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Abstract

This study evaluated the planning relevance of biophysical land suitability for rubber
plantation in a hilly landscape of Central Vietham. A GIS-based square-root parametric
method calculated a land suitability index (LSI) using elevation, slope, annual rainfall, soil
depth, soil texture, and soil type. LSI values ranged from 0 to 77.67. Highly and moderately
suitable land covered 38.79 ha (0.31%) and 3986.01 ha (31.83%), respectively, with soil depth
and texture as important constraints. Overlay with the 2023 land-use map showed that
biophysical suitability did not directly indicate practical land availability. Planted forest
occupied 38.16 ha, or 98.38%, of the highly suitable class, and no existing rubber plantations
occurred in this class. In contrast, 49.27% of existing rubber plantations occurred in the
moderately suitable class. After excluding planted forest, paddy rice land, and existing
rubber plantations from the 4024.80 ha classified as highly or moderately suitable, only
251.46 ha remained in unused land and annual cropland for further assessment. Data from
45 PB260 plantations showed a positive association between LSI and fresh latex yield after
adjustment for the other variables in the multiple regression model, with an adjusted partial
regression coefficient of 2.09 kg ha~! year~! per LSI unit (p = 0.016). Thus, suitability maps
should not be used as expansion maps without considering current land use, practical land
availability, and plantation performance.

Keywords: land suitability evaluation; square-root parametric method; spatial correspondence;
rubber plantation; fresh latex yield

1. Introduction

Land evaluation supports agricultural land-use planning by systematically matching
land characteristics with the ecological requirements of specific crops. Its importance is
particularly evident in hilly and mountainous regions, where variations in slope, elevation,
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soil properties, and microclimatic conditions may strongly influence crop productivity and
long-term sustainability. GIS-based approaches have been widely applied to support spatial
evaluation and land-use decision making across agricultural and urban contexts [1,2]. In
agricultural land evaluation, these approaches can help identify appropriate land-use
options, assess potential inconsistencies between land capability and current land use,
and support more sustainable land management [2—4]. In land-use planning, suitability
maps should be used as decision-support tools rather than as direct recommendations for
land allocation. Biophysically suitable areas may not be legally, socially, or economically
available for conversion [5].

Many methods have been applied in agricultural land suitability evaluation. The
main methods include qualitative classification, multi-criteria decision analysis, fuzzy
logic, and parametric methods. Among these approaches, parametric methods convert
land characteristics into numerical ratings and integrate them into a single suitability
index. The square-root form retains the influence of the most limiting factor while reducing
the excessive cumulative effect that may result from direct multiplication [6-8]. Recent
empirical studies have also demonstrated the practical application of the square-root
method. Azadi et al. (2023) reported R? values of 0.62, 0.64, and 0.76 between observed
sugarcane yield and the Storie, square-root, and TOPSIS suitability indices, respectively [9].
Kohani et al. (2024) compared the Storie and square-root parametric methods in land-
suitability evaluation [10]. This approach is particularly useful when crop requirements
can be expressed through measurable environmental thresholds.

Rubber (Hevea brasiliensis) is an important commercial perennial crop in tropical
Asia. It has played an important role in agricultural commercialization, rural livelihoods,
and land-use change across Southeast Asia. In recent decades, rubber plantations have
expanded rapidly and become one of the major perennial land-use types in countries such
as China, Laos, Cambodia, Thailand, and Vietnam [11,12]. This expansion reflects the
high economic value of rubber, but it also raises concerns about natural suitability and
sustainability in rubber-growing areas. Some studies have shown that rubber plantations
have expanded into areas affected by significant biophysical limitations. For example,
Ahrends et al. (2015) [12] estimated that a significant part of rubber expansion in Southeast
Asia has taken place in areas affected by limiting factors such as water shortage, erosion,
frost, or wind damage. These factors can threaten long-term productivity and livelihood
stability. In addition, in some regions, large-scale and unplanned rubber planting can
cause serious ecological impacts, including biodiversity loss, forest conversion, changes in
ecosystem functions, and lower environmental sustainability [13]. These concerns highlight
the need to assess whether existing rubber plantations are spatially consistent with the
biophysical suitability of the land. However, land suitability alone does not mean that an
area can or should be converted to rubber plantations. In hilly areas, current land use and
local management conditions can strongly influence whether biophysically suitable land
can actually be used for rubber plantation planning [14].

In Vietnam, rubber has been promoted in many midland, hilly, and mountainous
areas as a perennial crop for economic development [15,16]. However, rubber plantation
development has not always been accompanied by systematic evaluation of physical land
suitability, despite the strong influence of topographic, climatic, and soil conditions on
rubber growth and productivity [17]. In Central Vietnam, previous studies have mainly
applied GIS-based multi-criteria and fuzzy approaches to rubber and perennial-crop suit-
ability evaluation. Binh et al. [18] and Tran et al. [19] applied GIS-based Fuzzy AHP to
evaluate land suitability for perennial crops in Phong Dien and for rubber plantations in
Nam Dong District, respectively. For rubber suitability, Tran et al. considered soil type,
soil texture, soil thickness, slope, soil pH, and soil organic matter. They identified soil
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thickness as the most influential factor and classified more than 70% of the evaluated agri-
cultural land as currently not suitable [19]. Rubber suitability has also been evaluated using
other approaches, including comparisons between fuzzy land evaluation and conventional
parametric Storie methods in Thailand [20], as well as GIS-based multi-criteria decision
making [21] with AHP weighting of biophysical and socioeconomic criteria. Across these
studies, the factors and criteria used vary with environmental conditions and evaluation
objectives. For example, Samarappuli et al. [22] considered slope, rockiness, drainage, soil
depth, texture, pH, and soil organic carbon, with elevation below 200 m, slope below 20%,
soil depth greater than 1 m, and soil pH of 4-6 regarded as favorable conditions for rubber.
Hazir et al. [23] identified annual rainfall of approximately 2000-2500 mm as favorable
for commercial rubber production in Peninsular Malaysia. These studies illustrate that
rubber suitability evaluation commonly classifies individual land characteristics using
crop-specific criteria or threshold values before integrating them into an overall suitability
assessment. However, many land-suitability studies focus mainly on identifying physically
suitable areas and do not consider current land use, practical land availability, or observed
crop performance. As a result, suitability maps may overestimate the actual potential
for plantation expansion. Previous studies integrating land-suitability assessment with
crop-yield information have shown that yield data can improve the practical relevance
of suitability results [24]. Therefore, this study integrates three components: a GIS-based
square-root parametric LS, a spatial comparison between LSI classes and current land use,
and a field-level assessment of the relationship between LSI and fresh latex yield.

