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Abstract Desertification is a specific land-degrad-
ing process, reducing soil productivity and potentially
threatening global food security. Therefore, spatially
and temporally identifying and mapping desertifi-
cation-sensitive areas is essential for better manage-
ment. The current study aimed to (1) assess spatial
areas sensitive to desertification and (2) examine the
changing tendency of the desertification-sensitive
areas over the past 25 years in the provincial Ninh
Thuan. The desertification sensitivity index (DSI)
was computed based on the Medalus model using
10 quantitative parameters, grouped into the soil,
climate, and vegetation quality indexes, computed
for the years 1996, 2005, 2010, and 2016. GIS was
used to map desertification-sensitive areas associated
with five DSI classes. Results showed that classes 11
and III had the highest area percentage, followed by
classes IV and V, and class 1. The classes most sen-
sitive to desertification (classes IV and V) covered
around 13 to 17%, and classes II and III were 25 to
32% of the total study area, respectively. The coastal
areas located in the southeastern parts were more sen-
sitive to desertification than the other parts. Over the
four examined periods, the areas of classes IV and V
increased while those of classes II and I decreased.
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These indicated that the study province tended to
increase in its desertification sensitivity with a severe
increase in the coastal areas over the past 25 years.
The key factors involved in these changes could be
related the human activities and climate variation,
which could be more serious in southeastern areas
than in the other areas.
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area - Ninh Thuan - Spatial variation - Temporal
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Introduction

Drylands, encompassing arid, semi-arid, and dry
sub-humid areas, constitute a significant portion of
the Earth’s surface, covering approximately 45%
(Pravilie, 2016; Pravilie et al., 2019). Mostly hap-
pening on drylands, desertification is a specific land-
degradation process caused by climatic change and
human activities, reducing biological and agricultural
productivity of the lands (Al-Khuzaie et al., 2015;
Hadeel et al., 2010; Vani et al., 2015). Desertifica-
tion could affect about 500 million people worldwide,
who are mainly located in South and East Asia, the
Circum-Sahara region, and the Middle East including
the Arabian Peninsula (Mirzabaev et al., 2019). The
livable area would be decreased and poverty would
be severely worsened with an increase in the deserted
areas (Olukoye & Kinyamario, 2009).
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Consequently, assessment of the desertification
sensitivity may be the first step to developing a suit-
able strategy for the long run to mitigate the deser-
tification impacts on agricultural productivity and
environmental conditions. Desertification could be
the consequence caused by combined factors, includ-
ing soil erosion, vegetation cover, water-related, soil
salinization, and alkalization, and climate change
(Mirzabaev et al., 2019; Sobhani & Khosravi, 2015).
Generally, these factors can be grouped into soil and
vegetation factors, and climatic conditions, which
were used to assess the desertification sensitivity of
drylands (Ma et al., 2015). For this purpose, a frame-
work model was developed by Kosmas et al. (1999)
through the Medalus project and was used frequently
to quantify the magnitude of the desertification sen-
sitivity of an environmental area. A general principle
of this approach relies on the interactions among sub-
factors, together affecting desertification magnitude.
Many studies were implemented to apply the Meda-
lus approach with some modifications to better reflect
the nature of study conditions (Coscarelli et al., 2005;
Ferrara et al., 2020; Gaetano et al., 2012; Izzo et al.,
2013; Mirdeilami et al., 2019; Momirovi¢ et al., 2019;
Pravilie et al., 2020). These studies were carried out
based on one epoch to examine the spatial change in
the land degradation of study areas. In fact, desertifi-
cation happening in a specific dryland area could be
characterized by a two-dimensional model, reflecting
spatial and temporal changes. As a result, some oth-
ers used two epochs to examine the temporal varia-
tion of the sensitivity (Bakr et al., 2011; Lee et al.,
2019; Symeonakis et al., 2014). Nevertheless, the two
epochs of assessments may not truly reflect the tem-
poral trend of the sensitivity to the desertification of
study areas. Consequently, it could be better to assess
the desertification sensitivity for a longer period with
multiple epochs to examine the time-based variation.

