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Abstract: Black soils refer to soils with black, thick upper layers containing 0.6% or more
soil organic carbon in the tropical region. This high organic carbon content makes these
soils essential for climate change control and food production. In Indonesia, black soils
are found under forests, shrublands, and grasslands in tropical monsoon and savannah
climates. Land clearing for agricultural uses will change black soil properties; however,
knowledge of change (level, direction, and sensitivity) is limited. Meanwhile, soil surveying
records land-use types and collects soil samples, resulting in voluminous legacy soil data.
This study aimed to compare the mean difference in soil properties between two land-
cover/use types. We used 142 black soil datasets containing legacy data on particle size
distribution (sand, silt, clay), pH, soil organic carbon (SOC), total nitrogen (TN), available
P2O5 (AP), and exchangeable cations (Ca, Mg, K, Na). We calculated the Hedges’s g-index
for effect size assessment and performed a Welch’s t-test for significant differences. The
results show that, compared to the forest, the agricultural dryland and monoculture home
gardens have a large effect size and trigger changes in many soil properties. In contrast,
mixed home gardens and paddy fields have a small effect size. In decreasing order, the
black soil properties sensitive to change are TN > SOC = exchangeable K > exchangeable
Mg = available phosphorus = pH = exchangeable Na > sand = silt = clay > exchangeable Ca.
The results suggest that a combination of home gardens and paddy fields better supports
food security and mitigates climate change in black soils. In addition, the legacy soil data
can be used to monitor soil property changes.

Keywords: black soil; climate change; effect size; land use; soil properties

1. Introduction
Black soils refer to mineral soils having thick, black upper layers (>25 cm) containing

0.6% or more soil organic carbon in tropical regions [1]. These soils store high organic
carbon, being essential for climate change control and food production. Due to inherently
fertile and productive soils, the black soil area has become a food basket for many coun-
tries [2], such as China, Russia, and Ukraine, and the soils are intensively and extensively
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farmed [3–5]. However, these soils are subject to degradation: soil erosion, nutrient deple-
tion, pollution, compaction, salinization, and acidification [6,7]. Promoting conservation
and sustainable use of these soils are among the strategies to maintain black soil produc-
tivity for food security and to reduce soil organic carbon (SOC) loss to the atmosphere for
climate change mitigation [7].

Globally, black soils occupy 725 Mha of land, constituting 5.6% of global soils but
containing 8.2% of the world’s SOC stocks and accounting for 10% of the world’s SOC
sequestration potential [6]. In Indonesia, black soil covers about 6.3 Mha, mainly Cen-
tral Sulawesi, East Nusa Tenggara, South Sulawesi, Southeastern Sulawesi, and Maluku
Provinces [8]. Based on the US Soil Taxonomy [9], black soils are generally categorized
within the Mollisols [10]. Indonesian black soils are also Mollisols, including a subgroup
of Hapludolls, Haplustolls, Endoaquolls, Argiudolls, Argiustolls, Rendolls, Calciustolls,
Haprendolls, and Epiaquolls [8].

In Indonesia, black soils are found under forests, shrubs, and grasslands; however,
in some areas, this land cover has been cleared for agricultural dryland, paddy fields,
and home gardens [11]. Previous studies indicate that changing land cover and intensive
use causes changes in black soil properties, soil quality, and chemical and biological
soil processes [12]. The forests’ conversion into agricultural land decreases black soil’s
structural stability. It reduces the levels of organic carbon, nitrogen, and phosphorus,
thereby increasing the risk of soil erosion in Northeast China [13]. Intensive farming is
prone to soil erosion, dehumification (losing stable aggregates and organic matter), and
anthropogenic soil acidification [14]. In Uttarakhand, India, the monoculture farming of
black soils has a destructive impact on soil health, production potency, water pollution,
land degradation, and biodiversity loss, among others [15].

Understanding soil property change requires a large dataset from multiyear and
multi-location field research. However, such data are rare in developing countries such as
Indonesia. Meanwhile, legacy data from soil surveys have become global attention, where
several agencies and researchers develop and maintain legacy soil datasets [16,17]. These
legacy soil data then are based input for advanced soil studies [18–21]. These legacy data
also have the potential to asses soil property change due to land-cover/use change in black
soils to address research questions, such as (i) what soil property is sensitive to land use
and management changes?; (ii) what is the change direction for a given soil property?;
(iii) what type of land use causes less change in soil properties?; and (iv) what management
option maintains or enhances soil properties? The preferred land use types should cause
less change in soil properties for black soil conservation.

This study aimed to compare the mean difference in soil properties between two land-
cover/use types using legacy soil survey data. The specific objectives of this study were to
identify (i) whether the magnitude of the mean difference in soil property between two
land-cover/use types is large, medium or small, (ii) whether the observed mean difference
in soil property of two land-cover/use types is statistically significant, and (iii) whether a
large mean difference in soil property is also statistically significant. The findings of this
study provide valuable knowledge for selecting the best land-use type and its management
strategies. Moreover, this study demonstrates other practices using legacy soil survey data
to monitor soil property change through effect size analysis and Welch’s t-test.

