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Abstract: Dong Trieu district is a vital connection for territorial ecological security and human
welfare between Hanoi (the capital of Vietnam) and Quang Ninh province. Therefore, habitat quality
(HQ) is of extraordinary importance to the area’s sustainable development. The ArcGIS platform,
Dyna-CLUE, and InVEST models were utilized in this study to assess the spatial and temporal
transformations of land use and the changes of HQ in 2030 under various scenarios, with intentions
to find strategies that may mitigate the HQ'’s deteriorating trend in the district. Simulated results
indicated that, assuming the development is maintained as usual, the average HQ of the District
at 2030 could diminish by 0.044 from that of 2019 (a four-times decrease compared to the previous
decade). Cases comprised of four basic scenarios, including development as usual, built-up expansion
slowdown, forest protection emphasized, and agricultural land conversion, were used to identify
potential strategies to mitigate the deteriorating trend. Simulated results revealed that keeping the
built-up expansion rate lower than 100 ha y~!, the deforestation rate lower than 20 ha y~!, and
preferring orchards over agricultural land conversion is required to limit the drop in HQ to within
0.01 in the next decade. Other than the existing population growth control policy, new guidelines such
as (1) changing urban expansion type from outward to upward to control the built-up expansion rate,
(2) substituting forest-harming industries to forest-preservation industries to reduce deforestation
rate, (3) encouraging orchards preferred over agricultural land conversion to increase incomes
while maintaining higher habitat quality, (4) practicing better farming technologies to improve crop
production and to alleviate potential food security issues due to considerable reduction in cropland,
and (5) promoting Green Infrastructure and the Belt and Road Initiative to increase urban green cover
and raise residents” income should be considered in designing the new mitigation strategies.

Keywords: land use/land cover change; InVEST; habitat quality; dyna-CLUE

1. Introduction

Habitat quality (HQ) indicates the ability of an ecosystem to support the distribution
of species in space and the potential of resource acquisition [1]. A high-quality habitat
supports richer biodiversity, while the decrease in HQ leads to a decline in biodiversity [2].
The HQ is influenced by natural and anthropogenic factors, including topography, land-
forms, vegetation cover, and human population density. It is well known that intensive
anthropocentric activities, such as deforestation and urban expansion, can prompt a far
and wide loss of species, habitat degradation, and fragmentation [3,4].

On evaluating the HQ of a region, earlier research was often based on monitoring
the biodiversity changes within the study region [5-7]. However, biodiversity surveys are
time-consuming and labor-intensive and are usually limited within a small area or specific
nature reserves. In addition, field biodiversity surveys cannot maintain long-duration
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dynamic sequence monitoring because of their high cost. Recently, with the advancements
in the global positioning system, geographic information system, and remote sensing
technologies, numerous ecological models have been used to evaluate the HQ. For example,
the environmental niche model was used for finding that organism’s role within that
environment [8-10], the habitat suitability index models (HIS) have been utilized to assess
preservation plans and the possible effects of management measures on HQ [11,12], but
many species-specific data are required to run the niche and the HIS models. However,
the Integrated Valuation of Environmental Services and Tradeoffs model (InVEST) does
not require data about the species’ distribution or presence. It is thus a powerful tool
that can monitor biodiversity and HQ dynamics, especially in areas with limited available
data on biodiversity. For example, the In'VEST model has been utilized to analyze temporal
and spatial changes in HQ from the viewpoint of the Red-crowned crane (Grus japonensis)
in the national nature reserve for rare birds of China [13] and assessing the land-use
changes and their consequences on HQ of Henan’s water sources [14]. Wu et al. [15]
combined remote sensing (RS) technology and the InNVEST model to evaluate HQ's temporal
and characteristic changes to find its driving factors in Guangdong-Hong Kong-Macao
greater bay area. Li et al. [16] investigated the evolution of HQ and the terrain gradient
effect of HQ in northwest Hubei province from 2000 to 2020 based on land-use data
and the digital elevation model (DEM). The InVEST and Markov models were combined
in [17] to quantitatively evaluate the HQ and landscape pattern in the Hubei section
of the Three Gorges reservoir area. Xu et al. [18] explored the effects of land-use and
landscape patterns changes on HQ over two decades in the Taihu lake basin using RS
data. Berta Aneseyee et al. [19] used the InVEST model and Pearson correlation to estimate
the relationship of HQ with various underlying factors in the Omo-Gibe basin, southwest
Ethiopia, quantitatively.

The abovementioned research generated HQ maps showing values of HQ ranging
from 0 to 1, where 1 indicates the highest suitability for species. Different land-use/land
cover (LULC) types have various sensitivities to threat sources. The sensitivity is deter-
mined mainly based on the fundamental theories of ecology and landscape ecology and
the basic principles of biodiversity conservation. Average HQ index decrease in one decade
often ranges from 0.0015 to 0.02 [13-17], while considerable decreases, by 0.04 to 0.06, have
been observed in some river basins [18,19]. An HQ decrease by 0.01 is considered signifi-
cant enough to threaten the species [13]. Furthermore, researchers found that the changes in
LULC played a significant role in the HQ dynamics. They also indicated that the ecosystem
service, landscape pattern, and forest fragmentation were highly sensitive to LULC change
conditions [13-19]. The LULC maps generated from the satellite images are based on the
availability of the satellite images [13-17], thus, they are limited to the historical and recent
periods. However, the future LULC scenarios can be simulated with a land-use model. The
land-use simulation models utilized must be able to address two independent issues: where
land-use changes are probably going to occur (area of change) and at what speed those
changes are probably going to progress (amount of changes) [20,21]. Based on their basic
designs, the models can be separated into top-down and bottom-up models. The top-down
models are generally utilized when it is possible to estimate the land-use change’s rate of
whole areas through land-use statistics or mathematic equations [21]. On the other hand,
the bottom-up models are used to demonstrate the effects of various land users, such as
individuals, institutions, or governments, on the environment.