Vietnam is located in a tropical region having
high annual rainfall. Nevertheless, some parts of the
country, such as some central coastal provinces from
Quang Binh to Binh Thuan, are insufficient in rainfall,
making the areas moderately sensitive to desertifica-
tion (USDA-NRCS, 2003). Knowing the detrimental
impacts of desertification, the Vietnamese govern-
ment ratified an action program to combat desertifi-
cation in response to the “United Nations Convention
To Combat Desertification” (MARD, 2002). Located
in the coastal region with low rainfall and severe
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drought conditions, the Ninh Thuan province is con-
sidered as a semi-arid climate (Hien et al., 2019; Son
et al., 2013), and thus as the area most sensitive to
desertification, besides the neighboring Binh Thuan
province (Le et al, 2013) in Vietnam. Although
desertification is generally known as a consequence
of combined various-factor impacts (Mirzabaev et al.,
2019), the Ministry of Natural Resources and Envi-
ronment of Vietnam (MONRE, 2012) developed a
simple aridity index, based on a ratio of precipitation
to potential evapotranspiration to assess desertifica-
tion level for the Vietnamese territory. This MON-
RE’s model may be scientifically and practically
insufficient to assess the desertification level. This
was the reason Hien et al., (2019) used the Medalus
model to assess the desertification sensitivity of the
neighboring Binh Thuan province. To take advantage
of the two methods (the MONRE and the Medalus), a
combination of these two models could be an appro-
priate option to assess the desertification sensitivity
of the Ninh Thuan province.

Therefore, the current study was conducted to (1)
assess spatial areas sensitive to desertification and
(2) examine the changing tendency of the deserti-
fication-sensitive areas with the time of the provin-
cial Ninh Thuan, Vietnam. A framework model of a
combination of the MONRE and the Medalus model
was developed and used for the current study. It was
hypothesized that the areas located along the coastal
line were more sensitive to desertification than the
other areas and that the desertification sensitivity
of the study province had increased over the past
20 years.

Materials and methods
The study area

The current study was conducted in the Ninh Thuan
Province, located in the south-central coastal region
of Vietnam (108°30-109°10'E and 11°20'-12°10'N)
(Fig. 1). The province is about 350 km far from Ho
Chi Minh City in the South. It is situated next to
Khanh Hoa Province in the North, Lam Dong Prov-
ince in the West, Binh Thuan Province in the South,
and the East Sea of Vietnam in the East. The study
province has seven administrative units (six districts
and a provincial city), covering an area of around
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Fig. 1 Map of the study Viet
area, the Ninh Thuan prov- lre’pr.larrn map
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3358 km?. It is located in the area where the Truong
Son mountain range meets the East Sea. The ter-
rain of the province was lower in the Southeast (the
seaside) and gradually higher in the Northwest (the
mountainside). The province’s territory is surrounded
by three mountainous sides with three main land-
forms of mountains, hilly and mountainous areas, and
coastal plain. In particular, the mountains account for
63.2% of the whole province, mostly with an average
height of 200 to 1000 m. The hilly and mountain-
ous region accounts for 14.4% and the coastal plain
accounts for 22.4% of the natural land area. The

province has a tropical climate regime from savanna
to semi-arid with high temperatures (average temper-
ature 26-27 °C), dry wind, and strong evaporation.
Ninh Thuan weather is divided into two distinct sea-
sons, including rainy (from September to November)
and dry seasons (the other months) with an average
rainfall of 700-800 mm (Ninh Thuan Government,

2019).
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Methods used to assess the desertification-sensitive
areas

Overall, a combined approach of the land-degradation
investigation method by MONRE, (2012) and the
environmental sensitivity area (ESA) method by Kos-
mas et al. (1999) and Ahmed et al. (2010) was used in
the current study. The combined approach was imple-
mented in two sequential steps, of which the first one
was to examine whether the study area was rocky or
sandy lands (rocky area and sand dunes) (MONRE,
2012), which were classified into rock-desertification-
sensitive area or sand-desertification-sensitive area,
respectively. The second step was to apply the Meda-
lus model with some modifications to classify the rest
area into five classes, based on three main factors,
including soil quality index (SQI), vegetation quality
index (VQI), and climate quality index (CQI) (Ahmed
et al., 2010). As suggested by Farajzadeh and Egbal
(2007), the Medalus model should be modified to best
suit the study conditions, the current study used three-
component indexes because data on the management
quality since 1996 were not available, while those of
the soil, climate, and vegetation were available. Some
authors also used a reduced model with three com-
ponent indexes (soil, climate, and vegetation indexes)
for their studies (Ahmed et al., 2010; Gad and I,
2008; Ogbue et al., 2024). The classification of deser-
tification sensitivity was applied based on the deserti-
fication sensitivity index (DSI), which was computed
through the equation: DSI = (SQI * CQI = VQI)I/ 3,
The desertification sensitivity was divided into five
classes (I, II, III, IV, and V), based on DSI values
below 1.2 (not sensitive to desertification), 1.2 to
below 1.4 (low sensitive to desertification), 14 to
below 1.6 (medium sensitive to desertification), 1.6
to below 1.8 (sensitive to desertification), and greater
than 1.8 (very sensitive to desertification), respec-
tively. It was also noted that the rock-desertification-
sensitive area and sand-desertification-sensitive area
were also classified into the class of very sensitive to
desertification (MONRE, 2012).