2. Materials and Methods
2.1. Dataset

This study used a black soil dataset developed by Sulaeman et al. [11] from 291 lo-
cations, sampled from 1994 to 2017 (Figure 1). They collated soil profiles of Mollisols
from articles, technical reports, theses, existing datasets, and their soil survey data. The
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dataset contains the following: id, initials of soil observation, latitude, longitude, altitude,
slope, land-use type, parent material, soil name according to the Soil Taxonomy subgroup,
administrative name (village, district, regency, province), soil horizon designation, upper
boundary, lower boundary, Munsell color (hue, value, chroma), particle size distribution
(sand, silt, clay), pH, soil organic carbon (SOC), total nitrogen (TN), C/N ratio, total P2O5,
total K2O, Olsen P2O5, exchangeable cations, the sum of bases, cation exchange capacity
(CEC), base saturation (BS), bulk density (BD), total pore space, rapid drainage pores, slow
drainage pores, water retention, and available water. The dataset secures 345 soil profiles,
but only 142 profiles have physicochemical data.
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Figure 1. Distribution of 291 black soil profiles (red dots) from 1994 to 2017. As many as 54 profiles in
the dataset have no coordinate location. From 345 soil profiles, only 142 profiles were sampled for
soil laboratory analysis. Source: Sulaeman et al. [11], with modifications.

This study used 142 black soil datasets and selected only 10 soil properties, grouped
as stable and regulated. Stable soil properties are particle size distribution (namely, the
sand fraction (sand), silt fraction (silt), and clay fraction (clay)) and the soil organic carbon
content (SOC). The particle size distribution takes over 100 years to change [22]; hence, it
is considered stable. The SOC is regarded as a stable soil property because it is one of the
black soil criteria, where a minimum SOC of 0.6% was used to consider the tropical soils as
black soils [1]. Stable soil properties control regulated soil properties, namely total nitrogen
(TN), soil pH (PH), available P2O5 (AP), exchangeable Ca (XCa), exchangeable Mg (XMg),
exchangeable K (XK), and exchangeable Na (XNa).

The particle size distribution was determined using the pipet method; meanwhile,
soil organic carbon was measured using the Walkley and Black method, and total nitrogen
was determined using the Kjeldahl method. The soil pH was extracted by water (soil:
water = 1:5) and measured using a pH meter. The available P was determined using the
Olsen method with NaHCO3 0.5M pH 8.5 and then measured by the UV–VIS spectropho-
tometer. The exchangeable cations (Ca, Mg, K, Na) were extracted using NH4OAC 1M
pH 7 and then measured by Atomic Absorption Spectroscopy. More details on laboratory
methods are provided in Balittanah [23]. Table 1 shows the code for soil properties, units,
and laboratory methods used to determine each soil property.

The soil samples were from black soils, which originated mainly from alluvial, lime-
stone, andesite, and tuff [11] and developed under tropical monsoon and savannah climates.
Naturally, these black soils are covered by tropical grassland (GS), shrubland (SB), and
forests (HT). Soil survey data indicate that these soils are used by smallholder farmers to
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grow food crops (e.g., rice, maize, cassava) in agricultural dryland (TG) and paddy fields
(SW) [11]. Other smallholder farmers use this soil for monocropping permanent tree crops
in monocropping home gardens (KB) or for mixed cropping, combining permanent tree
crops, food crops, medicinal crops, and vegetables in mixed-cropping home gardens (KC).
This type of home garden is a form of agroforestry (multistorey, shade), in contrast to
cropland in the agricultural dry fields and paddy fields. In addition, there are plantations
(teak, coconut, etc.) in black soils managed by enterprises intensively. In this study, we
selected only land-cover and land-use types with more than five sample numbers: HT,
SB, KB, KC, TG, and SW. The grassland and plantation were excluded from this study:
grassland has fewer than 5 sample numbers, and there is no data available for plantations.

Table 1. Code and soil property used in this study.

Code Soil Property Unit Laboratory Methods *

Stable soil properties
Sand Sand fraction content % Pipet
Silt Silt fraction content % Pipet

Clay Clay fraction content % Pipet
SOC Soil organic carbon content % Walkley and Black

Regulated soil properties
PH Soil pH pH meter, soil: water = 1:5
TN Total nitrogen % Kjeldahl
AP Available P2O5 ppm Olsen
XCa Exchangeable Ca cmol(+)/kg NH4OAc 1M, pH 7
XMg Exchangeable Mg cmol(+)/kg NH4OAc 1M, pH 7
XK Exchangeable K cmol(+)/kg NH4OAc 1M, pH 7

XNa Exchangeable Na cmol(+)/kg NH4OAc 1M, pH 7
(*) The detailed procedure can be found in Balittanah [23].