The Conversion of Land Use and its Effects (CLUE-s) model is an example of top-
down models. It uses dynamic modeling to simulate land-use changes by considering
empirically quantified relationships among different land-use types. Local knowledge and
interviews are explicitly incorporated in the scenario development phase. Dyna-CLUE has
been revised from CLUE-s by Castella and Verburg [20] and Verburg [22] to allocate interest
for different land-use types into individual matrix cells. The Dyna-CLUE model can run a
single application in which various regressions, demands, and other model functionalities
can be distinguished and assigned for different regions. Researchers have employed
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CLUE-s and Dyna-CLUE models to simulate future land-use scenarios and for many
purposes. For examples, the effects of land-use changes on HQ and landscape patterns
were obtained using CA-Markov and CLUE-s model [17]. Lippe et al. [23] predicted the
land-use changes and evaluated their impacts on above-ground carbon and environmental
control in the north of Thailand by the combination of the Dyna-CLUE model and carbon-
stock accounting procedure. Adhikari et al. [24] used Dyna-CLUE and the SWAT model to
simulate land-use scenarios and their implication on groundwater recharge in the Ho Chi
Minh City, Vietnam.

As the gate of Quang Ninh Province, one of the most developed provinces in North
Vietnam, Dong Trieu district has experienced rapid social-economic development and
urbanization since the reform implemented in Vietnam in 1986. With the increasing popula-
tion growth and development of tourism in recent years, demands on lands for agricultural
cultivation and development have increased, but the forest has been overexploited, as indi-
cated in our previous research [25]. These changes could cause substantial biodiversity loss
and habitat degradation. Simulating potential land-use change scenarios in the future and
analyzing their effects on HQ in the region is thus vital for sustainable land-use planning.
Therefore, we aimed to (1) assess and visualize the spatial-temporal patterns of land-use
change to 2030 by employing the Dyna-CLUE model and (2) comprehensively identify
their impacts on HQ by 2030 by employing the InVEST model.

2. Materials and Methods
2.1. Study Area

The Dong Trieu district, located between 21°29'04"" and 21°44'55"" N and between
106°33’ and 106°44'57"" E, is a crucial ecological barrier in Quang Ninh province, Vietnam
(Figure 1). The topography in Dong Trieu district can be divided into three regions:
(1) The northern mountainous region has considerable high terrain; the land in this area
is suitable for forest development, fruit tree planting, medicinal plants, and cattle raising.
(2) A transitional region has low hills alternating with plains, where the elevation is lower
than the mountainous region; the land in this area is suitable for developing perennial
crops, industrial crops, and rice cultivation. (3) The southern plain region has the lowest
elevation; the land in this area is moderately fertile, mainly formed by alluvium from Kinh
Thay and Da Bac rivers, suitable for rice cultivation and freshwater aquaculture. Dong
Trieu’s climate is relatively mild. The annual average temperature and humidity are 23 °C
and 81%, respectively. The annual rainfall is 1809 mm.

2.2. Data Sources

The land-use distribution maps in 2000, 2010, and 2019 were used in this study, includ-
ing six land-use types, i.e., Forest, Cropland, Orchards, Waterbody, Built-up, and Barren
land. These land-use maps were derived from cloud-free scenes of the Landsat Thematic
Mapper-TM (2000 and 2010) and Operational Land Imager-OLI (2019) and classified using
ENVI (Version 5.1, Harris Geospatial Solutions, Broomfield, CO, USA), with more than 85%
overall accuracy. More details about the production and verification of the land-use maps
utilized were described in our previous research [25].

2.3. Land-Use Scenarios for 2030

Four basic land-use utilization scenarios were designed to simulate the land-use
distribution pattern changes from 2019 to 2030, i.e., (1) Development as usual (DAU),
(2) Build-up Expansion Slowdown (BES), (3) Forest Protection Emphasized (FPE), and
(4) Agricultural land Conversion (ALC).

(1) Development as usual

For this basic scenario, the rates of deforestation and built-up expansion were assumed
to be 100 ha y~! and 250 ha y !, respectively, which correspond to their trend and rate in
the period from 2010 to 2019. This represents a baseline scenario without any mitigation
policy intervention.
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(2) Build-up Expansion Slowdown

In this basic scenario, cases with build-up expansion rates reduced to five levels (200,
150, 100, 50, and 0 ha y~') were explored to see how the HQ would change if policies of
different strengths were enforced to limit the build-up expansion rate.

(3) Forest Protection Emphasized

In this basic scenario, cases with three levels of protection (deforestation rates at 20
and 0 ha y~! and reforestation rate at 20 ha y~!) were explored to study the effects on
improvement in HQ if policies of different strength to protect forest were enforced.

(4) Agricultural Land Conversion
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Figure 1. Location and digital elevation model of the study area.

To balance the net changes in Forest, Waterbody, Built-up, and Barren land, the changes
in Cropland and Orchards were assumed to have two variations, i.e., orchards preferred
and equally distributed, to study the effects of agricultural land-use on HQ and potential
farmers’ income. The orchards preferred variation assumed that 75% of the reduced acreage
comes from existing Cropland and 25% from existing Orchards when total agricultural land
has to decrease. However, when total agricultural land can increase, 75% of the increased
acreage becomes Orchards, and the rest, 25%, becomes Cropland. The equally distributed
variation assumed that the acreage converted from or to Cropland and Orchards was
equally distributed when the acreage of total agricultural land changed.