Data collection and quality-index estimation
Soil quality index (SQI) A digital map of soil
resources, its characteristics, and FAO-WRB (World

Reference Base -World Reference Base) classifica-
tion were surveyed and provided by the Department
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of Natural Resources and Environment of the Ninh
Thuan Province. Furthermore, we conducted a field
trip to reassess and verify the properties of the digi-
tal map prior to processing. Four parameters, includ-
ing soil parent material (SPM), soil depth (SD), soil
texture (ST), and slope gradient (SG) (Hadeel et al.,
2010), were obtained from the soil map and were used
for the current study. A specific land area was evalu-
ated and assigned to receive one of four scores (1,
1.33, 1.66, and 2, and the higher the score the more
sensitive to desertification the area) for each of these
parameters (more information about how to assign
the scores could be found in a study by Hadeel et al.,
(2010). The soil quality index was computed through
the equation: SQI = (SPM  SD x ST SG)1/4. The
SQI was classified into five levels of 1, 2, 3, 4, and 5,
corresponding to SQI value of below 1.2, from 1.2 to
below 1.4, from 1.4 to below 1.6, from 1.6 to below
1.8, and above 1.8, respectively.

Vegetation quality index (VQI) Landsat satel-
lite images of the years 1996 (Landsat STM), 2006
(Landsat 7TM), and 2010 (Landsat 7TM) were
obtained from http://landsat.usgs.gov/ at a 30-m
spatial resolution to process for vegetation quality.
For the year 2016, the land cover map of the study
area was provided by the Department of Natural
Resources and Environment of the Ninh Thuan Prov-
ince and was verified by our research group. For the
input parameters of the soil quality index and veg-
etation quality index in the most recent observation
period, we conducted an additional 80 validation
points during field trips. These points were randomly
distributed across the seven administrative units com-
prising the entire study area (Meza Mori et al., 2022).
Adjustment of the input parameters was implemented
when there were discrepancies between the field trip
validation points and the obtained information. Four
sub-parameters used to estimate the VQI included fire
risk (FR), drought resistance (DR), erosion protec-
tion (EP), and cover percentage (CP). The scores for
each of these sub-parameters were 1, 1.33, 1.66, and
2 (Hadeel et al., 2010). An individual examined area
was processed for each of these parameters to receive
one of the above scores associated with individual
parameters. The VQI was computed through the
equation: SQI = (FR % DR % EP % CP)'/*. The VQI
was categorized into five levels of 1, 2, 3, 4, and 5,
corresponding to VQI value of below 1.2, from 1.2 to
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below 1.4, from 1.4 to below 1.6, from 1.6 to below
1.8 and above 1.8, respectively.

Climate quality index (CQI) The CQI was com-
puted through two sub-parameters, which are rain-
fall and aridity index (the ratio between precipita-
tion and PET—potential evapotranspiration). These
parameters were collected from eight weather sta-
tions (Phan Rang, Nha Ho, Tan My, Quan The, Nhi
Ha, Ba Thap, Song Pha, and Ca Na) within the Ninh
Thuan province and two stations of Phan Thiet and
Cam Ranh located close but outside the study area
for GIS based-spatial interpolation. The rainfall and
aridity index were averaged for two periods, from
1978 to 2000 and from 2001 to 2016. The first one
was used for the 1996 assessment, and the latter was
used for the 2005, 2010, and 2016 assessments. These
parameters were used to estimate the CQI through the
equation CQI = (R * AI)I/ 2, where R was the rainfall
score, and Al was the score of the aridity index (Lee
et al., 2019). Similar to the VQI, the CQI was classi-
fied into five levels of 1, 2, 3, 4, and 5, corresponding
to its value of below 1.2, from 1.2 to below 1.4, from
1.4 to below 1.6, from 1.6 to below 1.8 and above 1.8,
respectively.

Mapping the desertification-sensitive area

The Geographic Information System (GIS) method
was applied to map the desertification-sensitive area
of the study province, using the ArcGIS version 10.6.
The digital soil map was used as a base map to be
spatially overlaid with the other digital maps associ-
ated with climate and vegetation factors. Before that,
the ratio of rainfall to PET collected from the eight
weather stations was spatially digitalized and inter-
polated using the nearest-neighbor interpolation in
ArcGIS spatial analyst to generate the CQI map for
the whole province. The overlaying process was con-
ducted in the order of a soil map, two climate maps
(from 1978 to 2000 and from 2001 to 2016), and four
vegetation maps from 1996, 2005, 2010, and 2016.
Finally, four overlaid digital maps for the years 1996,
2005, 2010, and 2016 were created and data from
these maps were exported into an Excel file for fur-
ther processing, including estimation of area percent-
age and examination of dependence of the relative
percentage of individual DSI classes on examined
years through plotting method.

