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ABSTRACT '\(9
Soil colloids play a critical role in controlling chemical behavior, particularly irp@s -optimal
m

drylands dominated by variable-charge soils. However, information on th% tive effects of
organic and inorganic amendments on soil charge characteristics acro %ﬂ il orders remains
limited. This study aimed to evaluate the effects of compost, bioGharNCaCOs, and Superphosphate

ical bryland soils. Nine amendment

fertilizer (SP-36) on the charge characteristics of
combinations were applied to topsoil (0—20 cm) fr %ols (Saree), Inceptisols (Cucum), and

®

Ultisols (Jantho), followed by incubation for @t 25-27 °C under field capacity conditions.

Soil charge parameters were analyzed bef(s) fter incubation. Results showed that amendment

type and rate significantly affected @ge characteristics, with responses varying among soil

orders. Organic amendments (2o— a') and SP-36 (2-4 t ha') decreased pHo and significantly
increased cation exchﬁ ity (CEC) and net negative charge, indicating improved soil
reactivity. In con a@0:; increased pHo and reduced negative charge. These findings support the
strategic use Kg amendments to enhance soil fertility and sustainability.

Keywogds; Soiamendments, Soil colloids, Surface charge, Tropical drylands, Variable-charge soils

V\ ABSTRAK

Koloid tanah memainkan peran penting dalam mengendalikan perilaku kimia tanah, terutama pada
lahan kering suboptimal tropis yang didominasi oleh tanah bermuatan variabel. Namun, informasi
mengenai perbandingan pengaruh bahan amelioran organik dan anorganik terhadap karakteristik

muatan tanah pada berbagai ordo tanah masih terbatas. Penelitian ini bertujuan untuk mengevaluasi

pengaruh kompos, biochar, CaCOs, dan SP-36 terhadap karakteristik muatan tanah pada tanah kering
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tropis. Sebanyak sembilan kombinasi amelioran diaplikasikan pada tanah lapisan atas (0—20 cm) dari
Andisols (Saree), Inceptisols (Cucum), dan Ultisols (Jantho), kemudian diinkubasi selama 60 hari
pada suhu 25-27 °C dalam kondisi kapasitas lapang. Parameter muatan tanah dianalisis sebelum dan
setelah inkubasi. Hasil penelitian menunjukkan bahwa jenis dan dosis amelioran berpengaruh nyata
terhadap karakteristik muatan tanah, dengan respons yang berbeda antarordo tanah. Amelioran
organik (15-30 t ha') dan SP-36 (2-4 t ha') menurunkan nilai pHo dan secar Nan
meningkatkan kapasitas tukar kation (KTK) serta muatan negatif bersih, y %kkan
N

an muatan

peningkatan reaktivitas tanah. Sebaliknya, CaCOs meningkatkan pHo dan %

negatif. Temuan ini mendukung penggunaan amelioran organik secara str@tuk meningkatkan

kesuburan tanah dan ketersediaan hara bagi tanaman.
Kata kunci: Amelioran tanah, Koloid tanah, Muatan %Mahan kering tropis, Tanah
bermuatan variabel. g&

INTRQD

Suboptimal land (marginal lands) refers to@t inherently low productivity due to various
limiting factors that hinder crop prodycsNon, Yparticularly food crops (Csikés and Téth, 2023). In
Indonesia, suboptimal drylands %ross both dry and humid climatic zones, with the largest
proportion located in hum ical environments, commonly referred to as tropical drylands. These
lands represent an im t potential resource for agricultural expansion; however, many have

radation and are currently classified as critical land, covering more than 18

million he aloka, 2020; Arista et al., 2023). Improving the quality and productivity of these
landls_has thetefore become a key priority for sustainable agricultural development and food security
inh regions (Samijan et al., 2023; Sufardi, 2024; Sufardi and Helmi, 2025).