To simplify the simulation for future scenarios, both the Waterbody and Barren land
were assumed to decrease at the rate of 5 ha y~!. Cases simulated in this study are listed
in Table 1.
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Table 1. Acreage changes per year of the six land-use types used to simulate the land-use distribution

maps in 2030.
Case Forest Cropland Orchards Waterbody Built-Up Barren Land  Scenarios Simulated *

1 —100.0 —105.0 —35.0 —5.0 250.0 —5.0 DAU+ALC1

2 —20.0 —165.0 —55.0 -5.0 250.0 -5.0 FPE1+ALC1

3 0.0 —180.0 —60.0 =5.0 250.0 -5.0 FPE2+ALC1

4 20.0 —195.0 —65.0 -5.0 250.0 -5.0 FPE3+ALC1

5 —100.0 —70.0 —70.0 =5.0 250.0 -5.0 DAU+ALC2

6 —20.0 —110.0 —110.0 -5.0 250.0 -5.0 FPE1+ALC2

7 0.0 —120.0 —120.0 -5.0 250.0 -5.0 FPE2+ALC2

8 20.0 —130.0 —130.0 -5.0 250.0 -5.0 FPE3+ALC2

9 —100.0 —67.5 —22.5 -5.0 200.0 -5.0 BES1+ALC1

10 —100.0 —-30.0 —10.0 —5.0 150.0 —5.0 BES2+ALC1

11 —100.0 25 7.5 -5.0 100.0 -5.0 BES3+ALC1

12 —100.0 15.0 45.0 -5.0 50.0 -5.0 BES4+ALC1

13 —100.0 27.5 82.5 =5.0 0.0 -5.0 BES5+ALC1

14 —100.0 —45.0 —45.0 =5.0 200.0 -5.0 BES1+ALC2

15 —100.0 —20.0 —20.0 -5.0 150.0 -5.0 BES2+ALC2

16 —100.0 5.0 5.0 —5.0 100.0 —5.0 BES3+ALC2

17 —100.0 30.0 30.0 =5.0 50.0 -5.0 BES4+ALC2

18 —100.0 55.0 55.0 -5.0 0.0 —5.0 BES5+ALC2

19 —20.0 —127.5 —42.5 -5.0 200.0 -5.0 BES1+FPE1+ALC1
20 0.0 —142.5 —47.5 =5.0 200.0 -5.0 BES1+FPE2+ALC1
21 20.0 —157.5 —525 -5.0 200.0 -5.0 BES1+FPE3+ALC1
22 —20.0 —85.0 —85.0 =5.0 200.0 -5.0 BES1+FPE1+ALC2
23 0.0 -95.0 —95.0 -5.0 200.0 -5.0 BES1+FPE2+ALC2
24 20.0 —105.0 —105.0 -5.0 200.0 -5.0 BES1+FPE3+ALC2
25 —20.0 -90.0 -30.0 -5.0 150.0 -5.0 BES2+FPE1+ALC1
26 0.0 —105.0 —35.0 -5.0 150.0 -5.0 BES2+FPE2+ALC1
27 20.0 —120.0 —40.0 -5.0 150.0 -5.0 BES2+FPE3+ALC1
28 —20.0 —60.0 —60.0 -5.0 150.0 -5.0 BES2+FPE1+ALC2
29 0.0 —70.0 —70.0 -5.0 150.0 -5.0 BES2+FPE2+ALC2
30 20.0 —80.0 —-80.0 =5.0 150.0 -5.0 BES2+FPE3+ALC2
31 —20.0 —-52.5 —17.5 -5.0 100.0 -5.0 BES3+FPE1+ALC1
32 0.0 —67.5 —22.5 -5.0 100.0 -5.0 BES3+FPE2+ALC1
33 20.0 —82.5 —27.5 -5.0 100.0 -5.0 BES3+FPE3+ALC1
34 —20.0 -35.0 —35.0 =5.0 100.0 -5.0 BES3+FPE1+ALC2
35 0.0 —45.0 —45.0 -5.0 100.0 -5.0 BES3+FPE2+ALC2
36 20.0 —55.0 —55.0 -5.0 100.0 —5.0 BES3+FPE3+ALC2
37 —20.0 —15.0 =5.0 =5.0 50.0 -5.0 BES4+FPE1+ALC1
38 0.0 -30.0 —10.0 -5.0 50.0 -5.0 BES4+FPE2+ALC1
39 20.0 —45.0 —15.0 —5.0 50.0 —5.0 BES4+FPE3+ALC1
40 —20.0 —10.0 —10.0 =5.0 50.0 -5.0 BES4+FPE1+ALC2
41 0.0 —20.0 —20.0 -5.0 50.0 -5.0 BES4+FPE2+ALC2
42 20.0 -30.0 -30.0 -5.0 50.0 -5.0 BES4+FPE3+ALC2
43 —20.0 7.5 225 =5.0 0.0 -5.0 BES5+FPE1+ALC1
44 0.0 2.5 7.5 -5.0 0.0 -5.0 BES5+FPE2+ALC1
45 20.0 -75 -25 -5.0 0.0 -5.0 BES5+FPE3+ALC1
46 —20.0 15.0 15.0 =5.0 0.0 -5.0 BES5+FPE1+ALC2
47 0.0 5.0 5.0 -5.0 0.0 -5.0 BES5+FPE2+ALC2
48 20.0 -5.0 -5.0 -5.0 0.0 -5.0 BES5+FPE3+ALC2

* FPEL], 2, 3 represents deforestation rate at 20 and 0 ha y*1 and reforestation rate at 20 ha yfl, respectively; BES1,
2, 3,4, and 5 represents built-up expansion slowed down to the rate of 200, 150, 100, 50, and 0 ha y’] , respectively,
and ALC1 and ALC2 represent orchards preferred and equally distributed, respectively.