Results

The indexes of soil quality, vegetation quality, and
climate quality

The soil quality index (SQI) of the study area was
divided into five levels, corresponding to very good
quality to very bad quality (Fig. 2 and Table 1).
The total area of Bac Ai district was the highest
(102722 ha, equal to 30.6% of the total provincial
area), and that of Phan Rang-Thap Cham City was
the lowest (7919 ha, equal to 2.4%). The districts of
Thuan Nam, Ninh Son, Ninh Hai, and Thuan Bac
had the highest area percentages (4.9, 4.5, 3.0, and
2.9, respectively) of very bad soil quality (SQI level
5). Ninh Phuoc, Ninh Son, and Thuan Nam districts
had the highest area percentage (3.5, 3.5, and 2.5%,
respectively) of very good soil quality (SQI level 1)
of the seven administrative units. Within individual
study units, Bac Ai district had the highest area per-
centage (20.4%) of the SQI level 3; Ninh Hai district
had 3% of the area with SQI level 5; Ninh Phuoc had
3.5% of the area of SQI level 1; Ninh Son had 4.5% of
the area of SQI level 5; Phan Rang-Thap Cham had
1.3% of the area of SQI level 1; Thuan Bac had 2.9%
of the area of SQI level 5; and Thuan Nam had 4.9%
of the area of SQI level 5.

The land cover was examined in 4 years of 1996,
2005, 2010, and 2016 and the vegetation quality
index (VQI) of the individual examined years was
processed and shown in Fig. 3 and Table 2. Overall,
the highest percentage of the study area was catego-
rized into the VQI class I (very good quality) for all
four examined years. The area percentage of VQI
level 4 (low quality) increased from 1996 (8.73%)
to 2016 (26.38%). For all four examined years, with
a change of VQI levels 1 to 4, their associated area
percentages of the districts of Bac Ai, Ninh Son, and
Thuan Nam decreased, while those of Ninh Phuoc
and Phan Rang-Thap Cham increased. In the mean-
time, two districts (Ninh Hai and Thuan Bac) had the
area percentage in the year 2016 increased from VQI
levels 1 to 4, while they had the percentage in the first
3 years decreased.

Out of five CQI levels (1, 2, 3, 4, and 5), the first
three were found in the study area, and level 1 was
found to have the highest area percentage (39.28 and
40.23%), followed by the level 3 (33.04 and 31.08%)
in 2 years, 1996 and 2010, respectively (Fig. 4 and
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Fig. 2 Spatial variation of individual levels of soil quality index (SQI) of seven administrative units
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Table 1 Area percentage of individual levels of soil quality index (SQI) of seven administrative units in the study area. (PR-TC,

Phan Rang-Thap Cham City)

SQI levels Bac Ai Ninh Hai Ninh Phuoc Ninh Son PR-TC Thuan Bac Thuan Nam Sum
Area (ha)
1 6117.2 4846.5 11,794.8 11,827.9 43958  5288.0 7826.1 52,096
2 20,042.2 1995.6 2698.1 22,2449 246.6 3670.7 1625.6 52,524
3 68,529.7  956.8 6779.1 17,767.4 19.9 9559.2 9110.0 112,722
4 4802.9 1325.0 4387.1 6626.8 151.8 1733.3 5965.5 24,992
5 554.5 10,049.5 3172.6 15,176.3 0.0 9597.6 16,515.3 55,065
Sand area 338.6 1465.2 499.1 363.5 319.0 209.8 2238.4 5434
Rocky area 1142.6 1710.7 1145.0 1229.7 429 962.9 7663.5 13,897
No classified area 1194.3 3008.8 3719.5 1944.2 2742.8 804.5 5388.7 18,803
Total area 102,722 25,358 34,195 77,181 7919 31,826 56,333 335,534
Percentage (%)
1 1.8 14 3.5 35 1.3 1.6 2.3 15.5
2 6.0 0.6 0.8 6.6 0.1 1.1 0.5 15.6
3 20.4 0.3 2.0 53 0.0 2.8 2.7 33.6
4 14 04 1.3 2.0 0.0 0.5 1.8 74
5 0.2 3.0 0.9 4.5 0.0 29 49 16.4
Sand area 0.1 0.4 0.1 0.1 0.1 0.1 0.7 1.6
Rocky area 0.3 0.5 0.3 0.4 0.0 0.3 2.3 4.1
No classified area 0.4 0.9 1.1 0.6 0.8 0.2 1.6 5.6
Total in % 30.6 7.6 10.2 23.0 2.4 9.5 16.8 100.0