In Aceh Besar District, Indonesia, spatial analysis indicates that suboptimal dryland covers
approximately 239,387.91 hectares (Umar et al., 2021). Nevertheless, only part of this area can be

used for agriculture because large portions are in forests and conservation areas. Previous studies

reported that the soils of this region consist of several soil orders, including Ultisols, Oxisols,



Inceptisols, Entisols, and Andisols, with Mollisols occurring in limited areas (Sufardi et al., 2020).
These soils are generally characterized by low clay activity due to mineralogical compositions
dominated by Fe and Al hydroxide-oxides (Fitri et al., 2020; Cao et al., 2024, Quantin and Becquer,
2025). As a consequence, the soils typically exhibit low negative surface charge, low cation exchange
capacity (CEC), and relatively high zero point of charge (pHo) values, which are often higher than
the actual soil pH (Kautsar et al., 2018; Sufardi et al., 2019; Sufardi et al., 2020).

Many soils in tropical suboptimal drylands are classified as variable-charge soils.%hcl(gs, the

surface charge of soil colloids originates from hydroxyl groups associated% minerals,

phyllosilicates, allophane—imogolite complexes, hydrous oxides, and soi% matter (Sparks et

al., 2022). Unlike permanent-charge soils, the magnitude and e @\of the surface charge in
variable-charge soils can change depending on soil pH and @%thqncentration (Alemayehu and
e

Teshome, 2021). These charge characteristics strongly i e soil chemical processes, including
nutrient retention, ion exchange, and the adsorpti ior of cations and anions (Khanri et al.,
2025). (g&

Suboptimal drylands generally have Io@rtllity due to unfavorable physicochemical properties.
These soils typically contain lo nie matter, limited availability of essential nutrients such as
phosphorus and potassiunt , and acidic soil reactions (McLeod et al., 2020; Sufardi et al.,
2022; Abdullah et al. % Sufardi et al., 2025). The low fertility status of these soils is closely
related to the ¢ racteristics of soil colloids (Uehara and Gillman, 1985; Yu et al., 2025;
Violante % reda, 2023). In variable-charge soils, the relatively high zero point of charge
sigpificantly“affects nutrient dynamics, particularly the adsorption of anions such as phosphate on
somd surfaces (Nguyen et al., 2020; Penn and Camberato, 2019). Consequently, improving soil
charge characteristics is essential for enhancing nutrient availability and soil fertility in tropical
dryland ecosystems (Sufardi, 2024; Usman, 2024).

One of the common approaches to improving the physicochemical properties of such soils is the

application of soil amendments. Amendments are used to reduce soil acidity, increase negative



surface charge, enhance CEC, and modify the zero point of charge of soil colloids. However, previous
studies have shown that different types of amendments may produce contrasting effects on the charge
characteristics of variable-charge soils (Wen et al., 2020; Sufardi et al., 2024). For example, lime or
CaCO:s application to acidic tropical soils can increase soil pH and CEC while reducing exchangeable
Al (Guddisa et al., 2018; Xia et al., 2020). Liming with CaCOs is widely used to ameliorate acidic
soils by increasing soil pH, neutralizing exchangeable Al, and increasing base saturation. Tjhe inerease
in soil pH promotes the development of pH-dependent negative charges on soj %‘i@vhlch
subsequently enhances the cation exchange capacity (CEC), particularly in high %hered soils
dominated by variable charge minerals (Makaza et al., 2026; Moreira et aI,%AOn the other hand,

liming may also increase the soil pHo value because CaCOs itse\ tively high zero point of

charge (EI-Aswad et al., 2023).
Organic amendments are also widely used to improve%hysicochemical properties. Organic
materials can increase the density of negative su@arges on soil colloids, thereby enhancing

nutrient retention, although their effect on in@

pH is generally limited (Li et al., 2021; Lin
et al., 2025). Theoretically, the magni variable charge is influenced by several factors,
including soil pH, electrolyte co ation, ionic valence, temperature, and the inherent pH, status
of the soil (Van Ranst @ ; Patel, 2025). Despite the recognized importance of soil
amendments in impro soil quality, comparative information on how different organic and
inorganic amen influence soil charge characteristics across various soil orders in tropical
suboptim ands remains limited.