2.4. Land-Use Simulation in 2030

The Dyna-CLUE model (Version 2.0) was employed to simulate the land-use change
in 2030 in Dong Trieu District. The distance from road (DFR), distance from main road
(DFMR), distance from urban (DFU), distance from water (DFW), elevation, slope and
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population density, as identified by our previous study [25], were used as driving factors in
this study. Based on the opinions of local experts as to the characteristics of land-use in the
study region and settings used at other locations [2,26-32], the change conversion elastic
coefficients for Forest, Cropland, Orchards, Waterbody, Built-up, and Barren land were set
to 0.7,0.3,0.4, 0.7, 1.0, and 0.1, respectively. All land types were permitted to be changed
over to one another except the Built-up. The change matrix is expressed in Table 2.

Table 2. Land-use change matrix.

Forest Cropland Orchards Waterbody  Built-Up  Barren Land

Forest 1* 1 1 0 1 1
Cropland 1 1 1 1 1 0
Orchards 1 1 1 0 1 0

Waterbody 0 1 1 1 1 0
Built-up 0 0 0 0 1 0
Barren land 1 1 1 1 1 1

*1 and 0 represents changes allowed and changes not allowed, respectively.

During the model iteration process, the first convergence criterion (average deviation
between demanded changes and actually allocated changes) was set at 0.35%. The sec-
ond convergence criterion (maximum deviation between required changes and actually
allocated changes) was set at 3%.

2.5. Habitat Quality Assessment

In this study, we used the land-use maps in 2000, 2010, and 2019 and the land-use
maps in 2030 simulated by the Dyna-CLUE model, as described in the previous section, to
assess the impact of land-use change on biodiversity and various ecosystem services. The
InVEST model (Ver. 3.8.0) is used to produce HQ maps by combining information on LULC
suitability and threats to biodiversity. The appraisal of HQ relies upon the accompanying
critical boundaries: (1) the different threats probably obliterating HQ and the distances
among environments and threat sources, (2) the affectability of each LULC type to every
threat, and (3) the suitability of each LULC type for a given territory. The model eventually
produces an HQ map showing a worth scope of HQ somewhere in the range of 0 and 1,
where 1 demonstrates the most elevated effectiveness for species.

Threat sources and habitat types are the two main criteria needed for the model’s
operation. Based on literature reviews and expert interviews [14-19,30,33] and according
to the characteristics of the research area, threat sources used in this study include Barren
land, Built-up, Cropland, road, main road, and urban area (Table 3). The threats to habitat
often decrease when the distance between the habitat and threats increases. The model
utilized linear or exponential models while calculating the impact of threats to the habitat
depending on the specific relationship between the distance-decay degree of a threat and
the maximum impact distance to a threat. The impact of threat r that originate in the
grid cell y, r;, on habitat in grid cell x is given by i,y and is indicated in the following
Equations (1) and (2).

d
Gy =1— (d il ) if linear (1)
Ty
iy = exp(— (dr'zjx>dxy if exponential )

where dyy is the Euclidean distance between the habitat of the location and the threat source;
Aty is the maximum effective distance of the threat source r.
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Table 3. Weights and maximum impact distances of threat factors.
Maximum Impact .
Threat Factors Distance (km) Weight Decay Type
Barren land 8.8 0.5 Linear
Built-up 2.0 1.0 Exponential
Cropland 7.6 0.7 Linear
Main road 11.9 1.0 Linear
Road 3.7 0.7 Linear
Urban 12.2 1.0 Exponential
The total threat level D,; of grid cell x in habitat type j can be expressed as:
R Y Wr .
Dx; = Zr:lz‘yzl o TyirxyPxSir 3)
Z‘r:lw”

where R is the total threat factors, w; is the weight of threat factor r. Y, is the total number
of grid cells of the threat factor r in land-use map, ry is the number of stress factors on each
grid in the land-use map, and Sj, is the relative sensitivity of land-use type j to threat factor
7; By is the legal accessibility of the grid unit x.

The habitat quality is calculated using the following formula:

G
X = Dy +k

where Q,; is the grid x’s habitat quality in land-use type j. H; is the habitat suitability of
land-use type j. K is a half-saturation constant, k constant is 0.5. The z value is the default
parameter and is a normalized constant.

The sensitivity of a habitat type to threats is based on the general principles of biodi-
versity conservation in landscape ecology [34-36]. The sensitivity of various land-use types
to threats factors used in this study was listed in Table 4.

Table 4. Relative sensitivity of different land types to threat factors.

Habitat Threats

LULC Suitability Barren Land Built-Up Cropland Main Road Road Urban
Forest 0.90 0.55 0.90 0.85 0.75 0.65 1.00
Cropland 0.60 0.30 0.35 0.65 0.60 0.50 0.60
Orchards 0.85 0.50 0.35 0.90 0.75 0.65 1.00
Waterbody 0.70 0.45 0.75 0.85 0.70 0.40 0.85
Built-up 0.15 0.60 1.00 0.78 0.80 0.70 0.68
Barren land 0.33 0.50 0.42 0.29 0.70 0.60 0.61

3. Results and Discussion
3.1. Changes in Habitat Quality from 2000 to 2019

A considerable spatial and temporal variation in HQ was observable in the study
area. Figure 2 showed that high-quality areas (HQ > 0.8) were mainly concentrated in
the northern and eastern regions, where Forest and Orchards were the primary land-use
type. Due to high forest coverage, these regions were not easily affected by cropland
and built-up land threats, Good-quality areas (HQ = 0.6—0.8), where Waterbody was the
primary land-use type, were scattered in the center and southeastern areas. The moderate
quality (HQ = 0.4—0.6) area was mainly located in the southern and western regions where
Cropland was the primary land-use type. Low-quality areas (HQ = 0.2—0.4), where Barren
land was the primary land-use type, were scattered within the northern forest. Poor-quality
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areas (HQ < 0.2), where Built-up land was the primary land type, were spread within the
regions of moderate quality.