Table 3). Different from the other study units, Bac Ai
and Ninh Son Districts decreased in area percentage
from CQI level 1 (25.35 and 22.96% for Bac Ai Dis-
trict, and 13.98 and 16.82% for Ninh Son District) to
CQI level 3 (0.62 and 1.72% for Bac Ai District and
0.75 and 1.62% Ninh Son District) in 2 years, 1996
and 2010, respectively. In contrast, the other units had
the area percentage increasing from CQI levels 1 to 3
in both years. In addition, Fig. 4a and 4b show that a
larger portion of areas close or connected to the East
Sea was evaluated as semi-arid (CQI level 3) and a
larger portion of areas located far from the Sea had
lower CQI levels (1 or 3).

Desertification sensitivity index (DSI)-based
classification of the study area

In general, five classes of the desertification sensitiv-
ity of the study province were identified and shown
in Figs. 5, 6, and 7. While class I was distributed
relatively randomly (not concentrated) over the study
area, class II was located in the areas far from the sea,
and class V including sand and rocky areas was more

distributed in the areas close or connected to the sea-
side in all four examined years (Fig. 5a, 5b, 5c, and
5d). Figure 6a shows that class II had the highest area
percentage and class V had the lowest area percent-
age in Bac Ai District. The area percentage of class II
decreased from the year 1996 (20.7) to the year 2016
(16.3%), while that of classes IV and V increased
from the year 1996 (0.96 and 3.56%) to the year 2016
(0.52 and 1.41%, respectively). The other two classes
(I and III) varied from 1.57 to 7.26%, depending on
examined years. For Ninh Hai District, class V occu-
pied the largest portion, followed by classes 1V, III,
II, and I (Fig. 6b). While classes V, IV, and III tended
to increase in area percentage, the other classes did
not change much for the four examined years. Ninh
Phuoc District had the highest area percentage of
class III, followed by classes V, IV, II, and I (Fig. 6¢).
Two classes III and V tended to increase from the
year 1996 to the year 2016, while class IV decreased
along with the examined year. For Ninh Son District,
classes III, IV, and V tended to increase, while the
other classes decreased in their area percentage along
with the time (Fig. 6d). The area percentage pattern
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Fig. 3 Spatial variation of individual levels of vegetation quality index (VQI) in 1996 (a), 2005 (b), 2010 (c), and 2016 (d) of seven

administrative units

of the five classes was ranged in an order (high to
low) of class NI > >1>1V>V.

Because Phan Rang-Thap Cham City occupied
the smallest portion (2.36%) of the whole province,
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the area percentage of individual five desertification-
sensitive classes for this provincial City was small,
varying from zero to 1.18% of the whole province
(Fig. 7a). Of the five classes, class III had the highest
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Table 2 Area percentage of individual levels of vegetation
quality index (VQI) of seven administrative units in the study
area. Note: no areas in the study province were found to have

the VQI class V. (PR-TC, Phan Rang-Thap Cham City); others
including sand, rocky, and no-classified areas

Year VQI levels Bac Ai Ninh Hai Ninh Phuoc Ninh Son PR-TC Thuan Bac Thuan Nam Sum
1996 1 18.87 1.52 1.56 9.91 0.01 3.71 3.71 39.30
2 8.85 1.55 2.93 9.25 0.11 2.63 4.10 29.42
3 1.29 1.45 1.81 1.46 0.74 1.32 3.06 11.13
4 0.78 1.20 2.29 1.31 0.57 1.22 1.34 8.73
Others 0.80 1.84 1.60 1.05 0.92 0.59 4.55 11.36
2005 1 16.17 1.95 0.92 6.78 0.00 3.64 291 32.37
2 8.95 0.99 1.64 6.64 0.00 1.84 2.54 22.61
3 2.25 1.03 2.35 4.03 0.70 1.27 3.48 15.11
4 2.07 1.47 3.57 4.18 0.62 1.96 3.11 16.98
Others 1.15 2.11 1.70 1.35 1.04 0.77 4.73 12.84
2010 1 20.15 3.02 2.16 7.01 0.00 5.03 4.86 42.24
2 347 0.04 1.53 4.06 0.00 0.52 2.44 12.05
3 1.02 1.26 1.32 5.30 0.29 0.83 243 12.46
4 3.72 1.34 2.87 4.59 0.66 1.98 1.80 16.96
Others 2.24 1.90 2.29 2.02 1.41 1.12 5.23 16.21
2016 1 18.27 0.49 2.15 11.68 0.00 1.28 4.12 37.98
2 0.08 0.02 0.15 0.04 0.00 0.17 0.15 0.61
3 6.05 2.96 2.17 3.99 0.49 4.38 3.59 23.62
4 5.08 2.45 4.39 6.60 1.16 3.04 3.66 26.38
Others 1.12 1.63 1.33 0.68 0.71 0.61 5.26 11.33