2. Materials and Methods
2.1. Research Site

The study was conducted in the hilly area of Phong Dien Ward, Hue City, Central
Vietnam. The approximate geographic center of the study area is located at 107°21'58" E,
16°32/50” N (Figure 1). This area lies in the transitional zone between the coastal plain and
the mountainous region, where land use is strongly influenced by topographic and climatic
conditions. At present, there is no unified official definition of low hilly land in Vietnam.
In previous studies, hilly areas have generally been identified mainly based on elevation,
although the threshold has varied among authors [25]. For this study, hilly land is defined
as areas with elevations ranging from 10 to 200 m above sea level, according to the Thua
Thien Hue Gazetteer (2005) [26]. The total area of the hilly region is 27,664 ha. Although
special-use forest (8210 ha) and protection forest (2386 ha) are classified as agricultural
land, these areas were excluded from the analysis because their conversion to perennial
cropland is subject to strict legal restrictions and was therefore not considered a realistic
option for rubber plantation development. In contrast, planted production forest is also
subject to government regulation but may be considered for conversion to another land
use, subject to applicable land-use and forestry planning, approval by the competent
authorities, and other statutory procedures. Therefore, planted production forest was
retained in the initial suitability assessment to examine its spatial correspondence with the
resulting suitability classes. In the land-use dataset used in this study, other categories,
including water bodies, residential land, construction land, and transportation land, were
classified as non-agricultural land and covered a total area of 4543.51 ha. After excluding
special-use forest, protection forest, and non-agricultural land, 12,524.49 ha remained for
the land suitability analysis. The study area has a tropical monsoon climate, with a mean
annual temperature of approximately 25 °C, summer maximum temperatures reaching
up to 40 °C, and winter minimum temperatures of around 10 °C. Meteorological data
for the 20202024 period, compiled by the Thua Thien Hue Hydro-Meteorological Center,
show that annual rainfall ranged from 2000 to 2800 mm, with most precipitation occurring
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between September and December [27]. Phong Dien Ward had a population of 27,862 in
2025, approximately 80% of whom depended on agriculture for their livelihoods [28].
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Figure 1. Location of the study area in Phong Dien Ward.

2.2. Materials

The land-suitability evaluation used six biophysical factors relevant to rubber growth:
elevation, slope, annual rainfall, soil depth, soil texture, and soil type. Together, these
factors represent the principal topographic, climatic, and soil conditions affecting rubber
growth [19,22,29,30]. Monthly precipitation data representing the 1970-2000 climatic base-
line were obtained from WorldClim version 2.1 at a spatial resolution of 30 arc-seconds [31].
WorldClim was used for the spatial suitability analysis because it provides a spatially
continuous long-term precipitation surface across the entire study area, which is required
for the raster-based LSI calculation. In contrast, the local meteorological dataset used
in this study covered the 2020-2024 period and was derived from only two monitoring
stations; therefore, it was used only to describe recent climatic conditions rather than to
generate the spatial rainfall layer for the LSI analysis. The 12 monthly precipitation layers
were summed to derive mean annual rainfall. Within the study area, the WorldClim mean
annual rainfall ranged from 2303 to 2487 mm year~'. Therefore, all raster cells fell within
the 2250-2500 mm rainfall interval used in the suitability scoring. The resulting raster was
reprojected to and aligned with the common 30 m analysis grid used for spatial overlay.
These data represented long-term average rainfall conditions relevant to rubber growth.
Elevation data were obtained from the 30 m Shuttle Radar Topography Mission (SRTM)
DEM downloaded from the USGS website [32]. The DEM was used as the elevation layer,
while the slope layer was derived from it using terrain-analysis tools in QGIS. Data on
soil type, soil depth, and soil texture were extracted from the 1:100,000 soil map of Thua
Thien Hue Province (2005) [33], whereas the 2023 land-use data were obtained from the
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official digital vector GIS database prepared by the Department of Natural Resources
and Environment [34]. This land-use map was developed based on cadastral maps and
represents land use at the individual parcel level. For spatial analysis, the vector layer was
subsequently rasterized to a spatial resolution of 30 m. All datasets were processed in QGIS
Version 3.44 Solothurn, projected to WGS 84/UTM Zone 48N (EPSG:32648), and aligned
with a common 30 m analysis grid.

2.3. Parametric Land Suitability Evaluation

The method was selected because it combines several land characteristics into a single
quantitative suitability index. The square-root transformation moderates the cumulative
reduction caused by direct multiplication while retaining the influence of the most limiting
factor. Comparative studies suggest that the square-root method produces less restrictive
and more differentiated suitability scores than the Storie method, particularly in heteroge-
neous environments [6,8]. The square-root parametric method is expressed as follows:

LSI = Syin

where LS is Land Suitability Index; S,,;,, is minimum score among all factors and S; is score
of the it" remaining land characteristic after excluding the factor with the minimum score;
and 7 is number of evaluated factors. Because all factor scores range from 0 to 100, the result-
ing LSI also ranges from 0 to 100 and cannot exceed the minimum individual factor score. A
higher LSI value indicates greater physical suitability of the land unit for the evaluated land-
use type. The resulting LSI values were classified into four physical land-suitability classes:
highly suitable (S1: 75 < LSI < 100), moderately suitable (52: 50 < LSI < 75), marginally
suitable (S3: 25 < LSI < 50), and not suitable (N: 0 < LSI < 25). The class boundaries at LSI
values of 75, 50, and 25 follow the conventional land-index classification used in paramet-
ric land evaluation and adopted in previous applications of the square-root method [6].
These LSI class boundaries were specified independently of the field-yield analysis; the
45 plantation observations were used to evaluate the relationship between continuous LSI
and fresh latex yield rather than to calibrate the class thresholds.