2.2. Statistical Analysis

For two independent land-use types, we determined the mean difference in a given
soil property using Cohen’s d index to evaluate the effect size and the t-test to assess the
significance of the difference. Cohen’s d index [24] works when both land-use types have
the same number of samples. If the number of samples differs, the Hedges’s g-index is
used. Cohen’s d index is calculated using the formula [24]

Cohen′s d =

(
X1 − X2

)√
(n1−1)S12+(n2−1)S22

n1+n2−2

(1)

Meanwhile, the Hedges’s g-index is calculated using the following formula [25]:

Hedges′s g = Cohen′s d ×
(

1 − 3
4(n1 + n2)− 9

)
(2)

where X1 = mean of the soil property under land-use type 1, X2 = mean of the soil property
under land-use type 2, S1 = standard deviation of the soil property under land-use type 1,
S2= standard deviation of the soil property under land-use type 2, n1 = number of samples
for the soil property under land-use type 1, n1 = number of samples for the soil property
under land-use type 2.

In this study, for a given soil property, the sample number was not the same between
two land-use types; hence, we used Hedges’s g-index. For the interpretation, the effect size
of the mean difference is small if 0.2 ≥ |g| < 0.5, medium if 0.5 ≥ |g| < 0.8, and large if
|g| ≥ 0.8 [24,26].
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Since Hedges’s g-index compared two land-use types, we used Welch’s t-test, rather
than the F-test (analysis of variance), to determine if the mean difference in soil property was
statistically significant. Welch’s t-test was selected in this study rather than the Student’s
t-test because the sample number was small, less than 40, and unequal between land-use
type and unequal variance [27].

In Welch’s t-test, the null hypothesis (Ho) was that the two means of soil properties
are equal between two land-use types, and the alternative hypothesis (H1) was that the
true difference in means between groups is not equal to 0. This study used an alpha level
of 0.05 for a significant difference. Welch’s t-statistic was calculated using the following
formula [28]:

t =
(
X1 − X2

)√
( S12

n1 + S22

n2 )
(3)

where X1 = mean of the soil property under land-use type 1, X2 = mean of soil property
under land-use type 2, S1 = standard deviation of the soil property under land-use type 1,
S2 = standard deviation of the soil property under land-use type 2, n1 = number of samples
of the soil property under land-use type 1, n1 = number of samples of the soil property
under land-use type 2. Statistical analysis was assisted by R [29], and the package of esc
version 0.5.1 [30] was used for effect size computation.

3. Results
3.1. Soil Property Variation Across Land-Use Types

Figure 2 presents a boxplot of stable black soil properties grouped by land-cover types
(HT, SB) and agriculture land-use types (KB, KC, TG, SW). The number of samples, mean,
standard deviation (SD), and coefficient variation (CV) of soil properties across land-use
types are presented in Appendix A. The sand content (sand) of black soils varies with
land-use types, with the median ranging from 27% to 39%. Black soils under SB exhibit the
highest sand content (median = 48.5%) and high variation (CV = 55%), followed by black
soils under KC (median = 39%), but with high variation (CV = 49%). The sand content
(sand) controls porosity, with higher sand content leading to greater porosity compared to
lower sand content.
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The silt content (silt) of black soils also varies with land-use types, with the median
ranging from 22% to 36%. Black soils under HT, TG, and SW show a similar silt content
(medians of 36%, 35.5%, and 35%, respectively). The lowest silt content is found in black
soils under KC, about 21%. Meanwhile, the black soils under SB show the highest silt
variation (CV = 58%) among all land-cover and land-use types.

The clay content (clay) of black soils also varies, with the median ranging from
25.5% to 36%. Black soils under KB (CV = 63%) and SB (CV = 57%) show a higher clay
content variation compared to other land-use types. Black soils under HT have the highest
clay content (median = 36%), while black soils under SB show the lowest clay content
(median = 25.5%). These findings indicate that each land-use type has a distinct variation
in soil texture class that influences other soil properties.

The soil organic carbon content (SOC) is the primary indicator of black soil; however,
the SOC varies among land-cover/use types, with a median ranging from 1.1% to 3.3%.
Black soils under TG show a higher SOC (median = 3.3%), followed by black soils under
KB (median = 2.4%) and under HT (median = 2.1%). The black soils under SW, SB, and KC
show a lower SOC, namely a median of 1.2%, 1,1%, and 1.3%, respectively. Although high
in SOC, the soil under TG also shows a higher variation (CV = 36%). The SOC and clay
probably control variations in other soil properties (namely pH, TN, AP, and exchangeable
cations) by controlling moisture content, porosity, and microbial activities.