area percentage, which tended to decrease slightly
(from 1.21 to 1.18%) over the examined years. Class II
decreased in its area percentage from 0.14 in the year
1996 to almost zero in the last three examined years.
Classes V and IV tended to increase in their area per-
centages for the last two examined years, while class
I was almost zero in its area percentages for all four
years. Of the five DSI classes of Thuan Bac District,
class IV was the highest, followed by classes III, V,
II, and I in their area percentage (Fig. 7b). The area
percentage of classes III and I tended to decrease
from 2.88 and 0.25 (the year 1996) to 2.74 and 0.01
(%, the year 2016, respectively), while that of class II
tended to increase from 0.72 (the year 1996) to 1.11
(%, the year 2016). Thuan Nam District had the high-
est area percentage of class V, followed by classes IV,
I, II, and I. Classes V and III had the area percent-
age increased from 6.6 and 3.1 in the year 1996 to
7.39 and 3.6 (%) in the year 2016, respectively, while
classes IV and II had the percentage increased from
4.8 and 0.71 in the year 1996 to 3.3 and 0.14 (%) in
the year 2016, respectively (Fig. 7¢).

For the whole study province, classes II and III
had the highest and similar area percentage, vary-
ing from 25 to 32%, followed by the other classes
IV and V, varying from 13 to 17%, and then class I,
varying from 4.0 to 5.8% (Fig. 7d). Along with the
time (1996 to 2016), the area percentage of classes
IV and V increased from 13.9 and 14.3 to 17.4 and
17.6 (%), respectively. Meanwhile, classes II and I
had the area percentage decreased from 32 and 5.8 to
25 and 4.9 (%) respectively. Class III had the percent-
age increased slightly from 28.4 to 30.8% with the
increasing examined year.

Discussion

Desertification-sensitive areas

A few models were used to assess the desertifica-
tion sensitivity of dryland in Vietnam, such as that

issued by MONRE (2012) and that used by Hien
et al. (2019). While the former was relatively simple
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Fig. 4 Spatial variation of individual levels of the climate quality index (CQI) in 1996 (a) and 2010 (b) of seven study administra-

tive units

Table 3 Area percentage of individual levels of climate qual-
ity index (CQI) of seven administrative units in the study area.
Note: no areas in the study province were found to have CQI

classes IV and V. (PR-TC, Phan Rang-Thap Cham City); others
including sand, rocky, and no-classified areas

Year CQI levels Bac Ai Ninh Hai Ninh Phuoc Ninh Son PR-TC Thuan Bac Thuan Nam Sum

1996 1 25.35 0.00 0.03 13.89 0.00 0.00 0.00 39.28
2 3.82 0.00 3.55 7.29 0.32 0.78 0.49 16.25
3 0.62 5.71 5.00 0.75 1.11 8.11 11.74 33.04
Others 0.80 1.84 1.60 1.05 0.92 0.59 4.55 11.36

2010 1 22.96 0.00 0.20 16.82 0.00 0.05 0.20 40.23
2 3.68 0.00 2.30 2.54 0.00 1.36 2.52 12.40
3 1.72 5.65 5.39 1.61 0.94 6.94 8.82 31.08
Others 2.24 1.90 2.29 2.02 1.41 1.12 5.23 16.21

and based on a ratio of rainfall to PET (potential
evapotranspiration), the latter was based on the
principle of the Medalus approach (Kosmas et al.,
1999), including soil, climate, vegetation, water
management, and human pressure factors. The cur-
rent study used a combination of these two models
with some simplified modifications to assess the
desertification sensitivity of the Ninh Thuan Prov-
ince. After classifying the sand and rocky area

@ Springer

using MONRE’s approach, the desertification sen-
sitivity assessment was carried out using the deser-
tification sensitivity index (DSI), which was origi-
nally based on the principle of the Medamus project
model (Kosmas et al., 1999). An overall assumption
of the model was that an area classified as very sen-
sitive to desertification could be a consequence of
several combined indexes, commonly including the
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Fig. 5 Spatial variation of individual classes of the desertification sensitivity index (DSI) in 1996 (a), 2005 (b), 2010 (c), and 2016

(a)

soil quality index, vegetation quality index, and cli-
matic quality index (Ahmed et al., 2010).