2.4. Selection and Scoring of Evaluation Factors

The selected biophysical factors were scored according to the ecological requirements
of rubber and evidence from previous land-evaluation studies [19,22,35]. Higher scores
indicate more favorable conditions, while lower scores indicate stronger limitations. The
ratings were based on previous studies and consultation with local agricultural experts
(Table 1). This factor-by-factor matching approach is commonly applied in GIS-based
agricultural land evaluation [36,37].

https:/ /doi.org/10.3390/ geographies6040107


https://doi.org/10.3390/geographies6040107

Geographies 2026, 6, 107

6 of 23

Table 1. Scoring functions and spatial distribution of the biophysical factors used to evaluate land
suitability for rubber plantation.

Factor Value Range Suitability Formula/Method Score Range Area Sources
Class (Ha)
Elevation 0<E; <100 S1 S =100 095  E. [100-75] 10,519.56 [22,38]
(m, a.s.l) 100 < E; < 200 S2 E ' ! (75-50] 2004.93 ”
0<SL; <10 S1 s 10095 x SI [100-75] 10,017.54
=100-2.5 x SL;
Slope 10<SL; <20 S2 st : (75-50] 1866.06 [19,22]
(Degrees) 20<SL; <25 s3 Sg. =150—5 x SL; (50-25] 333.36 '
SL;>25 N Ssp. =0 0 307.53
2000 < AR; < 2250 s1 Sag =75+0.1 x [75-100] 0
Annual rainfall (AR; —2000) [23,29]
mm =100 — o
(mmy 2250 < AR; < 2500 s1 S ) R'10_022%3) x (100-75] 12,524.49
1
<50 N 0 3634.20
(50-70] S3 25 1017.81
Soil depth (cm) (70-100] S2 50 1824.48 [19,30]
(100-130] S1 75 4396.59
>130 S1 100 1651.41
Loam S1 100 4412.79
Sandy 1 S1 75 6840.81
Soil texture ancy oam [22,30]
Clay 52 Delphi method 50 865.62
Sand N 0 405.27
Ferralsols S1 100 313.11
Acrisols S1 90 9015.66
. Fluvisols S2 60 1029.69
Soil type [19,22]
Anthrosols S2 60 820.89
Leptosols N 0 907.47
Arenosols N 0 437.67

Note: the E;, SL;, AR; represent elevation, slope, and annual rainfall at the location i while Sg, Sgz,
S AR represent their corresponding suitability scores.

In Table 1, the suitability scores for elevation and slope were inversely related to the
corresponding pixel values. For example, within the elevation range classified as highly
suitable (S1), a score of 100 was assigned to an elevation of 0 m, whereas a score of 75
was assigned to an elevation of 100 m. Similarly, within the slope range classified as
highly suitable (S1), a score of 100 was assigned to a slope of 0°, whereas a score of 75
was assigned to a slope of 10°. For annual rainfall, the adopted scoring function assigned
the maximum suitability score of 100 at 2250 mm year~!. Scores increased linearly from
75 to 100 between 2000 and 2250 mm and decreased linearly from 100 to 75 between
2250 and 2500 mm. Because the WorldClim mean annual rainfall values within the study
area ranged from 2303 to 2487 mm year !, only the 2250-2500 mm branch of the scoring
function was applied in the spatial analysis. In contrast, categorical variables, including
soil type, soil texture, and soil-depth classes derived from the soil map, were assigned
fixed suitability scores. The scores assigned to the categorical factors were reviewed by
four scientists from Hue University of Agriculture and Forestry with expertise in soil and
crop sciences and six experienced rubber farmers. Each farmer managed at least 1 ha of
rubber plantation area and had at least 10 years of farming experience. A three-round
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Delphi process was conducted. In the first round, participants independently reviewed the
preliminary scores derived from published studies. In the subsequent rounds, anonymized
summaries of the responses were provided, and participants were invited to reconsider their
ratings. A final score was accepted when at least 70% of the participants—seven of the ten
participants—agreed on the proposed score. Specifically, for soil type, the assigned scores
were 100 for Ferralsols, 90 for Acrisols, 60 for Fluvisols and Anthrosols, and 0 for Arenosols
and Leptosols. For soil depth, the assigned scores were >130 cm (100), 100-130 cm (75),
70-100 cm (50), 50-70 cm (25), and <50 cm (0). For soil texture, the assigned scores were
100 for loam, 75 for sandy loam, 50 for clay, and 0 for sand. Because soil type, soil depth,
and soil texture were derived from the same soil map, the potential association among
their suitability-score rasters was examined using pairwise Spearman’s rank correlation
coefficients (p). Spearman’s correlation was used because the analysis focused on the
ranked suitability scores assigned to these soil characteristics rather than on the original
soil categories. The absolute values of p were classified as follows: 0.00-0.10, negligible;
0.10-0.39, weak; 0.40-0.69, moderate; 0.70-0.89, strong; and 0.90-1.00, very strong [39]. To
assess the sensitivity of the LSI to the simultaneous inclusion of these soil-related factors, a
leave-one-factor-out analysis was also conducted by recalculating the square-root LSI after
separately excluding soil type, soil texture, and soil depth [40]. The same suitability scores
and LSI classification thresholds were retained in all alternative specifications.

2.5. Assessment of Spatial Correspondence Between Land Suitability and Current Land Use

To assess the spatial correspondence between land suitability and existing rubber
plantations in 2023, the suitability map was overlaid with the 30 m land-use raster derived
from the parcel-based vector database. This analysis distinguished physically suitable land
from areas already occupied by existing land uses and was used to calculate the suitability-
by-consistency index (SbC). In this study, the SbC index was defined as the proportion of
the total existing rubber plantation area located within the highly and moderately suitable
classes. Similar overlay-based approaches have been used to compare land-suitability
results with existing land-use patterns in Vietnam and other regions [14,41,42]. The SbC
index was calculated using Equation (2):

(Ag1 + Asp)
Total

SbC(%) = x 100 ()
where Agy and Ag) are the areas of existing rubber plantations located in the highly and mod-
erately suitable classes, respectively; A,y is the total area of existing rubber plantations.