Figure 3 shows a boxplot of regulated soil properties of black soils: pH, TN, AP, and
exchangeable cations (Ca, Mg, K, Na) grouped by land-cover/land-use types. Appendix A
presents the number of samples, mean, standard deviation (SD), and coefficient variation
(CV) of soil properties across land-use types. The black soils under SW show a higher pH
(median = 6.9), whereas black soils under TG have the lowest pH (median = 6.3) and the
highest variation (CV = 27%). This pH level is expected as the black soils are derived from
calcareous parent material and intermediate-to-basic volcanic material. The observed pH
variation is due to management, with soil under TG showing greater variation than that
under natural cover (HT, SB) or permanent tree crops (KB and KC).

The black soils under TG show the highest TN (median = 0.32%), followed by HT
(median = 0.18%) and KB (median = 0.18%). Meanwhile, black soils under KC, SB, and SW
show a lower TN, with a median of 0.09%, 0.09%, and 0.10%, respectively. Meanwhile, all
land-cover/use types for AP show a lower median than natural cover (HT, SB). Black soils
under HT have the highest median (37 ppm P2O5) among all land-use types.

For XCa, black soils under HT have the highest median (19.1 cmol(+)/kg), whereas
black soils under TG have the lowest median (9.34 cmol(+)/kg). Meanwhile, the median
value of XMg ranges from 3.6 cmol(+)/kg to 5.9 cmol(+)/kg, indicating low variation among
land-cover/land-use types. For XK, the lower variation is observed in black soils under
agricultural uses, compared to natural land cover (HT, SB), except SW, which is almost the
same as HT. For XNa, black soils under HT and SW have a higher median compared to
other land-use types, with a median of 1.54 cmol(+)/kg and 2.2 cmol(+)/kg, respectively.

3.2. Effect Size and Statistical Significance of Mean Differences

Table 2 shows Hedges’s g-index of the mean difference between two land-use types
for stable soil properties. The absolute index ranges from 0.00 to 1.63; the lowest is for
the sand fraction in KB versus TG, while the highest is for the SOC in TG versus SW. The
negative index means that the first land-use type has a lower level of the soil property than
the second one, whereas the positive index means that the first has a higher level of the soil
property than the second one. The mean difference between the two land-use types, when
significant, is indicated by an asterisk, tested at the alpha level of 0.05.
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For sand, large (|g > 0.8|) and significant mean differences are found when comparing
SB or KB to HT, but large and no significant differences are observed when comparing TG
to HT (Table 2). Large and significant mean differences are found in the silt fraction when
comparing KC to HT or SW to KC. Meanwhile, a large mean difference is not observed in
the clay fraction. Large mean differences in SOC are observed when comparing TG to HT,
SB, or KC; SW to KB or TG; and KC to KB. However, this difference is not significant when
comparing TG to HT. The large index (|g > 0.8|) does not necessarily mean the difference
is statistically significant. Thus, the sensitivity of both indicators is different for a given
stable soil property and land-use pair.

Table 3 shows Hedges’s g-index of the mean difference between land-cover and land-
use types for regulated soil properties. For the PH, the absolute g-index ranges from 0.17 to
1.23. Large and significant mean differences are observed in the HT vs. KB and KB vs. SW
comparisons, while large differences but insignificant ones are in the HT vs. TG and TG vs.
SW comparison. Meanwhile, for TN, the absolute g-index ranges from 0.00 to 2. 62. The large
and significant differences in TN are observed in 10 comparisons, namely HT vs. KC, HT vs.
TG, HT vs. SW, SB vs. KB, SB vs. TG, KB vs. KC, KB vs. TG, KB vs. SW, KC vs TG, and TG
vs. SW. For AP, the absolute g-index ranges from 0.02 to 0.98, while the large (|g > 0.8|) and
significant mean differences are found when comparing KB to HT or KB to SB.



Land 2025, 14, 599 8 of 15

Table 2. Hedges’s g-index for the mean difference in stable soil properties by land-use type.