Althqudh numerous studies have investigated the role of soil amendments in improving the chemical
pr(&g of tropical soils, most of these studies have primarily focused on changes in soil pH,
nutrient availability, and crop productivity. Comparatively little attention has been given to how
different types of amendments influence the surface charge characteristics of soil colloids,
particularly in variable-charge soils that dominate tropical suboptimal drylands. Furthermore,

previous studies generally examined individual soil types or single amendments, while comparative
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studies across different soil orders within the same agro-ecological region remain limited. This
limitation restricts a comprehensive understanding of how organic and inorganic amendments modify
the electrochemical behavior of soil colloids and subsequently influence soil fertility. Therefore,
investigating the response of soil charge characteristics to different amendments across multiple soil

orders is essential for developing more effective soil management strategies in tropical suboptimal

drylands. (
This study offers new insights into the role of organic and inorganic amendmentsg '}w g soil

S§
surface charge properties in tropical dryland soils, which is essential for develo'% ainable soil

management strategies in suboptimal agricultural lands. Therefore, this @ms to evaluate the
I

effects of several soil amendments on the charge characteristiCS\ the suboptimal drylands

MATERIALS AN@DS

®
The research was conducted under laboratory COEK\ using topsoil (0-20 cm) collected from three

of Aceh Besar, Indonesia.

soil orders in sub-optimal dryland areas of Qc ar Regency, Aceh, Indonesia. The soils consisted

of Andisols (Eutric Hydrudands) fro 05°27'03.2" N; 95°43'45.2" E), Inceptisols (Oxyaquic

Dystrudepts) from Cucum 18'18" N; 95°32'48" E), and Ultisols (Typic Kandiudults)
’51.8" E). Soil samples were collected from a depth of 0-20 cm.

from Jantho (05°16'58 §;
Before treatment , the samples were air-dried for one week, ground, and sieved through a
ggep

0.5-mm mesh. eriment was arranged in a completely randomized design (CRD) with two
factors. factor was the type and rate of soil amendment with nine levels: control (without
ame , biochar at 15 t ha™', biochar at 30 t ha™', compost at 15 t ha™', compost at 30 t ha™,

CaCOs at 2 t ha!, CaCOs at 4 t ha'!, SP-36 at 2 t ha'!, and SP-36 at 4 t ha''. The second factor
consisted of three soil orders: Andisols (Saree), Inceptisols (Cucum), and Ultisols (Jantho). These
two factors resulted in 27 treatment combinations with a total of 54 experimental units.

For the incubation experiment, 500 g of soil were placed into plastic bottles. Biochar, compost,

CaCO:s (lime), and phosphate fertilizer (SP-36) were then applied according to the designated
5



treatments and thoroughly mixed with the soil. Distilled water was added to each bottle to adjust the
soil moisture to field capacity. The samples were incubated for 60 days in a temperature-controlled
room at 25-27 °C. After the incubation period, soil samples were removed from the bottles and air-
dried for one week. The dried soils were then gently crushed and sieved through a 1.0-mm mesh.
Subsequently, 100 g of soil from each sample was collected for laboratory analysis. To determine the

initial soil charge characteristics, soil samples from each soil order were also analyzec%xthe

incubation experiment.

The soil charge characteristics analyzed included pHo, pH (H20), pH (KCl), Apl—% —pH H20),

variable charge, cation exchange capacity (CEC), and exchangeable catio Mg, K, Na, Al, and

H). The zero point of charge (pHo) was determined using they tion and potentiometric

titration method with CaClz, following the procedure of Ue ‘Nman (1985). Soil pH in H.0
o

and KCI was measured using a pH meter. The variabhx e was calculated as the difference
between the CEC determined by the 1 N NH4QA§X¢E0n at pH 7 and the effective CEC, which
and exchangeable acidity (Al + H) extracted

was obtained from the sum of exchangeable @b
with 1 M KCI. S‘)

The data were analyzed using an variance (ANOVA), and treatment means were compared

using the least significant @ LSD) test at P < 0.05 (Gomez and Gomez, 1984).