Because no generally accepted classification thresholds have been established for the
SbC index, it was used only as a continuous descriptive measure rather than to classify
spatial or planning consistency as low, moderate, or high. Accordingly, the SbC value
was reported as the percentage of the existing rubber plantation area occurring within
the highly and moderately suitable classes. This ratio provides local authorities with a
descriptive overview of the current spatial correspondence between rubber plantations and
the two higher suitability classes.

2.6. Assessment of the Relationship Between LSI and Fresh Latex Yield

Field surveys were conducted from September to December 2025. Forty-five house-
holds with at least 10 years of experience in rubber production were randomly selected.
One rubber plantation was surveyed for each selected household, resulting in 45 plantation-
level observations. The survey locations provided broad spatial coverage of the areas
currently under rubber plantations in the study area. LSI values and suitability classes were
not considered during sample selection. All surveyed plantations were planted with the
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PB260 clone, a commonly cultivated rubber clone in Phong Dien, and contained trees aged
8-10 years. The households had two to three laborers. Fresh latex yield data were obtained
from farmers’ sales records. These records included the amount of fresh latex sold after
each tapping cycle. Annual fresh latex yield was calculated by dividing the total annual
latex production of each surveyed plantation by its surveyed area. Yield was expressed
as kg ha~! year~!. Tapping tree density was calculated by dividing the number of trees
being tapped by the surveyed plantation area. The yield measurement referred only to the
surveyed plantation and not to the household’s total rubber plantation area.

Production conditions of the surveyed plantations were summarized using the mean,
standard deviation, range, and coefficient of variation of tree age (TA), household labor
(HL), total rubber plantation area of each surveyed household (RA), tapping tree density
(TTD), and annual tapping frequency (ATF). The locations of the 45 survey points were
overlaid on the LSI map, and the Sample Raster Values tool in QGIS was used to extract the
LSI value corresponding to each survey point. This analysis was used to examine whether
the LSI had field-level relevance for observed rubber plantation performance [24]. The
relationship between LSI and fresh latex yield was analyzed using the following multiple
linear regression model:

Yield; = Bo+ B1 % LSI; 4+ Bo*x TA; + Ba* HL; 4+ Ba * RA; + 5 * TTD; + B * ATF; +¢; (3)

where Yield; is the fresh latex yield (kg/ha/year) at survey point i, By is intercept; 1 to
B¢ are the regression coefficients; ¢; is the random error term.

To assess the potential influence of the control-variable specification, a sensitivity
analysis was conducted using alternative control-variable specifications, in which TA and
TTD were excluded individually and jointly while the other explanatory variables were
retained. The overall significance and goodness of fit of the model were evaluated using the
F-test, the coefficient of determination (R?), and the adjusted coefficient of determination
(R?-Adj) [43]. The distribution of the residuals was examined using the Shapiro-Wilk
test [44], whereas heteroscedasticity was assessed using the Breusch-Pagan test [45]. Multi-
collinearity among the explanatory variables was evaluated using the variance inflation
factor (VIF) [46], with VIF values below 5 indicating no serious multicollinearity [47]. Influ-
ential observations were identified using Cook’s distance [48], with values approaching or
exceeding 1 considered potentially strongly influential [49]. Spatial autocorrelation of the
regression residuals was assessed using Moran’s I based on a row-standardized symmetric
four-nearest-neighbor spatial weights matrix constructed from the geographic coordinates
of the 45 sampled plantations. Statistical significance was evaluated using 9999 random
permutations [50]. All statistical tests were conducted at a significance level of p < 0.10,
corresponding to a 90% confidence level. Data processing and statistical analyses were
performed using R version 4.4.2 within the RStudio environment.

3. Results
3.1. Spatial Distribution of Physical Land Suitability for Rubber Plantation

The spatial distribution and characteristics of the six biophysical factors are presented
in Table 1 and Figure 2. The results show that elevation, slope, and rainfall conditions across
most of the study area were generally favorable for rubber plantation. Areas with soil
depths below 50 cm covered 3634.20 ha, accounting for 29.02% of the study area, whereas
areas with depths exceeding 130 cm covered 1651.41 ha, or 13.19%. Loam, which received
the maximum score of 100, covered 4412.79 ha or 35.23% of the study area, while sandy
loam, assigned a score of 75, covered 6840.81 ha or 54.62%. Regarding soil type, Acrisols
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were the dominant soil type, covering 9015.66 ha or 71.98% of the study area, and received
a suitability score of 90.
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Figure 2. Spatial distribution of elevation, slope, annual rainfall, soil depth, soil texture, and soil type
in the study area (The factors are presented from left to right, top to bottom).

The resulting Land Suitability Index ranged from 0 to 77.67. Areas with LSI values of
75 or higher covered 38.79 ha, accounting for 0.31% of the study area. Land with scores
ranging from 50 to below 75 occupied 3986.01 ha, equivalent to 31.83% of the total area,
while areas scoring from 25 to below 50 covered 3736.17 ha, representing 29.83%. The
remaining area received scores below 25. Overall, 4024.80 ha were classified as highly
or moderately suitable for rubber plantation. The spatial pattern of suitability suggests
that soil-related factors, particularly soil depth, were important biophysical constraints.
The maps depicting the suitability scores of individual factors for rubber plantation are
presented in Figure 3, while the Land Suitability Index and Land Suitability Classification
map for rubber plantation in the study area are shown in Figure 4. Spatially, the highly
suitable areas were very limited and fragmented, whereas moderately suitable areas were
more widely distributed across the study area. The distribution of marginally suitable
and not suitable areas appeared to be associated mainly with shallow soil depth and
less favorable soil texture. These results describe the biophysical suitability pattern of
the study area and provide the basis for the subsequent assessment of current land-use
correspondence and observed latex yield.