Anthropogenic activities such as urbanization, road construction, and cultivated land
greatly aggravated habitat loss and ecosystem degradation [13-19,33,37,38]. The spatial
distribution of HQ in the study area had a gradient distribution pattern of high in the north
and low in the south. The middle part was dominated by Orchards but interlaced with
Cropland. Hence, the HQ in the central region had a high—low zonal staggered distribution
pattern without significant spatial agglomeration.

Habitat Quality change from 2000 to 2019 N

Habitat Quality
B oo
[Jo204

[ o406
B o608
B o510

0 17535 E | 10.5 14

e | 0 mters.

Figure 2. Spatial distribution and change in habitat quality in the study area.

From 2000 to 2019, the overall HQ of the Dong Trieu district was maintained at a
relatively high level due to the large acreage proportion of high-quality habitats (Table 5).
The increase in overall average HQ from the 2000-2010 period was due to implementation of
forest protection policy in this period. The decrease in HQ to 0.683 in 2019 was mainly due
to considerable deforestation for the expansion of Built-up and Orchards [25]. Throughout
the past two decades, the acreage proportion of poor-quality habitats increased from 16.8%
to 28.5% due to the continuous increase of Built-up areas. Therefore, policies to slow
down the Built-up expansion rate and increase forest protection are very important if high
environmental quality and overall HQ index are maintained for the Dong Trieu District.

Table 5. Changes in the distribution of each habitat level and overall averaged HQ from 2000 to 2019.

2000 2010 2019
HQ 2000-2010 (ha) 2010-2019 (ha) 2000-2019 (ha)
(ha) (%) (ha) (%) (ha) (%)

>0.8 21,091.2 53.6 21,949.3 55.8 23,398.2 59.4 858.1 1448.9 2307.0
0.6-0.8 3398.2 8.6 3339.5 8.5 2250.5 5.7 —58.7 —1089.0 —1147.7
0.4-0.6 6310.4 16.0 6463.5 l6.4 5560.9 14.1 153.1 —902.6 —749.5
0.2-0.4 4050.4 10.3 1930.5 49 473.9 1.2 —2119.9 —1456.6 —3576.5
0.0-0.2 4510.3 11.5 5677.7 14.4 7677.1 19.5 1167.4 1999.3 3166.8
Overall 0.684 0.691 0.683
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3.2. Land-Use Distribution in 2030

The acreages of various land-use types in Dong Trieu District in 2030 simulated by the
Dyna-CLUE model, based on the settings described in Section 2.3, are listed in Table 6. In
most cases, Forest and Built-up will be the dominant land-use type in 2030, except cases
involving BES5 scenario, and occupied around 37 to 40% and 20 to 26% of the study area,
respectively. The acreage of Forest will be decreased to about 14,000 ha if the deforestation
rate remains at 100 ha y~!. However, if forest protection policies of different intensities are
applied, the Forest area will decline slightly or even increase to approximately 16,000 ha in
2030. The Built-up area can expand to about 10427 ha if the expansion rate does not slow
down from the current rate (250 ha y‘l). Decreases in Cropland and Orchards were shown
in most cases except when Built-up expansion rates were dramatically reduced (BES4) or
completely stopped (BES5).

The land-use conversion matrix and locations of major land-use changes from 2019
to 2030 for cases 1, 3, and 13 are shown in Table 7 and Figure 3, respectively. The main
changes in case 1 were the significant increase in the Built-up area, by 2700 ha, resulting
from the decreases in Forest (1150 ha), Cropland (1090 ha), and Orchards (441 ha) (Table 7,
Figure 3b). The Cropland and Orchards in case 3 decreased more than 1869 ha and 802 ha,
respectively, which were more than those in case 1 by 800 and 400 ha, respectively (Table 7,
Figure 3c). However, the Cropland and Orchards in case 13 showed an increase of 892 and
332 ha, respectively, due to deforestation at the rate of 100 ha y~! (Table 7, Figure 3d).

N

Case 1 f

Land Use/Land cover 2019

(b)