RESULTS AND DISCUSSION

The initial Sofi \Scteristics

Table wS'that the Andisol from Saree is characterized by low pH (H20 and KCl) and very low
avail , but contains high organic C, moderate total N, and very high potential P.Os and K-O.
These results indicate that the main constraints of this soil are acidic pH and low available P. In the
Inceptisol from Cucum Village, the major limitations include slightly acidic pH, very low available
P, low organic C and total N, and low K-O content. Similarly, the Ultisol from Jantho exhibits slightly
acidic pH and very low levels of available P, organic C, and total N. Based on these chemical

properties, the Inceptisol (Cucum) and Ultisol (Jantho) are classified as having low soil fertility status
6



due to low soil pH, low organic C, and low base saturation, despite their relatively high potential P-Os
content. Another characteristic of these sub-optimal dryland soils is the relatively high zero point of
charge (pHo), which exceeds the soil pH measured in H2O. This condition indicates that the three soil

orders used in this study are dominated by variable-charge soils, as reported by Wen et al. (2020).

Effects of Soil Amendments on Charge Characteristics
pH H20, pH KClI, and ApH (Q\
The incubation experiment demonstrated that the application of different@n rates of

amendments significantly influenced soil pH (H20 and KClI) in sub-optimw soils of Aceh

Besar Regency, Aceh, Indonesia (Table 2). However, the magnitude o g&varied among soil

orders. In the Andisol from Saree, most amendments did not signifi change soil pH. A slight
increase in pH was observed only with the application mpost at 30 t ha™! and CaCOs at 24 t
ha™'. The limited change in pH may be related to the%l‘b fering capacity of Andisols, which are
dominated by amorphous minerals and organic n Qat tend to stabilize soil acidity (Parada et al.,
2024; Fajarini et al., 2025). Without amen t,the soil pH was acidic (5.41), while the addition of
compost and CaCO:s increased the p @Ly to 5.82, which is still classified as slightly acidic. The
liming effect of CaCOs occurs % e neutralization of exchangeable acidity and the precipitation
of AI**, thereby increasg (Zhang et al., 2023; Abdi, 2024).

In the Inceptisol@

application at rs @ﬂ —4 t ha™!, indicating that liming was the most effective treatment for reducing

um Village, an increase in soil pH was observed only with CaCO:s

soil acidity. | ntrast, compost and biochar did not significantly affect soil pH. The application of

SP- —4 t ha™! tended to decrease soil pH from slightly acidic to acidic conditions, which may
be associated with the release of acidity during phosphate fertilizer reactions in the soil.

Similarly, in the Ultisol from Jantho, soil pH increased with the application of compost and CaCOs,
whereas biochar had no significant effect. The increase in pH with compost application may be related

to the release of basic cations during organic matter decomposition, which can partially neutralize

soil acidity. Conversely, the application of SP-36 tended to reduce soil pH, indicating its potential
7



acidifying effect in highly weathered soils. These results suggest that liming and organic amendments
are more effective in improving soil acidity in variable-charge soils compared with biochar or
phosphate fertilizer alone.

The incubation experiment indicated that lime (CaCOs) and compost amendments were effective in
increasing soil pH (H20), whereas biochar and phosphate fertilizer (SP-36) were less effective in
improving soil acidity in sub-optimal dryland soils of Aceh Besar Regency, Aceh,Qng esia.

Compost has a high potential to restore soil fertility because it serves as an impor@

organic matter. During incubation, the decomposition of organic materials releaﬁ% cations and

f soil

organic ligands that can neutralize acidic cations such as H* and AI**, the iicreasing soil pH, as
reported by Zhang et al. (2023). Similarly, CaCOs applicati a soil pH through the
dissociation of CaCO:s into Ca** and COs* ions. The carbo %\{[ with H" and AI** in the soil
solution, leading to the precipitation of Al compounds an% ction in exchangeable acidity, which
ultimately increases soil pH (Panda et al., 2025;, Xa al., 2026).