Pairwise Spearman’s rank correlations among the soil-related suitability-score rasters
were generally low. The correlation between soil depth and soil texture was 0.389, whereas
those between soil depth and soil type (p = —0.020) and between soil texture and soil type
(p = —0.025) were negligible. These results indicate that the three soil-related score rasters
did not show strong spatial similarity across the study area. The leave-one-factor-out
sensitivity analysis showed that the suitability classification was affected by the choice
of soil factors (Table 2). The combined S1 + S2 area increased from 4024.80 ha in the
original model to 5350.68 ha when soil type was excluded, 5152.77 ha when soil texture
was excluded, and 7810.38 ha when soil depth was excluded. The largest change occurred
when soil depth was omitted, indicating that soil depth had the strongest influence on the
resulting suitability classification.
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Figure 3. Suitability-score maps of the six biophysical factors evaluated for rubber plantation.
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Figure 4. Land Suitability Index and physical land-suitability classification for rubber plantation in

the study area.

Table 2. Sensitivity of the land-suitability classification to alternative soil-factor specifications.

Model MaxLSI  S1(ha) S2(ha) S3(ha) N (ha) S1 + S2 (ha)
Original 77.67 38.79 3986.01 3736.17 4763.52 4024.80
Excluding soil type 87.76 1046.25 4304.43 2464.11 4709.70 5350.68
Excluding soil texture 80.76 93.15 5059.62 2646.00 4725.72 5152.77
Excluding soil depth 81.08 499.23 7311.15 2924.10 1790.01 7810.38

3.2. Spatial Correspondence Between Existing Rubber Plantations and Land Suitability

The 2023 land-use map of Phong Dien Ward (Figure 5) shows that rubber plantations
covered 2016.63 ha within the study area. Rubber plantations were mainly concentrated

in the central part of the ward, where the terrain is relatively flat and favorable for latex

harvesting and transportation. Existing rubber plantations showed partial spatial corre-

spondence with the suitability classification, as they were distributed across the moderately
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suitable, marginally suitable, and not suitable classes, while none occurred in the very
small highly suitable area. A substantial proportion occurred in the moderately suitable
class. The absence of rubber plantations in the very small highly suitable area should be
considered together with its existing planted forest cover.

LAND USE MAP OF STUDY AREA IN 2023

16°30'0"N 16°35'0"N

16°25'0"N

Annual crops land

- Rubber land

16°20'0"N

Kilometers Paddy rice land
0 25 5 10
- Planted forest land
107°5'0"E 107°10'0"E 107°15'0"E 107°20'0"E 107°25'0"E

Figure 5. Land-use map of the study area in 2023.

Table 3 shows that physical suitability and current land use did not fully correspond.
Therefore, the suitability map should not be used directly as an expansion map for rubber
plantations. The highly suitable class covered only 38.79 ha, of which 38.16 ha, or 98.38%,
was occupied by planted forest. This area is concentrated in Khanh My residential quarter,
at approximately 107°21'15” E and 16°32'37" N, in the eastern part of Phong Dien Ward. It
is characterized by natural conditions that are generally favorable for the growth and de-
velopment of rubber trees. Specifically, the dominant soil type is Acrisols, with a suitability
score of 90; the soil texture is loam, with a score of 100; and the effective soil depth exceeds
130 cm, also receiving a score of 100. For the other evaluated factors, elevation ranges from
12 to 32 m above sea level, with 95.82% of the total area occurring below 30 m. Slopes
throughout the area are less than or equal to 2°, while annual rainfall ranges from 2410 to
2430 mm. The distributions of the biophysical factor values and suitability scores within
the highly suitable area are shown in Figure 6. These areas are located relatively close to
rural residential settlements and have long been used for production forest plantations.
Much of the plantation forest had already been established before the implementation of
the national reforestation program known as Program 327 and before rubber trees were
introduced on a pilot basis in Phong Dien Ward during 1993-1994.
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Table 3. Cross-tabulation of 2023 land use and physical land-suitability classes for rubber plantation.

Suitability Classification for Rubber Plantation

Current Land Use Types Total (ha)
High Moderate Marginal ~ Not Suitable
Unused land 0.36 80.19 67.05 156.60 304.20
Annual crops land - 170.91 281.34 190.35 642.60
Rubber plantation land - 993.51 764.73 258.39 2016.63
Paddy rice land 0.27 239.04 445.50 315.27 1000.08
Planted forest land 38.16 2502.36 2177.55 3842.91 8560.98
Total (ha) 38.79 3986.01 3736.17 4763.52 12,524.49

Note: “-” indicates zero area (0.00 ha).

93 94 95 96 97
22.74% 16.24% 34.34% 6.26% 16.24% 100%
28 m 24m 20m 16 m 12m
82 83 84
22.27% 29.70% 48.03% 100%
2430 mm/year 2420 mm/year 2410 mm/year
97 100
21.81% 74.01% 100%
1.2° 0°
100
100.00% 100%
>130 cm
100
100.00% 100%
Loam
90
100.00% 100%
Acrisols

Figure 6. Distribution of biophysical factor values and suitability scores within the highly suitable
(S1) area for rubber plantation.

No existing rubber plantations were located in the highly suitable class in 2023. Of
the 2016.63 ha of existing rubber plantations, 993.51 ha (49.27%) occurred in the mod-
erately suitable class, 764.73 ha (37.92%) in the marginally suitable class, and 258.39 ha
(12.81%) in the not suitable class. Because no rubber plantations occurred in S1, the SbC
value of 49.27% was entirely represented by the moderately suitable class, while the re-
maining 50.73% occurred in the marginally suitable and not suitable classes. Planted
forest occupied 2502.36 ha, or 62.78%, of the moderately suitable class. After excluding
planted forest, paddy rice land, and existing rubber plantations, only 251.46 ha of highly
or moderately suitable land remained in unused land and annual cropland categories for
further assessment.
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3.3. Relationship Between LSI and Fresh Latex Yield

The locations of the survey points are shown in Figure 7, and their LSI values, produc-
tion conditions, and fresh latex yields are summarized in Table 4. Tree age, tapping tree
density, and annual tapping frequency showed relatively low variation, whereas household
labor and total rubber plantation area per surveyed household showed greater variation.
LSI values ranged from 17.72 to 55.42, with a mean of 41.59 + 11.35 and a CV of 27.30%.
This range covered not suitable, marginally suitable, and moderately suitable conditions,
indicating that the sampled plantations were not restricted to a single suitability class.
Fresh latex yield averaged 1147.24 + 114.42 kg ha~! year~! and ranged from 930.90 to
1347.50 kg ha~! year !, with a CV of 9.97%.