1st Land Use 2nd Land Use Sand Silt Clay SOC

A. Natural land cover versus natural land cover

HT SB −0.99 * 0.51 0.78 * 0.51

B. Natural land cover versus farming use

HT KB −0.96 * 0.40 0.62 −0.45

HT KC −0.66 * 0.89 * 0.15 0.79 *

HT TG −1.00 0.32 0.77 * −1.31

HT SW −0.27 −0.15 0.37 0.64 *

SB KB 0.18 −0.16 −0.10 −0.79 *

SB KC 0.32 0.16 −0.59 * 0.11

SB TG 0.17 −0.21 −0.07 −1.31 *

SB SW 0.71 * −0.56 −0.54 0.00

C. Farming use versus farming use

KB KC 0.15 0.44 −0.45 1.23 *

KB TG 0.00 −0.07 0.04 −0.73

KB SW 0.68 −0.55 −0.37 1.04 *

KC TG −0.14 −0.53 0.55 −2.03 *

KC SW 0.43 −1.06 * 0.18 −0.14

TG SW 0.71 −0.48 −0.68 1.63 *
Notes: HT = forest, KB = monoculture home garden, KC = mixed home garden, SB = shrubland, SW = paddy field,
TG = agriculture dryland. Large difference if |g| > 0.8, medium difference if 0.5 > |g| < 0.8, small difference if
0.2 > |g| < 0.5, and very small difference if |g| < 0.2. The positive sign means that the mean value of the soil
property in the reference land-use type (first land-use type) is higher than in the second land-use type. (*) The
mean difference is statistically significant at the alpha level of 0.05.

Table 3. Hedges’s g-index for the mean difference in regulated soil properties by land-use type.

1st Land Use 2nd Land Use PH TN AP XCa XMg XK XNa

A. Natural land cover versus natural land cover

HT SB 0.35 0.78 * 0.02 0.14 0.69 * −0.11 0.42

B. Natural land cover versus farming use

HT KB 1.18 * 0.09 0.98 * 0.40 0.98 * 1.26 * 1.75 *

HT KC 0.59 * 1.04 * 0.55 * 0.53 * 0.00 0.56 * 0.42

HT TG 0.92 −0.86 * −0.35 0.36 0.97 * 0.78 * 1.23 *

HT SW −0.18 0.80 * 0.06 0.79 * 0.39 0.13 0.00

SB KB 0.64 * −0.86 * 0.80 * 0.22 0.11 1.19 * 1.63 *

SB KC 0.17 0.16 0.47 0.33 −0.45 0.64 0.11

SB TG 0.50 −1.79 * −0.26 0.17 0.15 0.73 0.92 *

SB SW −0.45 0.00 0.04 0.56 −0.24 0.23 −0.44

C. Farming use versus farming use

KB KC −0.59 * 1.31 * −0.44 0.04 −0.56 * −0.89 * −0.64 *

KB TG 0.18 −1.06 * −0.78 −0.03 0.11 −0.66 −0.99

KB SW −1.23 * 0.92 * −0.55 0.25 −0.41 −1.51 * −2.14 *

KC TG 0.58 −2.61 * −0.73 −0.08 0.56 * 0.34 0.38

KC SW −0.74 * −0.17 −0.34 0.27 0.26 −0.49 −0.39

TG SW −0.82 1.89 * 0.26 0.28 −0.42 −0.85 * −1.39 *

Notes: HT = forest, KB = monoculture garden, KC = mixed garden, SB = shrubland, SW = paddy field,
TG = agriculture dryland. Large difference if |g| ≥ 0.8, medium difference if 0.5 ≥ |g| < 0.8, and small
difference if 0.2 ≥ |g| < 0.5. The positive sign indicates that the mean value of the soil property in the reference
land-use type (first land-use type) is higher than that of the second one. (*) the mean difference is statistically
significant at the alpha level of 0.05.
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For XCa, the absolute g-index ranges from 0.03 to 0.79, while medium and significant
mean differences are found in the HT-to-KC or HT-to-SW comparison. For XMg, the
absolute g-index ranges from 0.00 to 0.98, while the large (|g > 0.8|) and significant mean
differences are found when comparing KB to HT or TG to HT. For XK, the absolute g- index
ranges from 0.11 to 1.51, while the large (|g > 0.8|) and significant mean differences are
found in the HT vs. KB, SB vs. KB, KB vs. KC, KB vs. SW, and TG vs. SW comparisons.
For XNa, the absolute g-index ranges from 0.00 to 2.14, while the large (|g > 0.8|) and
significant mean differences are found in the HT vs. KB, HT vs. TG, SB vs. KB, SB vs. TG,
KB vs SW, and TG vs. SW comparisons. There is a large mean difference in XNa between
KB and TG, but it is statistically insignificant. Thus, the sensitivity of both indicators is
different for a given regulated soil property and land-use pair.

3.3. Sensitive Soil Properties Toward Land-Use Change

Table 4 lists soil properties with medium-to-large effect size (|g| > 0.5) and statistically
significant mean differences at the alpha level of 0.05 for a given pair of land-use types.
Each pair of land-use types shows a different number of soil properties, where eight soil
properties differ in the HT vs. KC comparison, namely silt, SOC, TN, AP, XCa, XK, PH, and
sand. Other pairs have only one soil property but different soil property names, namely SB
vs. KC (for clay), SB vs. TG (for TN), and KB vs. TG (for TN). The rest of the pairs have
six, five, four, and three different soil properties but different compositions of soil property
names. The SB vs. SW pair has no soil property, meaning that the mean soil property
difference is small or statistically insignificant in this pair.

Table 4. List of soil properties with significant differences and medium-to-high effect sizes.