The current study found that the desertification-
sensitive areas associated with individual five DSI

classes varied greatly with administrative units of the
study area, and classes II and III occupied the larg-
est area, followed by classes IV and V, and finally
class I (Fig. 7d). Around 28 to 35% of the total study
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area was grouped into classes IV and V, which indi-
cated that a considerable portion of the study area
was highly sensitive to desertification. Neverthe-
less, the area percentage (14 to 17%) classified as
very sensitive to desertification (class V) of the cur-
rent study area was similar to that (around 14%) of
the neighboring Binh Thuan province identified by
Hien et al. (2019). The desertification sensitivity var-
ied greatly from location to location, depending on
the local conditions. With a similar approach, Egyp-
tian territory was reported to have around 86% of the
study area sensitive to desertification (Ahmed et al.,
2010); southeast Morocco had 50.34% classified as
high and very high sensitive areas (Lamqgadem et al.,
2018). Sobhani and Khosravi (2015) reported that
around 39.39% of the Chehel-chai basin in the North
of Iran was highly sensitive to desertification. These
indicated that the local soil, vegetation, and climatic
factors, contributing to the desertification sensitivity

@ Springer

Examined year

in different studies, varied greatly from location to
location.

Three factors, including soil, vegetation, and cli-
matic factors were commonly included to assess dry-
land areas sensitive to desertification. For the current
study, the soil quality index was computed through
four soil parameters, including parent material, soil
depth, soil texture, and slope. These parameters of the
study area could vary slightly over the past 20 years
because they are inherent properties of a particular
soil. In addition, the current study also found that a
considerable portion of the study area was occupied
by sand dunes and rocky mountains/hills (5-7%),
which were classified as very sensitive to desertifi-
cation (MONRE, 2012). Rainfall was an important
factor in affecting the desertification sensitivity of
Mongolian territory (Lee et al., 2019). The climatic
factor was computed based on annual rainfall and the
aridity index. The rainfall in the current study varied
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from around 600 to above 1000 mm, which could be
considered to be low in supplying water resources.
Tsesmelis et al. (2018) indicated that annual rainfall,
varying from 367 to 2070 mm, was an important fac-
tor in determining the vulnerability to the desertifica-
tion of Greece. The low annual rainfall in the current
study could be one of the few important reasons for
determining the desertification sensitivity of the study
area.

Different from the two above factors, the veg-
etation factor was more likely involved in human
activities, which may cause forests converted or
deforested for various purposes, such as agricul-
tural development, wood harvest, and infrastructure
extension (Shvidenko, 2008). Conducting a study to
map the environmental sensitivity area in Cukarica
of Serbia, Momirovi¢ et al. (2019) concluded that
vegetation quality was one of the two factors highly
influencing the land sensitivity to desertification.

2010 2015 1995 2000 2005 2010 2015
Examined year

The vegetation quality could be involved in land
covers, including agricultural lands (paddy, fruit,
and vegetable lands), natural forests, planted for-
ests, shrubland, and barren lands. In the current
study, the VQI was computed from four sub-factors,
reflecting the characteristics of vegetation, includ-
ing erosion protection, drought resistance, land
cover percentage, and fire risk. The main vegetation
of the study area was annual crops (29%), broad-
leaf forests (21%), shrubs and bushes land (12.5%),
and others. Areas with poor vegetation quality were
found to be highly sensitive to desertification in
Cabo Verde Archipelago, West African coast (Pina
et al., 2015), and Egypt (Shalaby et al., 2012). In
the current study, the areas covered with annual
crops were those located along the coastline in the
southeastern parts, which were more sensitive to
desertification than the others.
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The spatial trend of desertification-sensitive areas

The desertification-sensitive areas of classes IV and
V were more concentrated in the areas along the
coastline (Fig. 5a, 5b, 5c, and 5d). This indicated that
the areas close to the seaside were more sensitive to
desertification than the areas located far from the sea-
side, confirming our first hypothesis. This spatial var-
iation could be related to the climatic factor and veg-
etation factor, which were better (high quality equal
low-quality index) in the far-coastline areas. In the
current study, rainfall (P) varied from 700 to 800 mm
in the areas along the coastline of the southeastern
part but increased to over 1000 mm in the north-
western parts (far from the seaside). In contrast, the
annual potential evapotranspiration (PET) was higher
in the seaside-close area and increased slightly in the
area far from the coastline. Consequently, the ratio of
precipitation to PET (Hadeel et al., 2010) gradually
increased from the seaside-close area to the areas far
from the seaside, possibly explaining the area per-
centage of the very sensitive-to-desertification class
(class V) in the southeastern parts higher than that in
the northwestern parts (Fig. 5).