In contrast, the application of biochar at ratesQPEtha1 did not significantly increase soil pH in
this study. This may be related to th@eristics of the biochar used, which contains a high
proportion of stable carbon and f %primarily as an adsorbent rather than as a liming material,
as suggested by Tang (Zoz®wer, other studies have reported that biochar can increase soil pH
depending on the appli rate and feedstock characteristics (Juriga et al., 2022). Biochar may
contribute to soi é&(

ralization and improve soil chemical properties, particularly in acidic soils,

while also<“ s a stable carbon source due to its resistance to microbial decomposition (Yang

Th&rﬁcaﬁon of SP-36 at rates of 2—4 t ha! tended to decrease soil pH. This effect may be
associated with the presence of sulfate in the fertilizer and the formation of phosphoric acid during
phosphate reactions in the soil solution. Nevertheless, other studies have shown that phosphate

application can also increase soil pH under certain conditions (Zhao et al., 2021). This occurs when



phosphate anions are adsorbed onto positively charged soil colloids, which reduces proton activity
and consequently increases soil pH (Zhang et al., 2023; Sufardi et al., 2024).

Table 2 also shows that the types and rates of amendments affected soil pH (KCI), although the
magnitude of this effect varied among soil orders. In the Andisol from Saree, the application of
compost at 30 t ha™! increased pH (KCI) compared with the control treatment without amendment. In
the Inceptisol from Cucum Village, the application of CaCOs at rates of 2—4 t ha™! incre N)H
(KCI) relative to the control. Similar findings were reported by Ameyu (2019), w o{egat the
application of CaCOs combined with humic substances increased soil pH to at% nd reduced

exchangeable Al due to precipitation with CaCOs and chelation by fi 1 groups of humic

compounds.
The increase in soil pH following CaCOs application is maji @ to the neutralization of soil

acidity through the replacement of H* ions by Ca?" o th&exchange complex, as reported by
Mosharrof et al. (2021). In the Ultisol from Jantho, ication of CaCOs at 4 t ha™' also increased
soil pH (KCl) compared with the control. @c produce hydroxyl ions (OH") in the soil
solution, which reduce exchangeable robgh the formation of insoluble AI(OH)s precipitates,
thereby decreasing soil acidity ( isa‘et al., 2018; Panda et al., 2025; Makaza et al., 2026).

The application of amend@variable-charge soils in the sub-optimal drylands of Aceh Besar
Regency also influence ges in ApH (pH KCl1 — pH H:0), although the effect was not significant
in the Andisol g’ee (Table 2). In the Inceptisol from Cucum, the application of biochar,
compost, 5, alld phosphate fertilizer (SP-36) increased ApH values compared with the control

e@ ontrast, in the Ultisol from Jantho, only biochar and compost increased ApH values.

An in@rease in ApH indicates a greater development of negative charge on soil colloids (Wen et al.,
2020), which can improve soil chemical properties and nutrient retention. The increase in negative
surface charge following amendment application depends not only on the type and rate of amendment
but also on soil mineralogical composition, which differs among soil orders (Sufardi et al., 2019;

Belghazdis and Hachem, 2022).



The changes in soil pH following amendment application were closely related to variations in ApH,
cation exchange capacity (CEC), and the development of variable surface charge. In variable-charge
soils, the magnitude and sign of surface charge depend strongly on soil pH relative to the zero point
of charge (pHo). When soil pH exceeds pHo, negative charges on soil colloids increase, leading to
greater CEC and enhanced nutrient retention. Conversely, when soil pH is lower than pHo, positive
charges tend to dominate the colloidal surfaces. The increase in soil pH observed after the@p tion
of compost and CaCO:s likely promoted the development of negative surface charg '&ed by
the increase in ApH values. This condition enhances the dissociation of functional ®¥oups on soil

organic matter and variable-charge minerals such as Fe and Al oxides, the #creasing the number

of negatively charged sites available for cation adsorption. As \ soil's capacity to retain

essential nutrient cations also increases

The application of biochar, compost, and phosphate fer&( P-36) tended to increase soil pH,

which consequently increased ApH values (pH, XB H-0) and promoted the development of
N

more negative surface charges on soil colloi % 1, the effect of CaCOs amendment on soil
charge was less consistent. At higher a %1 rates, CaCOs may increase the concentration of Ca**
in the soil solution, which can en?@tlon adsorption and partially increase the positive charge on
soil colloid surfaces.