Pair Number of Properties
Difference *

Positive (+) Negative (−)

A. Natural land cover versus natural land cover

HT vs. SB 5 Clay, SOC, TN, XMg Sand

B. Natural land cover versus farming use

HT vs. KB 5 AP, XMg, XK, PH Sand

HT vs. KC 8 Silt, SOC, TN, AP, XCa,
XK, PH Sand

HT vs. TG 4 Clay, XMg, XK, XNa

HT vs. SW 3 SOC, TN, XCa

SB vs. KB 5 AP, XK, XNa SOC, TN

SB vs. KC 1 Clay

SB vs. TG 1 TN

SB vs. SW 0

C. Farming use versus farming use

KB vs. KC 6 SOC, TN XMg, XK, XNa, PH

KB vs. TG 1 TN

KB vs. SW 4 SOC, TN XK, XNa

KC vs. TG 2 Silt, TN

KC vs. SW 2 Silt, PH

TG vs. SW 2 TN AP
Note: * A positive (+) difference indicates that the value of the soil property in the first land-use type is higher
than in the second. A negative (−) difference implies that the value of the soil property in the first land-use type is
lower than in the second.

Table 4 also shows the frequency of a soil property as a differentiating factor in land-
use type comparisons. TN becomes the most frequently observed soil property in the
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medium to large, statistically significant mean differences in land-use type comparisons,
as observed in 10 out of 15 pairs. SOC and XK rank second and are shown in six out
of 15 pairs. In decreasing order of frequency, soil properties with medium-to-large and
significant mean differences are TN (10) > SOC (6) = XK (6) > XMg (4) = AP (4) = PH (4) =
XNa (4) > Sand (3) = Silt (3) = Clay (3) > XCa (2). Thus, total nitrogen (TN) has the highest
sensitivity, and exchangeable Ca (XCa) is the least sensitive to change with land-cover/use
change in tropical black soils.

4. Discussion
This study categorizes soil properties into stable (Figure 2) and regulated ones

(Figure 3). Particle size distribution is considered a stable soil property because it takes
over 100 years to change [30]. Meanwhile, soil organic carbon is the criteria for black soil
identification [1]. Both the particle size distribution and the soil organic carbon content
regulated other soil properties, as presented in Figure 3. As observed in both figures, the
variation in each soil property is due to climate setting, parent material, topography, and
management [11]. As stated earlier, black soils are found in tropical monsoons and savan-
nah climates, originating from limestone, calcareous sedimentary rock, and intermediate
and mafic volcanic rock. Black soils are found in lowlands and medium to highlands [11].
Our field observations found that intensive management (soil organic matter application,
fertilizer and pesticide application, intensive tillage, etc.) is common in paddy fields,
agricultural dryland, and monocropping home gardens compared to mixed cropping
home gardens.

4.1. Land-Cover/Use Changes Trigger Changes in Soil Property Level and Direction

Our study confirmed that the change in land-use type caused the change in the level of
soil properties. Such soil property change occurs because of (i) accelerated soil erosion due
to soil cover decrease, (ii) intensive soil tillage that disrupts soil structure, and (iii) changes
in the level of organic matter and fertilizer inputs. The nature and extent of these soil
property changes depend on soil type, land-use type and management intensity, and
climatic conditions [31]. Land-use types that maintain similar levels of soil properties
to those of natural land cover (HT, SB) assist in soil carbon and black soil conservation.
Soil conservation is essential for determining and achieving agricultural sustainability by
increasing soil productivity and carbon stock. Organic carbon stability is influenced by
land-use management practices and, to some extent, soil type [32]. Extensive research has
been conducted to ensure that land-use changes do not disrupt the balance of soil organic
carbon at global and regional levels [33–35]. Moreover, Zhang et al. [32] found that carbon
availability increases more in paddy fields compared to dryland systems.

Table 4 shows the direction of soil property change, where the direction of change
for a given soil property varies depending on the pair of land-use types. For example, the
direction of SOC and TN is positive when comparing agricultural uses to natural forests
(the HT vs. KC and HT vs. SW comparisons) or monocropping home gardens (KB vs. KC
and KB vs. SW). It indicates that KC and SW have lower SOC content than forest and
monocropping home gardens. As another example, the XK direction is positive when
comparing agricultural uses to natural forests (the HT vs. KB, HT vs. KC, and HT vs. TG
comparisons) or shrubland (the SB vs. KB comparison). These findings demonstrate that
the direction of change in soil property is specific to the land-use types being analyzed.