Case 3 Case 13

Figure 3. LULC at 2019 and land-use changes from 2019 to 2030 for three simulated cases: (a) Land
use/Land cover in 2019, (b) Built-up increase by 2030 in case 1, (c) Built-up increase by 2030 in case 3,
and (d) Cropland and Orchards increase by 2030 in case 13.
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Table 6. Acreages of different land-use types under various scenarios simulated.
Case Forest Cropland Orchards Water Body Built-Up Barren-Land  Scenarios Simulated
1 14,758.9 4427.1 7154.6 2198.4 10,418.2 403.4 DAU+ALC1
2 15,660.2 3684.6 6934.3 2187.8 10,478.7 416.3 FPE1+ALC1
3 15,876.3 3619.6 6858.9 2166.1 10,432.8 406.9 FPE2+ALC1
4 16,117.0 3419.8 6855.4 2213.2 10,341.2 4153 FPE3+ALC1
5 14,759.0 4811.5 6755.3 2209.2 10,414.4 412.6 DAU+ALC2
6 15,650.7 4342.8 6308.1 22129 10,431.4 416.1 FPE1+ALC2
7 15,868.1 4234.6 6151.9 2211.7 10,479.5 416.2 FPE2+ALC2
8 16,073.6 4139.9 6057.1 2215.4 10,451.7 424.3 FPE3+ALC2
9 14,757.0 4762.5 7328.3 2224.0 9869.0 421.0 BES1+ALC1
10 14,759.0 5249.2 7386.0 2227.9 9319.0 420.8 BES2+ALC1
11 14,762.3 5563.4 7610.9 2233.4 8775.4 416.5 BES3+ALC1
12 14,807.1 5728.8 7970.5 2188.2 8243.9 423.5 BES4+ALC1
13 14,750.3 5861.3 8423.8 2220.6 7677.0 427.6 BES5+ALC1
14 14,762.3 4969.4 7095.5 2187.4 9926.4 420.9 BES1+ALC2
15 14,768.8 5332.3 7305.0 2211.7 9333.3 410.8 BES2+ALC2
16 14,777.5 5623.3 7612.3 2226.4 8699.6 4229 BES3+ALC2
17 14,820.7 5862.7 7872.2 2163.1 8223.2 420.1 BES4+ALC2
18 14,747.6 6164.7 8094.6 2233.6 7699.8 421.6 BES5+ALC2
19 15,658.2 4117.6 7114.1 22174 9837.0 417.6 BES1+FPE1+ALC1
20 15,841.8 3936.4 7033.8 2211.7 9865.8 472.4 BES1+FPE2+ALC1
21 16,092.5 3823.6 7015.6 2211.7 9746.2 472.4 BES1+FPE3+ALC1
22 15,622.3 4604.9 6633.6 2216.9 9813.2 471.1 BES1+FPE1+ALC2
23 15,797.2 4517.8 6561.3 22129 9856.4 416.3 BES1+FPE2+ALC2
24 16,087.6 4420.5 6349.8 2224.0 9861.1 418.9 BES1+FPE3+ALC2
25 15,486.2 4573.9 7240.1 22222 9366.4 473.1 BES2+FPE1+ALC1
26 15,852.0 4360.5 7141.2 2222.0 9363.9 422.4 BES2+FPE2+ALC1
27 16,078.8 4261.4 7093.4 2211.7 9300.8 415.9 BES2+FPE3+ALC1
28 15,659.3 4873.8 6864.0 2209.2 9339.8 415.8 BES2+FPE1+ALC2
29 15,868.7 4774.0 6790.6 2215.4 9242.7 470.5 BES2+FPE2+ALC2
30 16,085.4 4640.9 6667.0 2215.4 9338.4 414.8 BES2+FPE3+ALC2
31 15,653.5 5011.7 7395.6 2211.7 8670.0 419.4 BES3+FPE1+ALC1
32 15,868.4 4786.8 7348.7 2211.7 8724.0 422.4 BES3+FPE2+ALC1
33 16,076.0 4626.5 7279.4 2219.2 8742.2 418.8 BES3+FPE3+ALC1
34 15,636.6 5195.4 7178.8 2219.7 8707.2 4243 BES3+FPE1+ALC2
35 15,859.2 5077.1 7052.5 2216.2 8744.1 412.8 BES3+FPE2+ALC2
36 16,090.6 4998.6 6957.1 2218.2 8677.0 420.5 BES3+FPE3+ALC2
37 15,638.1 5401.5 7492.5 2226.6 8177.6 425.6 BES4+FPE1+ALC1
38 15,842.4 5236.7 74243 2235.5 8200.4 422.6 BES4+FPE2+ALC1
39 16,063.4 5057.6 7402.6 2226.6 8195.8 416.0 BES4+FPE3+ALC1
40 15,582.1 5454.7 74429 2241.8 8216.8 423.6 BES4+FPE1+ALC2
41 15,878.3 5350.1 7318.6 2218.5 8171.0 425.3 BES4+FPE2+ALC2
42 16,060.6 5253.7 7183.4 2215.4 8233.0 415.9 BES4+FPE3+ALC2
43 15,680.8 5599.4 7801.6 2161.6 7695.0 423.5 BES5+FPE1+ALC1
44 15,864.5 5562.6 7595.1 2215.8 7654.7 469.3 BES5+FPE2+ALC1
45 16,041.9 5502.7 7521.7 2209.9 7672.0 413.9 BES5+FPE3+ALC1
46 15,618.1 5672.5 7716.2 2233.6 7701.1 420.4 BES5+FPE1+ALC2
47 15,877.7 5563.1 7578.2 2235.1 7686.4 421.6 BES5+FPE2+ALC2
48 16,052.9 5496.2 7507.5 2216.5 7674.1 414.7 BES5+FPE3+ALC2

The importance of Orchards (fruit trees, perennial plants) in raising farmers’ income
and generating revenue by exporting agricultural products has been demonstrated in
many sites of Vietham [39-43]. Especially, research conducted in the northwest of Vietnam
indicated that growing fruit trees and perennial plants increased average earnings by 2.4
to 3.5-times that of Cropland [39]. It is expected that the higher the farmers’ income, the
more stable social-economic conditions within the region can be established, and better
chances to achieve Millennium Development Goals (MDGs) [44—47]. Dong Trieu district has
been selected to produce fruit products meeting Vietnamese Good Agricultural Practices
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standards, which have contributed to boosting the resident income. For example, custard
apple is one of the products which enriched many households in several communes in
Dong Trieu district [41]. Therefore, stopping deforestation without slowing down the
Built-up expansion rate (cases 3 and 7) can create even severe social and economic unrest
due to losing more acreage for Cropland and Orchards.

Table 7. Conversion matrix of land-use changes from 2019 to cases 1, 3, and 13 in 2030.

Forest Cropland Orchards Waterbody Built-Up B]?;;Zn
2019 15,849.6 5560.9 7548.6 2250.5 7677.1 4739
Case 1, 2030
Forest 14,6704 10.5 12.9 0.0 1150.5 5.3
Cropland 22.2 4366.6 81.5 0.7 1089.9 0.0
Orchards 40.8 33.5 7033.5 0.0 440.8 0.0
Waterbody 0.0 5.9 19.2 2197.7 27.7 0.0
Built-up 0.0 0.0 0.0 0.0 7677.1 0.0
Barren land 25.5 10.6 7.5 0.0 32.2 398.1
Total 14,758.9 44271 7154.6 2198.4 10,418.2 403.4
Case 3, 2030
Forest 15,843.6 4.1 1.8 0.0 0.0 0.0
Cropland 15.7 3596.3 74.1 5.6 1869.1 0.0
Orchards 2.3 8.9 6735.3 0.0 802.1 0.0
Waterbody 0.0 5.5 39.6 2151.3 54.1 0.0
Built-up 0.0 0.0 0.0 0.0 7677.1 0.0
Barren land 14.6 4.7 8.2 9.1 30.4 406.9
Total 15,876.3 3619.6 6858.9 2166.1 10,432.8 406.9
Case 13, 2030
Forest 14,731.2 269.1 845.7 0.0 0.0 3.6
Crop land 5.7 5529.8 254 0.0 0.0 0.0
Orchard 4.7 1.6 7531.5 10.8 0.0 0.0
Waterbody 0.0 38.8 24 2209.3 0.0 0.0
Built-up 0.1 0.0 0.0 0.0 7677.0 0.0
Barren land 8.6 22.0 18.8 0.5 0.0 424.0
Total 14,750.3 5861.3 8423.8 2220.6 7677.0 427.6