LOCATIONS OF RUBBER PLANTATION SURVEY POINTS IN PHONG DIEN

N

z
> :
4
N
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z
] + . ‘
Legend
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© 107°5'0"E 107°10'0"E 107°15'0"E 107°20'0"'E 107°25'0"E

Figure 7. Locations of rubber plantation survey points in Phong Dien.

The scatter plot showed a positive relationship between LSI and fresh latex yield across
the 45 sampled rubber plantations (Figure 8). In the unadjusted linear regression, a one-unit
increase in LSI was associated with an increase of approximately 3.98 kg ha~! year~! in

fresh latex yield (R? = 0.156, p = 0.007).
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Table 4. Descriptive statistics of the sampled rubber plantations (n = 45).

Variables Units Mean SD Min Max CV (%)
Tree age (TA) Years 9.04 0.77 8.00 10.00 8.48
Household labor (HL) Persons 2.38 0.49 2.00 3.00 20.62
Total rubber plantation area of
the surveyed household (RA) Ha 2.04 0.33 1.50 2.80 16.31
Tapping tree density (TTD) Trees/ha 330.44 15.51 300 360 4.70
Annual tapping frequency (ATF)  Times/year 108.18 3.07 102 116 2.84
Land Suitability Index (LSI) No unit 41.59 11.35 17.72 55.42 27.30
Fresh latex yield (FLY) Kg/ha/year 1147.24 114.42 930.90 1347.50 9.97
oo Yield = 981.88 + 3.98 x LSI ®
R? =0.156; p = 0.007
1300 1
~
—
i
o]
o
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Land Suitability Index (LSI)

Figure 8. Relationship between Land Suitability Index (LSI) and fresh latex yield of the 45 sampled
rubber plantations. The solid line represents the fitted linear regression, and the dashed lines indicate
the 90% confidence interval.

The estimated coefficients of the multiple linear regression model are presented in
Table 5 and Equation (4). The overall regression model was statistically significant. The
model explained 76.5% of the variation in fresh latex yield. After adjustment for the number
of explanatory variables, the adjusted R?> was 0.728. The diagnostic results showed no
serious violation of the regression assumptions. The Shapiro-Wilk test did not reject the
assumption of normally distributed residuals (W = 0.991; p = 0.979 > 0.10). The Breusch—
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Pagan test showed no evidence of heteroscedasticity (BP = 9.651; p = 0.140 > 0.10). The
maximum VIF was 2.52, which was below the threshold of 5 and indicated no problematic
multicollinearity among the explanatory variables. The maximum Cook’s distance was
0.55, which was below the selected threshold of 1. Therefore, no observation was identified
as strongly influential under this criterion. Moran’s I test showed no significant positive
spatial autocorrelation in the regression residuals (I = 0.074, p = 0.146). Therefore, there was
no evidence that the residual-independence assumption was violated under the specified
spatial weights matrix.

Yield; = —1029.70 + 2.09 = LSI; + 37.19 * TA; — 18.34 x HL; — 0.38 x RA; 4+ 3.93 « TTD; + 4.61 x ATFE; (4)

Table 5. Multiple linear regression results.

Model Fit Measures
R Adjusted R? F df1l df2 p
0.875 0.765 0.728 20.664 6 38 <0.001
Regression Coefficients
Predictors Estimate SE t P 90% CIlower 90% CI upper VIF
Intercept —1029.70 375.80 —2.74 0.009 —1663.28 —396.11
LSI* 2.09 0.83 2.53 0.016 0.70 3.48 1.09
TA* 37.19 18.61 2.00 0.053 5.81 68.57 2.52
HL —18.34 24.20 —0.76 0.453 —59.15 22.46 1.74
RA —0.38 31.49 —0.01 0.990 —53.48 52.72 1.36
TTD * 0.90 4.35 <0.001 241 5.46 2.43
ATF 3.88 1.19 0.241 -1.92 11.15 1.75
* Significant at p < 0.10
Model Diagnostics
Diagnostic test df 4 Criterion Conclusion
Shapiro-Wilk W =0.991 0.979 p>0.10 No evidence of non-normal residuals
Breusch-Pagan BP =9.651 6 0.140 p>0.10 No evidence of heteroscedasticity
VIF Max = 2.52 VIF <5 No problematic multicollinearity
Cook’s distance Max = 0.55 D<1 No strongly influential observation
Moran’s I 0.146 p>0.10 No significant positive spatial autocorrelation

LSI, TA, and TTD were positively associated with fresh latex yield and were statistically
significant at the 10% level. In contrast, no statistically significant associations were found
for HL, RA, or ATF at this level. After controlling for the other production factors in the
model, a one-unit higher LSI was associated with an average increase of 2.09 kg /ha/year
in fresh latex yield. This result provides field-level evidence that LSI was associated with
plantation performance under the surveyed production conditions. The results of the
sensitivity analysis using alternative regression specifications are presented in Table 6.
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Table 6. Sensitivity analysis of the LSI coefficient under alternative control-variable specifications.

Model Additional Variables Included LSI Coefficient 90% CI p
M1 None 3.98 1.60-6.35 0.007
M2 HL, RA, ATF 3.28 1.18-5.38 0.012
M3 TA, HL, RA, ATF 2.39 0.72-4.06 0.021
M4 HL, RA, TTD, ATF 2.22 0.79-3.66 0.013
M5 TA, HL, RA, TTD, ATF 2.09 0.70-3.48 0.016

Note: TA = tree age; HL = household labor; RA = total rubber plantation area of the surveyed
household; TTD = tapping tree density; ATF = annual tapping frequency.