In general, our study revealed that dryland-based crop cultivation (KB, KC, and TG)
significantly changes soil properties compared to natural land cover (HT, SB) and paddy
fields (SW), with the size of the effect ranging from medium to large. Variations in land
management practices play a critical role in determining soil nutrient availability, such as
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N, P2O5, and K2O [36]. The monocropping home gardens (KB) showed the most significant
control over soil properties, mainly AP and SOC, with larger effect sizes and more signifi-
cant differences compared to other land-use types. Such patterns were also observed in
mixed home gardens (KC) compared to paddy fields (SW) and in shrubland compared to
paddy fields (SW). Compared to dryland, the paddy fields negatively influenced available
phosphorus (AP), with a medium-to-large effect size. Mohana et al. [37] reported that
paddy fields significantly affect the content of organic carbon, total nitrogen, and available
K. This pattern is also found in forests, compared to mixed gardens and shrubland. Natu-
ral forests significantly increase carbon stock and total N [38]. Conversely, deforestation
significantly reduces soil nutrients, including N, P, K, and SOC [39].

Our study also confirms that the sensitivity level of soil properties to changes in land
use varies significantly. Soil properties are constantly changed when soil conditions are
disturbed by introducing a new land use type. As presented in Table 4, the SOC and XK are
particular soil properties frequently changing when land-use type changes. The SOC and
XK show changes in six of 15 pairs of land-use types. Other sensitive soil properties affected
by land-use change include AP, PH, XMg, and XNa. These soil properties show high
differences in four pairs of 15 comparisons. Land-use changes have been shown to affect
organic carbon, organic matter, available N, available P, and available K in Mollisols [12].
Changes from forest to orchards, agriculture, or agroforestry reduce the amount of N, C,
and P in the soil [40]. However, Mollisols under grassland has the largest SOC compared
to those under cultivation or forest [41]. All Mollisols regions worldwide face the challenge
of SOC loss, and this trend could negatively impact global climate change. Therefore, it is
crucial to take appropriate actions to maintain and enhance the organic carbon content in
Mollisols [42].

4.2. Sensitivity of Hedges’s g-Index and Welch’s t-Test

This study employed Hedges’s g-index and Welch’s t-test to evaluate the difference
in soil properties between two land-use types. As shown in Tables 2 and 3, a small effect
size is consistently found to have a statistically insignificant mean difference. However,
for medium-to-large effect sizes, some mean differences are statistically significant, while
others are not. This indicates that Hedges’s g-index can detect mean differences better
than Welch’s t-testing. These findings also confirm that Hedges’s g-index of 0.5 is a critical
threshold for determining whether a mean difference is statistically significant.

Hedges’s g-index is rarely applied in soil science but is common in medical science [43,44].
However, Hedges’s g-test is frequently used for meta-analyses involving large and diverse
datasets [45–47]. Unlike traditional analysis of variance, Hedges’s g-index does not require
clarification regarding the normality assumption that applies in the analysis of variance.
Furthermore, Hedges’s g-index allows for the comparison of the mean of two groups with
unequal sample numbers, making it a flexible and robust tool for data analysis.

4.3. Practical Implications and Future Directions

Our study shows that agricultural land-use types (KB, KC, TG, SW), compared to
forest (HT) or shrubland (SB), lead to significant changes in soil properties, with many
soil properties exhibiting change in both levels and directions. The inappropriate land-use
changes may degrade soil properties; therefore, an appropriate and effective intervention in
the land-use systems should be implemented to amend soil properties [48]. Thus, our study
provides empirical data identifying land-use types that result in minimum soil property
changes or improve black soil properties in the future.

Our findings highlight that mixed-cropping home gardens improve soil properties.
Hence, our result provides additional evidence of the benefit of multi-strata farming and
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permanent crops, which are better than others in managing black soils. With these home
gardens, the potency of carbon sequestration is higher than in dryland or paddy fields,
while also increasing soil health and farming resilience.

Our study also reveals the sensitivity of soil properties to changes associated with
land-cover/use changes. This result is essential when selecting indicators for assessing
soil health, land-use impact, and soil change in tropical regions. The more sensitive soil
property is preferable as a soil health indicator. Based on our findings, total nitrogen, soil
organic carbon, and exchangeable K are promising primary indicators for detecting black
soil health and potential degradation.

4.4. The Limitation of This Study

This study used legacy soil data collated from soil survey projects across different
years and for various purposes. Despite these differences, the same soil analysis procedure
was applied for each soil property in soil laboratory analysis. The land use comparison
originated from different times, climates, parent materials, and islands. However, we
grouped them into one group of land-use types. In addition, when comparing one pair
of land-use types, the exact location of the land-use type may be far and on different
geomorphic surfaces.

Soil samples were also taken from different years. As climatic conditions may differ
yearly, these conditions were not accounted for in this study, and the climate was assumed to
be constant. Hence, soil property changes due to climate change (as rainfall changes) were
ignored. Another factor that was overlooked in this study was slope. Slope plays a crucial
role in water and energy distribution, and the effect will be more apparent locally. However,
this study was conducted on a regional scale, and the slope effect was also ignored.