For the vegetation factor, the areas along the coast-
line were mainly covered with sand/rocky soil, barren
lands, and annual crops. These lands are highly sensi-
tive to desertification due to their susceptibility to fire
risk (crop residue), erosion (agricultural activity and
barren/sandy soil), drought resistance (annual crops),
and low cover percentage (sand/rocky soil and bar-
ren lands). In contrast, the areas located on the south-
western side were covered with natural and/or planted
forests of broadleaf and some shrubs and bushes.
These vegetation types were evaluated to have high
quality (low VQI). These also indicated that human
activities such as agricultural production, industrial
production, and transportation could be an important
factor affecting the vegetation index of the study area.
The high human population in the areas close to the
seaside could be the main cause of the low vegetation
quality in the areas.

Temporal trend of desertification-sensitive areas
Based on two examined periods, Symeonakis
et al. (2014) reported that some parts of the whole

study area of Lesvos Island increased while oth-
ers decreased in the area of the class sensitive to
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desertification. The authors also pointed out that the
sensitivity to the desertification of the study area was
related to human activities such as demographic pres-
sure. Based on four examined years, the current study
found that the area percentage of the classes most sen-
sitive to desertification (classes IV and V) increased
from the year 1996 to the year 2016, and the increas-
ing rate for the whole study area was 0.16 and 0.13%
per year for class IV and class V, respectively. It was
also interesting that all seven administrative units of
the study area, except Thuan Bac District, had area
percentage of class V (the most sensitive to desertifi-
cation) increased from the year 1996 to the year 2016
(positive increasing rate). In addition, all four study
units, connected to the coastline (Thuan Nam, Ninh
Phuoc, Phan Rang-Thap Cham, and Ninh Hai), had
an area percentage of class V increasing for the exam-
ined periods. This indicated that the areas along the
seaside tended to increase in their sensitivity to deser-
tification, relative to the other areas. Class IV, the
second most sensitive to desertification, was found to
increase in its area percentage of the five administra-
tive units (Bac Ai, Ninh Hai, Ninh Son, Phan Rang-
Thap Cham, and Thuan Bac). These additionally sug-
gested that the study province tended to increase in
its sensitivity to desertification over the past years and
could be for the coming years, confirming our second
hypothesis. In a nearby province of Ninh Thuan, the
Binh Thuan province was projected to increase in
desertification-sensitive areas from 14.4% in 2010 to
31.9% in 2050 (Hien et al., 2019). The authors attrib-
uted the desertification sensitivity of the study area
to some factors including drought, soil types, human
impact, and water management. The current study
revealed that human activities and climate variation
over the study area could be the main factors deter-
mining the desertification sensitivity of Ninh Thuan
province.

The current study showed the spatial and temporal
variation in land degradation in the Ninh Thuan prov-
ince, based on the Medalus model with three compo-
nent indexes. The current assessment did not incorpo-
rate the management quality index (MQI), potentially
affecting certain areas, compared to the current find-
ings. MQI comprises three main parameters, which
are land use and intensity of land use, overgrazing,
and fire (Kosmas et al., 1999). While these parame-
ters are not directly evaluated, they could be partially
reflected through the VQI, which is composed of fire
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risk, drought resistance, erosion protection, and cover
percentage. These elements strongly correlate with
land use and intensity and fire in MQI. Overgrazing
is likely minimal in the current study area in terms
of accelerating land desertification because the area is
low in rainfall and livestock in the province is not the
main livelihood, compared to the other agricultural
activities. Therefore, incorporating MQI may result in
marginal alterations to desertification sensitivity areas
in the study area.

Conclusions

Of the five classes identified through the desertifica-
tion sensitivity index, classes II and III had the high-
est and similar area percentage, followed by classes
IV and V, and then class I. The classes most sensi-
tive to desertification (classes IV and V) of the study
area occupied around 13 to 17%, and classes II and
III were 25 to 32%. The coastal areas located in the
southeastern parts of the province were more sensi-
tive to desertification than the other parts, such as
those located in the northwestern parts. Along the
4 examined years, the areas of classes IV and V
increased while those of classes II and I decreased.
These indicated that the study area tended to increase
in its desertification sensitivity, with a severe increase
in the coastal areas. The key factors involved in these
tendencies could be related the human activities and
climate variation, which could be more serious in
the southeastern areas than in the other areas. The
findings also indicated that some parameters such as
fire risk, drought resistance, erosion protection, and
cover percentage, which are potentially influenced
by anthropogenic activities, need to be protected to
reduce the desertification risk.
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