The LSI coefficient remained positive and statistically significant at the 10% level across
all model specifications. Although its magnitude decreased from 3.98 in the unadjusted
model to 2.09 in the fully adjusted model, the association remained statistically significant
when TA and TTD were excluded individually or jointly.

4. Discussion
4.1. Applicability of the GIS-Based Square-Root Parametric Method for Land Suitability Evaluation

The GIS-based square-root parametric method provided a transparent way to inte-
grate multiple biophysical factors into a spatially explicit land suitability index for rubber
plantation [6,36,37]. In this study, the LSI served two main purposes. It classified land
into suitability classes and helped identify the main biophysical constraints on rubber
plantation suitability. Therefore, the LSI should be used as a planning-support tool rather
than as a direct recommendation for land conversion or rubber plantation expansion. It
is particularly useful for identifying areas where further field investigation and planning
feasibility assessment should be prioritized.

Several limitations should be considered when using the LSI. First, the suitability
scores and thresholds were partly based on published studies and expert—farmer judg-
ment; therefore, some subjectivity remains despite the Delphi process [35,51]. Second, the
reliability of the suitability map depends strongly on the quality, scale, spatial resolution,
and temporal currency of the input datasets, especially soil information. This has been
emphasized by Ziadat [52], who noted that the quality of land suitability evaluation and the
reliability of land-use decisions depend largely on the quality of soil information. Similarly,
Dornik et al. [53] showed that different mapping units can produce different levels of
accuracy in land suitability evaluation. Finally, the parametric method is most appropriate
for evaluating biophysical factors that can be expressed through measurable values and
crop-specific thresholds [35,54]. It is less suitable for comprehensive land evaluation when
socio-economic factors such as market access, labor availability, land tenure, production
costs, and farmers’ decisions must also be considered [5].

Although the three soil variables were derived from the same map, the low pairwise
correlations among their suitability scores indicate that they did not show strong pairwise
monotonic associations and therefore do not appear to provide completely redundant
spatial information. The sensitivity analysis nevertheless showed that the classification was
influenced by individual soil factors, particularly soil depth, consistent with the limiting-
factor behavior of the square-root method [6,8] and the importance of effective soil depth
for rubber growth [19,30]. Because all three variables share the same 1:100,000 soil source,
mapping uncertainty may affect several LSI components simultaneously. Therefore, the
exact extent of the suitability classes should be treated with caution [40,52,53].

A key characteristic of the square-root parametric method is its strong dependence
on the lowest-rated factor [6,8]. This is useful because it prevents land units with one
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serious natural limitation from being classified as highly suitable merely because other
factors are favorable. In hilly and high-rainfall areas such as Central Vietnam, this con-
servative characteristic is relevant because constraints such as shallow soil depth, steep
slopes, or less favorable soil conditions may reduce the long-term suitability of perennial
crop systems [3,12]. However, it may also produce conservative classifications when the
lowest score is derived from coarse input data or does not fully reflect field-scale manage-
ment conditions. Other approaches, such as Fuzzy AHP, can represent gradual suitability
transitions and incorporate the relative importance of evaluation criteria through fuzzy
membership functions and weighting procedures [55,56]. Because the square-root and
Fuzzy AHP approaches were not applied to the same dataset in this study, their relative
performance cannot be quantitatively assessed. Therefore, future studies should compare
the square-root method with alternative approaches such as fuzzy logic or multi-criteria
decision analysis and validate the suitability classes using field observations, crop growth,
or yield data [5,35,40].

4.2. Spatial Correspondence and Planning Implications for Rubber Plantation Expansion

The comparison between current land use and the land suitability classification shows
that physical suitability should not be considered equivalent to land available for rubber
plantation expansion. Although most existing rubber plantations occurred within the
moderately or marginally suitable classes, those located in the not suitable class indicate
important biophysical limitations. This pattern suggests that rubber plantation distribution
is not determined solely by biophysical suitability. Previous studies have emphasized
that current land use and farmers’” knowledge should be considered in land suitability
evaluation because land-use decisions may reflect local management practices, land avail-
ability, and farmers’ responses to natural constraints [14]. This is particularly relevant for
rubber, whose expansion in Southeast Asia and Vietnam has also been driven by economic
incentives, policy mechanisms, market demand, and livelihood strategies [11,12,15,16].
Consequently, rubber may be planted in areas with suboptimal physical conditions because
of existing land access, previous land-use decisions, or limited livelihood alternatives.

Another important finding is that much of the land classified as highly or moder-
ately suitable is currently occupied by planted forest. This pattern may reflect historical
land designation and the role of plantation forests in rural livelihood strategies in upland
Vietnam [57]. Under Vietnam’s current legal framework, the conversion of forest land
to perennial crop land, including rubber plantations, is strictly regulated and subject to
approval through prescribed legal and administrative procedures [58,59]. More specif-
ically, forest land conversion must be consistent with approved forestry and land-use
plans, authorized by the competent state agencies, and accompanied by replacement forest
planting or the fulfilment of equivalent financial obligations. These requirements make
land conversion based only on suitability results difficult and, in many cases, impracti-
cal. Moreover, although the natural conditions in these areas may be suitable for rubber
plantation, their practical suitability may still be constrained by production-related factors,
including road accessibility, market access, input availability, labor supply, and local land-
use arrangements [5,14]. Therefore, suitability results should be considered together with
forest protection requirements, land-use planning, and relevant socio-economic conditions.

Although 4024.80 ha were classified as highly or moderately suitable, this physical po-
tential was greatly reduced after current land use was considered. After excluding planted
forest, paddy rice land, and existing rubber plantations, only 251.46 ha remained in unused
land and annual cropland categories for further assessment. Existing rubber plantations
located in marginally suitable and not suitable areas should also be reviewed carefully,
because unfavorable land conditions may constrain productivity, increase management
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requirements, and increase the risk of runoff, soil erosion, and soil degradation, particularly
in steep areas with high rainfall and insufficient ground cover [60,61].