5. Conclusions
Land-cover/use change alters soil properties, with the extent of the change and

directions varying depending on the specific soil properties and land-use types. The
effect size of the mean difference in soil properties between two land-cover/use types also
varies with soil properties and land-use types, highlighting a unique level and direction
of change. A statistically significant mean difference does not necessarily indicate a large
difference, since soil properties in a given pair of land-use types show large differences
but are statistically insignificant. In decreasing order of frequency, soil properties with
medium-to-large and significant mean differences are TN > SOC = XK > XMg = AP = PH =
XNa > sand = silt = clay > XCa. The sensitivity of Hedges’s g-index and Welch’s t-test in
detecting mean differences varies depending on a given soil property, the land-use type
pair being compared, and effect size (medium to large).

A recommended management and conservation strategy option in further black soil
utilization is selecting a land-use type that minimizes soil property change. Using black
soils for mixed garden and paddy fields results in less impact on soil properties. It triggers
small changes to soil properties, more effectively achieves food security, and mitigates
climate change in black soils. In addition, legacy soil data are valuable resources for
monitoring the change in soil properties due to land-cover/use changes.
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Appendix A

Table A1. Brief statistics of 10 soil properties based on land-cover and land-use types.

Land-Use Type Parameter
Stable Soil Properties Regulated Soil Properties

Sand Silt Clay SOC PH TN AP XCa XMg XK XNa

(. . .. . .. . .. . .. . .. . .%. . .. . .. . .. . .. . .. . .. . .. . .) (%) (ppm) (. . .. . .. . .cmol(+)/kg. . ... . .. . .)

Forest (HT)

n 37 37 37 34 37 37 37 37 37 37 37

Mean 27.5 34.9 37.6 2.0 7.0 0.20 43.3 22.5 6.0 1.5 2.1

SD 11.5 8.8 13.3 0.8 0.5 0.11 20.6 10.0 2.7 0.8 1.2

CV 42 25 35 43 7 54 48 44 44 52 58

Shrubland (SB)

n 20 20 20 19 15 20 15 15 15 15 15

Mean 44.7 28.7 26.6 1.5 6.8 0.12 42.9 20.9 3.9 1.6 1.6

SD 24.6 16.6 15.1 1.2 0.7 0.08 28.0 12.7 3.6 1.1 1.1

CV 55 58 57 75 10 66 65 61 94 73 71

Monoculture home
garden (KB)

n 16 16 16 16 16 16 13 16 16 16 16

Mean 40.6 31.1 28.3 2.4 6.4 0.19 23.9 18.0 3.6 0.6 0.3

SD 17.1 10.7 17.8 1.0 0.5 0.08 15.2 13.1 1.5 0.4 0.2

CV 42 34 63 44 7 44 63 73 41 79 77

Mixed home garden
(KC)

n 37 37 37 37 37 37 36 37 37 37 37

Mean 37.9 26.6 35.5 1.4 6.7 0.11 32.2 17.6 6.0 1.1 1.4

SD 18.7 9.6 14.9 0.7 0.5 0.05 19.5 8.4 4.9 0.6 2.0

CV 49 36 42 50 7 47 60 48 82 54 137

Agriculture dryland
(TG)

n 9 9 9 7 9 9 7 9 9 9 9

Mean 40.6 31.9 27.6 3.4 6.2 0.30 53.9 18.4 3.4 0.9 0.7

SD 17.7 11.0 10.0 1.9 1.7 0.13 60.2 16.0 2.3 0.5 0.6

CV 44 34 36 56 27 43 112 87 66 56 90

Paddy field (SW)

n 19 19 19 19 19 19 19 19 19 19 19

Mean 30.6 36.2 33.2 1.5 7.1 0.12 41.6 15.6 4.8 1.4 2.1

SD 11.4 7.6 7.0 0.7 0.6 0.07 38.8 5.0 3.6 0.6 1.1

CV 37 21 21 45 8 56 93 32 75 44 52

Note: n = sample number, SD = standard deviation, CV = coefficient of variation in %: low (CV < 15%), medium
(15% < CV < 35%), and high (CV > 35%) [49]. For a given soil property, the sample number differs among land-use
types. For example, for sand, the sample number is 37 in forests, 19 in shrubland, 16 in monoculture gardens,
37 in the mixed gardens, 8 in agricultural dryland, and 19 in paddies. In general, the sample is small (6 to 37). The
sample number also differs among soil properties for the same land-use type. Differences in soil number between
soil properties and land-use types are common in legacy soil data. The legacy dataset comes from different soil
surveys and mapping conducted with different objectives; hence, the observation intensity and the details could
differ. In other words, it is not explicitly designed to ensure that each land-use type has the same number of
samples. Accordingly, selecting an analysis method is essential. The t-test is better for small samples than the
F-test, which needs homogeneous variance that can be achieved in large sample sizes (>60).
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