3.3. Potential Mitigating Strategies

The average HQs and acreage changes in Orchards in 2030 for the various cases
simulated are shown in Figure 4. From Figure 4, not only can the effects of different
LULC changes on HQ be easily compared, but the impacts on farmers’ livelihood can also
be roughly estimated through the net changes in the acreage of Orchards from 2019 by
assuming that a positive linear relationship exists between farmers’ total income and the
total acreage of Orchards.

As shown in Figure 4, if development continues as usual, the HQ indices could drop
to 0.642 and 0.639 by 2030 for case 1 and case 5, respectively. These drops in HQ indices
represent a decrease in HQ by 0.041 and 0.046 compared to that of 2019, which is four times
faster than the decrease in HQ from 2010 to 2019, and at least two times higher than the
decadal HQ decrease found in many regions in China [13,14,16,17]. Besides, 394 ha (5.3%)
and 800 ha (10.6%) of Orchards would be lost for cases 1 and 5, respectively. The loss of
Orchards may significantly impact farmers’ income and the social-economic conditions in
rural areas. The point positions of cases 1 and 5 also indicated that the ALC1 scenario would
produce a higher HQ and less Orchard acreage loss than the ALC2 scenario. This is because
higher habitat suitability of Orchards was set compared to that of Cropland. Besides, the
Orchards’ acreage loss in the ACL1 scenario was less than that in the ALC2 (25% compared
to 50%). Therefore, the ALC1 can maintain a higher HQ and reduce Orchard acreage loss
than ACL2.
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Figure 4. Changes in habitat quality and acreage of Orchards of various simulated cases.

All the three levels of forest protection schemes (FPEL, 2, 3) increased HQ as expected
when comparing the point positions of cases 1 to 4 and cases 5 to 8 in Figure 4. For example,
the HQ was increased by about 0.009 for case 4 vs. case 1 and 0.005 for case 8 vs. case 5,
respectively. However, all the forest protection schemes (FPE1, 2, 3) simulated would cause
a decrease in Orchard acreage. For example, the FPE3 (reforestation at 20 ha y~!) scenario
would cause nearly 700 ha (9.7%) and 1500 ha (22.1%) loss of Orchards from 2019 to 2030
for cases 4 and 8, respectively. The much more significant loss in Orchards’ acreages than
the two DAU scenarios (case 1 and 5) may induce significant impacts on farmers’ income
and the social-economic conditions in rural areas. The ALC1 scenario also yields better HQ
and less Orchard loss than the ALC2 scenario. However, when comparing the positions
of corresponding pairs (i.e., case 1 vs. 5, case 2 vs. 6, case 3 vs. 7, and case 4 vs. 8), the
effectiveness of raising HQ by the ALC1 scenario, increased with the strength of the forest
protection schemes adopted, was observable. This is due to the higher habitat suitability of
Forest compared to that of Orchards.

The effects of five levels of Built-up Expansion Slowdown (BES]1, 2, 3, 4, 5) on increasing
HQ can be identified by comparing the positions of case 1 with cases 9 to 13, respectively.
The big jump in HQ by each level from BES1 to BES5 indicated that slowing down the
expansion of the Build-up area was the most effective measure to mitigate the deteriorating
HQ in the study area. Besides, the increase in BES strength from level 1 (200 ha y~!) to
level 5 (0 ha y~1) could incrementally mitigate the Orchard acreages’ loss, or even increase
the Orchards’ acreage. For instance, BES4 (case 12) and BES5 (case 13) increased the acreage
of Orchards by 5.3% and 11%, respectively, which may improve the farmer’s revenue and
their living standards and contribute to socio-economic stability in the area. The ALC1 plan
also creates higher HQ and alleviates less Orchard acreage loss than the ALC2 does when
comparing the positions of point sets (i.e., case 9 vs. case 14, case 10 vs. 15, case 11 vs. case
16, case 12 vs. case 17, and case 13 vs. case 18) because of the higher habitat suitability and
acreage increase in Orchards in ALC1 scenario as mentioned before. Similar results were
also observed when comparing case 5 with cases 14 to 18.
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As mentioned above, under the BAU1 scenario (case 1), the HQ would drop to 0.642
and result in a nearly 400 ha Orchard loss in the study area by 2030. Any meaningful
proposed mitigation strategies should have the potential to maintain the value of HQ
indices higher than 0.65 and the loss of Orchards less than 400 ha. Therefore, cases that
could fit these criteria were separated into three groups in the following discussions
on potential mitigation strategies for easy comprehension. However, cases assuming a
deforestation rate at 100 ha y~! were excluded, because deforestation at a large scale should
be banned in the future, as declared in COP26 [48-50].