The development of né ‘@ e charge on soil colloids plays an important role in maintaining soil

fertility becaus ly charged sites can adsorb and retain nutrient cations, thereby reducing

nutrient | gh leaching (Mosharrof et al., 2021). This phenomenon is commonly observed
thered soils with variable-charge characteristics in tropical and subtropical regions,

Wh&al surface charge is strongly influenced by soil pH and mineral composition (Van Ranst et

al., 2017; Cao et al., 2024).

Furthermore, the relationship between soil pH and the zero point of charge (pHo) is an important

indicator of soil charge behavior. The difference between pHo and soil pH (pHo — pH H:0) reflects

the dominance of positive or negative charges on soil colloids. When soil pH approaches or exceeds
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pHo, negative charges tend to dominate, whereas when soil pH is lower than pHo, positive charges
become more dominant. Therefore, amendments that increase soil pH can shift the balance toward
greater negative surface charge in variable-charge soils.

Overall, the results demonstrate that soil amendments play an important role in modifying the surface
charge characteristics of variable-charge soils. The increase in soil pH following the application of
compost and CaCO:s shifted the balance between positive and negative charges on soil €olloids, as
reflected by changes in ApH and the relationship between soil pH and the zero poi %&pHo).
When soil pH approaches or exceeds pHo, the number of negative surface charg&ases due to

the dissociation of functional groups on soil organic matter and oxide mi hich consequently

enhances cation exchange capacity (CEC) and nutrient retention.\

pHo, and pHo-pH H20 &:')

The effects of amendment materials on the charge cthe‘ri jcs of sub-optimal dryland soils in Aceh
Besar, as indicated by the parameters pH H-O, p. the difference between pHo and pH H:O, are
presented in Figures 1 and 2. Figure 1 shoxrf_)% endments of different types and application rates
influenced the pHo of variable-char, % with the magnitude of the effect depending on both
amendment type and soil ord % al, the application of amendments is expected to reduce soil
pHo. The results of this'expefiment indicate that organic amendments, namely biochar and compost,

as well as phospha 1zer (SP-36), were effective in decreasing soil pHo, whereas CaCOs

application inc % dSoil pHo. In Andisols from Saree, the application of biochar, compost, and SP-
36 ats Q)c%ws reduced pHo from 4.01 to 3.06, and similar trends were observed in Inceptisols
fro (Jn and Ultisols from Jantho. In contrast, CaCOs application increased pHo from 4.05 to
6.00. These results demonstrate that organic and phosphate amendments can improve the charge
characteristics of soil colloids by reducing soil pHo. When the actual soil pH is lower than pHo, soil
colloids are predominantly positively charged (Wen et al., 2020; Yu et al., 2025).

Conversely, when soil pH exceeds pHo, soil colloids become negatively charged (Lal, 2017). Most

soils in humid tropical regions generally have relatively high pHo values. Consequently, anions in the
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soil solution, such as phosphate, molybdate, and sulfate, tend to be strongly adsorbed onto the surfaces
of soil particles, thereby reducing their availability in the soil solution (Barrow and Hartemink, 2023).
The increase in soil pHo following lime application can be attributed to the carbonate anions derived
from CaCOs, which inherently possess a high pHo and thus contribute to increasing the soil pHo when

applied (Guddisa et al., 2018). Furthermore, Ca?" cations released from lime may be adsorbed onto

the inner layer of the colloidal surface, altering the surface charge of soil colloids and in(%he

point of zero charge.
The results of this experiment also showed that a decrease in soil pHo follo%amendment
application, particularly with organic materials, was accompanied by ansi se in soil negative

lue, indicating an increase in

charge. As shown in Figure 2, except for the Andisols from Sare endments (biochar and
O

compost) applied at rates of 10-20 t ha™! increased the pH&e

the net negative charge of the soil. Among the tested a nts, compost produced the greatest
increase in negative charge, followed by biogh osphate fertilizer. The highest negative
charge, expressed as the difference between x H-0, was obtained with the application of

compost at 20 t ha™'. Under this trea@he negative charge increased from —1.00 to —4.00,

representing a fourfold increase. @rease in negative charge is associated with the inherently

low pHo of organic matter@

humic and fulvic subst that contribute to the neutralization of positive charges on soil colloids