These findings may also be relevant to other hilly rubber-growing regions in Southeast
Asia, where rubber expansion often occurs within mixed land-use landscapes, including
forest land, smallholder rubber plantations, paddy rice land, annual cropland, and unused
land [11,12]. Therefore, planning based solely on biophysical suitability may lead to overly
optimistic estimates of the potential for rubber plantation expansion. The assessment
framework used in this study can help distinguish areas suitable for expansion from those
that require protection, reassessment, or improved management.

4.3. Production Conditions, Land Suitability, and Fresh Latex Yield in Phong Dien

Fresh latex yield in Phong Dien was generally comparable to that reported in Hue
City. However, yield may differ among plantations and regions because of differences in
tree age, clone, ecological conditions, pests and diseases, and management practices [62,63].
In this study, tree age and tapping tree density were positively associated with yield, which
is consistent with the role of stand maturity and the number of tapped trees in determining
latex production per unit area [64,65]. The lack of statistical significance of household labor,
rubber plantation area, and annual tapping frequency at the 90% confidence level does not
mean that these variables are unimportant. In practice, household labor and plantation
area mainly reflect the scale of household resources, but they do not directly represent
technical skills, labor quality, expenditure on hired labor, or investment per hectare, all
of which may substantially affect rubber yield and latex quality [66]. In addition, annual
tapping frequency showed only limited variation among the surveyed plantations, which
may explain why it did not show a significant independent association with yield.

A limitation of the regression analysis is that TA and TTD were treated as control
variables, although these variables may themselves be influenced by LSI. To examine this
issue, the full model was compared with alternative model specifications in which TA and
TTD were excluded individually and jointly. The consistency of the LSI association across
these specifications suggests that the main result was not driven solely by the inclusion of
TA and TTD as control variables. However, the present study cannot determine whether
TA and TTD are themselves influenced by LSI.

The yield analysis provides an additional field-level check on the practical meaning of
the LSI. The positive relationship between LSI and latex yield suggests that the index reflects
differences in natural conditions among rubber plantations and has practical relevance for
plantation planning under the surveyed conditions. This finding is consistent with previous
studies showing that natural factors are important determinants of land suitability for
rubber plantation [19,67]. However, in this study, the LSI was derived mainly from relatively
stable biophysical characteristics, including elevation, slope, rainfall, soil depth, soil texture,
and soil type. These factors cannot be easily changed through farm management. Therefore,
management improvements may increase yield without necessarily changing the assigned
suitability class. This is consistent with the FAO land-evaluation framework, which states
that land can be upgraded from its current suitability level to a higher potential level
only when the main limitations can be corrected through technically feasible measures
at a reasonable cost [68]. For new planting or replanting, S1 and S2 areas may therefore
be prioritized for further assessment, because severe biophysical limitations are absent
or less pronounced in these areas. In contrast, marginally suitable and not suitable areas
are often constrained by relatively fixed factors, such as steep slopes, shallow soil depth,
unfavorable soil types, or unsuitable soil texture. In these areas, further investment should
be considered only after field verification and assessment of technical, economic, and
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environmental feasibility. Soil fertility management may improve productivity in existing
plantations [69], but it cannot fully compensate for severe site limitations.

5. Conclusions and Limitations

This study shows that planning-relevant land evaluation for rubber plantations re-
quires the integration of biophysical suitability with current land use, practical land avail-
ability, and field evidence of plantation productivity. The main contribution of this study is
to show how GIS-based suitability information can be translated into practical guidance
for rubber plantation planning.

Although 4024.80 ha were classified as highly or moderately suitable, most of this
area was occupied by planted forest, paddy rice land, or existing rubber plantations. After
excluding these land-use categories, only 251.46 ha remained within unused land and
annual cropland for further assessment, comprising 80.55 ha of unused land and 170.91 ha
of annual cropland. The SbC value of 49.27% should not be interpreted as indicating a
defined level of planning consistency. These findings indicate that a land suitability map
should not be used directly as a map for plantation expansion. Therefore, future rubber
development should focus only on suitable areas outside forest and paddy rice land that
meet legal requirements and are socio-economically feasible. In addition, the 1023.12 ha of
existing rubber plantations located in marginally suitable and not suitable areas should be
prioritized for field reassessment before replanting or further investment.

The positive association between LSI and fresh latex yield further supports the practical
relevance of the index, indicating that it reflects differences in plantation productivity
under the surveyed production conditions. However, the LSI should not be used as the
sole basis for rubber plantation planning because yield is also influenced by tree age,
tapping tree density, management practices, labor quality, investment level, and other
farm-level conditions.

Several limitations of this study should be considered. First, the suitability assessment
focused mainly on biophysical conditions and did not fully integrate factors such as market
access, road accessibility, land tenure, production costs, household decisions, and other
socio-economic factors. Second, the spatial results depend on the quality and spatial
resolution of the input datasets, particularly the 1:100,000 soil map and the 30-arc-second
rainfall data resampled to the 30 m analysis grid. The 2023 land-use data originated from
parcel-level cadastral vector data but were rasterized to 30 m for spatial integration, which
may introduce some generalization along parcel boundaries. Third, although the Delphi
process improved the transparency of the scoring procedure, factor scores still depended
partly on published thresholds and participant judgment. Fourth, the yield analysis was
conducted on only 45 PB260 rubber plantations with trees aged 8-10 years, which may
not fully represent all sources of yield variation. In addition, the sampled LSI values
ranged from 17.72 to 55.42 and did not include the highly suitable class (S1). Therefore, the
observed LSI-yield relationship was evaluated within this range, while its applicability to
S1 conditions remains to be verified with additional field observations.

Future research and planning in the study area should focus on three aspects. First, the
251.46 ha of unused land and annual cropland classified as highly or moderately suitable
should be verified through field surveys, including direct measurements of soil depth and
soil properties, together with assessments of land tenure, road accessibility, production
costs, and other socio-economic constraints. Second, rubber plantations currently located
in marginally suitable and unsuitable areas should be monitored using repeated yield
observations to determine how the identified biophysical limitations influence plantation
performance over time. Third, the robustness of the LSI should be examined using higher-
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quality spatial datasets and alternative land-evaluation methods, such as Fuzzy AHP,
applied to the same study area and validated against field-measured yield data.
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