Group I include cases 43, 44, 46, and 47, which maintained an average HQ not less than
0.68 and resulted in no loss of total acreage of Orchards from 2019. The complete stop built-
up expansion (BES5) was the typical scenario assumed in these four cases. Different forest
protection scenarios (FPE1, FPE2, and FPE3) and agricultural land conversion scenarios
(ALC1 and ALC2) resulted in only slight differences. However, the BES5 scenario may be
challenging to achieve in reality because land-use demands for residential areas, industrial
zones, and transport system expansion are still required in the regional land-use planning
for 2030 [51]. The complete stop built-up expansion may significantly affect the planned
socio-economic development of the district. Group II consists of cases 45 and 48 (complete
stop built-up expansion), cases 37, 38, 39, and 40 (Built-up expansion rate reduced to
50 ha y~!), and cases 31 and 32 (Built-up expansion rate reduced to 100 ha y~!), which
could maintain an average HQ higher than 0.67 and restrict the loss of Orchards to less than
200 ha. Group II provides more potential policy choices than Group I because BES3 and
BES4 scenarios have appeared in several cases. Group Il comprises cases 33, 34, 41, and 42,
which could maintain an HQ higher than 0.66 but with the loss of Orchards areas between
200 and 400 ha. Among these four cases, case 34 was the only case with HQ lower than
0.67. However, cases in Group III provide little stimulus for potential mitigation policies
because BES3 (cases 33 and 34) and BES4 (cases 41 and 42) were still the built-up expansion
scenarios simulated and had greater Orchards area loss than cases in Group II.

As discussed above, slowing down the Built-up expansion rate to lower than 100 ha y !
is crucial to avoid significant deterioration of HQ and loss of total acreage in Orchards
(and maintain farmers’ livelihood), which implies that the Built-up area cannot exceed
8800 ha in 2030 (Table 6). However, as shown in Figure 5, a logarithmic relationship exists
between the Built-up expansion rate and population growth rate from 2000 to 2019. If the
logarithmic relationship remains, the population growth rate cannot exceed 0.6% y~! start-
ing from 2020 to maintain the Built-up area below 8800 ha at 2030. However, the current
Vietnam Population Strategy would only reduce the population growth rate from 0.93% to
0.69% during the 20202030 period [52]. Therefore, strategies other than controlling the
population growth rate should be utilized to constrain the Built-up expansion rate.

When considering the type of built-up land expansion in the urban area in 499 cities
from different continents, Mahtta et al. [53] pointed out that expansion upward has more
advantages than expansion outward. Although Quang Ninh province already has more
than 60 high-rise buildings, most of them are located in Halong city. There is no high-rise
building in Dong Trieu district yet. Hence, low buildings in the Dong Trieu district should
be converted to high-rise buildings to accommodate the increased population by tapping
the existing construction land potential. In that case, the construction land demand in the
future can be significantly reduced, and the Built-up area can remain well under 8800 ha
even if the population growth rate is still maintained at 0.93%.

Therefore, the already implemented Vietnam Population Strategy by 2030 should be
continually enforced to reduce the population growth and the requirements on land-use
for accommodations; more guidelines should be followed in designing new policies to
mitigate the deteriorating HQ in the study area. Suggested guidelines include (1) changing
the urban expansion type from outward to upward to control the Built-up expansion rate,
(2) substituting forest-harming industries for the forest-preservation ones to reduce defor-
estation rate, (3) encouraging Orchards in agricultural land conversion to increase incomes
while maintaining higher HQ), (4) practicing better farming technologies to improve crop
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production and to alleviate potential food security issues due to considerable reduction

in Cropland.
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Figure 5. Relationship between Built-up requirement and population.

Besides the above directions, other approaches that could mitigate the deterioration of
HQ should also be implemented. For example, intercropping can be implemented in the
Forest and Orchards areas by planting other crops or herbs under the forest or orchard’s
shadow as a tree layer. This adds diversity to the farm plant population, improves the HQ,
and increases cropping intensity and productivity of the Orchards [54-56]. Furthermore,
the transportation network that has significant impacts on economic development and
urbanization expansion may be expanded much larger than the current system. The greater
transportation network disturbances on HQ could be reduced by the Green Infrastructure
and Belt and Road Initiative methods that have been used in many southeast Asian coun-
tries [57,58]. These methods can increase urban green cover and raise residents’ income.

However, our research focused more on anthropogenic disturbances than on biotic
and abiotic factors and assumed that threat factors have impacts on all native species and
habitats within the study area without considering possible alternative consequences. We,
therefore, recognized that our approach could be improved by selecting more threat factors
and assigning more scenarios to increase the versatility of the InVEST-HQ model.

4. Conclusions

Understanding the spatiotemporal changes in HQ is essential for effective land-use
planning. Our results indicated that the average HQ and Orchard’s acreage of the Dong
Trieu district in 2030 could decrease by 0.044 and about 800 ha, respectively, from those in
2019 if no mitigation measures are made. The deteriorating trend could not only endanger
the ecosystem but also cause social and economic unrest.

Stopping deforestation without slowing down the Built-up expansion rate provides
little help in keeping the HQ high but can create even more severe social and economic
unrest resulting from losing more acreage for Cropland and Orchards. Slowing down
Built-up expansion rate to lower than 100 ha y ! is crucial to avoid significant deterioration
in HQ and loss of total acreage in Orchards. The current population growth control
policy alone could not slow down the Built-up expansion rate to the required level. More
guidelines, such as (1) changing urban expansion type from outward to upward to control
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the Built-up expansion rate, (2) substituting forest-preservation industries for the forest-
harming ones to reduce the deforestation rate, (3) encouraging Orchards for agricultural
land conversion to increase incomes while maintaining higher HQ, (4) practicing better
farming technologies to improve crop production and to alleviate potential food security
issues due to considerable reduction in Cropland, and (5) promoting Green Infrastructure
and the Belt and Road Initiative to increase urban green cover for uncertain urban sprawl
and traffic system expansion and raise residents” income, were thus proposed and should
be considered seriously in designing the new land-use policies.
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