological data obtained from the CLIMWAT 2.0 database
recommended by FAO to measure water requirements when estimating the water footprint
and only considered major agricultural products, which inevitably led to uncertainties.
More detailed socio-economic, meteorological, and crop-growth data will make the water
footprint calculation more accurate. Secondly, we chose a market comparison method with
lower data requirements to estimate the opportunity cost of Nujiang Prefecture. Different
understandings of opportunity costs will lead to significant differences in the compensation
standards calculated by this method. In the future, it is possible to conduct in-depth
research on the local reality and more comprehensively evaluate the opportunity cost
of Nujiang Prefecture to protect the ecology. Finally, the eco-compensation standards
obtained in this study were only a theoretical reference range, and did not take into account
the functions of government intervention and gaming. The eco-compensation standard is
negotiated between upstream and downstream governments. The amount of compensation
is related to the negotiation ability of upstream and downstream governments and the
coordination of the government. Therefore, the relationship between the negotiation ability
of upstream and downstream governments and the amount of compensation is the focus
of further research.

4.2. Policy Recommendations

Introduce the market mechanism to solve the problem of funding sources. At present,
the ecological compensation in Nujiang Prefecture is basically a vertical transfer pay-
ment from the central to local government, which is highly dependent on the central
government’s finance. Simultaneously, it also caused a considerable burden to the central
government [21]. Therefore, we can introduce a market mechanism based on vertical trans-
fer payments. To improve the operability of eco-compensation standards, the upstream and
downstream governments of the river basin can jointly fund the establishment of an ecolog-
ical protection fund. On the one hand, the reasonable range of eco-compensation standards
recommended in the current study can be used as a basis; on the other hand, environmental
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monitoring can be strengthened. The results of the ecological environment assessment can
be incorporated into the eco-compensation system, and the eco-compensation funds were
adjusted within the rational range through intergovernmental negotiation to promote the
smooth implementation of inter-regional eco-compensation.

Allocate and utilize eco-compensation funds to reasonably coordinate the interests of
different parties. The eco-compensation policy is considered as an effective tool to solve
the poverty problem in ecologically fragile areas, which can coordinate the dual goals of
poverty alleviation and ecological protection [61,62]. In China, there is a high degree of
geographic overlap between underdeveloped areas and key ecological functional zones [63].
As one of its typical representatives, Nujiang Prefecture coexists with abundant ecological
resources and underdevelopment, and the contradiction between economic development
and ecological protection is prominent [64]. From 2015 to 2020, Nujiang Prefecture imple-
mented the poverty alleviation resettlement (PAR) policy, and about 100,000 people left the
original, remote, and underdeveloped living environment through relocation. Among them
were the Lisu, Yi, Dai, and other ethnic minorities. Their traditional ideology is deeply
rooted, and it is difficult for them to integrate into the new environment in the short term.
The previous self-sufficiency mode of life has been broken, causing them to face a greater
risk of returning to poverty. Therefore, the eco-compensation policy of Nujiang Prefecture
should be combined with the goal of poverty alleviation. Meanwhile, according to the
principle of “whoever protects, who benefits”, we selected the stakeholders directly related
to the land for distribution: the government, land operators, and residents. Therefore, to
better consolidate the achievements of poverty alleviation, we assumed that the distribution
ratio of the three was 7:1:2.

Taking the year 2020 as an example, we estimated that the rational range of
eco-compensation in the Nujiang Prefecture was CNY 41.97 × 102 million to CNY
227.52 × 102 million. Therefore, the government, land operators, and residents will
receive CNY 29.38 × 102 million to CNY 159.26 × 102 million, CNY 4.20 × 102 mil-
lion to CNY 22.75 × 102 million, and CNY 8.39 × 102 million to 45.50 × 102 million,
respectively. (1) The amount of ecological compensation obtained by the government
accounted for 13.93–75.59% of GDP in 2020, which can be better used for people’s
livelihood projects and ecological construction. First, the government can support
characteristic industries, such as tourism and spice industries. We can attract local
people to get jobs by building a characteristic industrial system in multi-ethnic areas.
While retaining the national characteristics, it broadened its income-increasing chan-
nels. It can increase the public’s sense of participation and improve their awareness
of ecological protection. The combination of multiple ecological compensation meth-
ods has far-reaching significance for regional sustainable development [65]. Second,
the government can use this part of the funds to conduct publicity and education on
ecological protection. There is a critical link between how farmers run their farms and
what ecosystem services they value [66]. Therefore, it is necessary to guide residents
to understand that ecological protection and economic development are not absolute
conflicts, and a good ecological environment is a basis for economic development.
(2) Subsidies to land operators can promote local land transfer. On the one hand, for
farmers who have lost their source of income due to the inconvenience of moving back
to their original place of residence, they can obtain land transfer income; on the other
hand, for land operators, this part of ecological compensation funds can be used to
relieve certain economic pressure, invest more in the field, improve land intensive use,
and have a positive impact on the ecological environment. (3) After the compensation
funds are distributed to residents in proportion, each person will receive at least CNY
1517.18 on average, accounting for 19.43% of the per capita disposable income of rural
residents and 33.92% of the national poverty line of about CNY 4000 in 2020. It can
prevent a large-scale regional return to poverty to a certain extent.
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5. Conclusions

Taking the ecosystem-service-value method and opportunity cost method as the basis,
the current study examined the rational range of eco-compensation standards for Nujiang
Prefecture from 2005 to 2020. Firstly, we used the equivalent factor approach to assess the
ESV. According to the externality theory, the water footprint model was used to evaluate its
self-consumption of ESV. The upper limit of the eco-compensation standard was determined
by combining the spillover value of ecosystem services with the Pearl curve. Secondly, we
used the opportunity cost method to compare the Nujiang Prefecture with Baoshan City
and Lijiang City, the reference areas. We ultimately calculated the opportunity cost and
the lower limit of eco-compensation standard at the government and resident levels. Our
results suggest that:

(1) The ecological protection of Nujiang Prefecture has been remarkable. Its ecosystem
service value increased from CNY 400.54 × 102 million in 2005 to CNY 408.36 × 102 million
in 2020. Regarding the service content, Nujiang Prefecture mainly provided regulation
and support services among the primary types of ecosystem services. Among the sec-
ondary types, climate regulation, hydrological regulation, and soil conservation were its
core functions.

(2) There was an ecological value spillover from Nujiang Prefecture. Its self-consumption
factor declined after increasing from 4.12% in 2005 to 9.00% in 2015. This decline was due
to ecological protection policies, such as the Returning Farmland to Forests project, which
restricts agricultural production and industrial enterprise development, resulting in lower
agricultural virtual water and industrial water use.

(3) Whether from the perspective of opportunity cost or ecosystem service supply, Nujiang
Prefecture should receive eco-compensation. The rational ranges of compensation standards
were CNY 6.17 × 102 million to 120.01 × 102 million in 2005, CNY 10.02 × 102 million to
128.25 × 102 million in 2010, CNY 30.34 × 102 million to 197.12 × 102 million in 2015, and
CNY 41.97 × 102 million to 227.52 × 102 million in 2020. The upper limit can be used as a
reference for the eco-compensation standard, while the lower limit provides a bottom line for
the eco-compensation standard of the study area.

The results of the current study contribute to the recognition of ecosystem-service-
value spillover and a fair understanding of the ecological contribution of the study area,
and also help to recognize the opportunity cost of the study area. They provide suggestions
for a reasonable range of compensation standards, and help decision makers design eco-
compensation projects. Meanwhile, this study can provide a reference for similar areas to
help their ecological conservation and sustainable development.
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