(Li et al., 202& trast, although CaCOs application increases soil pH, it simultaneously

increases @ esulting in a tendency toward a more positive net colloidal charge, particularly at

&

hi
(Tanget al., 2025; Zhang et al., 2025).

|
phate compounds (Koishi et al., 2020). Organic matter contains

tion rates, as indicated by the relatively small difference between pHo and pH H-0

Overall, these findings highlight that organic amendments, particularly compost and biochar, play a
crucial role in modifying the charge characteristics of variable-charge soils by reducing pHo and
increasing net negative surface charge, thereby improving nutrient retention in sub-optimal tropical

drylands.
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CEC and ECEC
This experiment also demonstrated that amendment application influenced both the cation exchange
capacity (CEC) and effective cation exchange capacity (ECEC) of the soils. As shown in Figure 3,

different types and application rates of amendments affected CEC, although the magnitude of the

effect varied among amendment types and soil orders. The application of biochar % nd
phosphate fertilizer increased potential CEC, particularly in the Inceptisols of C*@tisols of

Jantho. In contrast, the effect was relatively small in the Andisols of Saree, which ini€rently possess
high CEC and strong buffering capacity due to the presence of allo egminekals (Sufardi et al.,
2020; Belghazdis and Hachem, 2022). Conversely, the applicati CO:; at rates of 2—4 t ha™!
tended to reduce soil CEC. The increase in CEC followin endment application is associated with
the increase in negative surface charge of soil colloidsg as sgil CEC is positively correlated with the
magnitude of colloidal charge (Khadim et al., > Q@mpost, in particular, contributes additional
negative charges derived from carboxyl 0)) and hydroxyl (OH") functional groups, which

enhance the soil’s ability to retain ca e soil solution (Senesi and Loffredo, 2018; Boukhatem

et al., 2025). The improveme in Inceptisols of Cucum and Ultisols of Jantho is particularly
1

important because thes&yso tain relatively low organic matter. In addition, CaCOs application
can increase the on®n of Ca?* ions in the soil solution, which occupy exchange sites on the
soil exchange a%e and help neutralize excess Al** and H* ions (Igbal, 2012). Overall, these results
indicat t nic amendments are more effective than lime in enhancing soil CEC through the
inc egative surface charge in variable-charge soils.

Effective cation exchange capacity (ECEC) also increased following the incubation experiment after
the application of amendment materials (Figure 4). ECEC represents the sum of exchangeable base
cations (Ca?", Mg?*, K, and Na") and acidic cations (AI** and H*) present on the soil exchange

complex. The results showed that the three soil orders—Andisols from Saree, Inceptisols from

Cucum, and Ultisols from Jantho—exhibited the highest ECEC values when compost was applied at
13



a rate of 30 t ha™!, whereas the lowest ECEC values were observed in the control treatment without
amendments. The ECEC values of the studied soils remained relatively low, indicating that the sub-
optimal dryland soils of Aceh Besar are classified as variable-charge soils with low-activity clay
(LAC), characterized by ECEC values of less than 12 cmol kg™'. As shown in Figure 4, the ECEC
values ranged from 5.91-7.05 cmol kg in the Andisols of Sarece, 5.08-6.47 cmol kg™ in the
Inceptisols of Cucum, and 1.65-4.28 cmol kg in the Ultisols of Jantho. \

Soils dominated by low-activity clays are typically composed of kaolinite and hy: 'i%(}QI and

AN

Fe, which commonly exhibit positive surface charges under acidic soil conditi% nsequently

result in relatively low CEC values (Li et al., 2021). In such soils, the negg&&!\dge contributing to

soil CEC mainly originates from the dissociation of hydrogemni ydroxyl (OH) groups
associated with Si and Al oxides, as well as from a small propoxtion o ken crystal edges. However,
the charge generated from these processes contributes ON ited amount to the overall soil CEC
(Ameyu, 2019; Adetunji and Blanco-Canqui, 2026 xidl, these results indicate that the low ECEC
observed in the studied soils is closely relate &\\e%xinance of low-activity clay minerals typical
of highly weathered tropical soils. c’)

Overall, the results demonstrate tw@nic amendments, particularly compost and biochar, enhance
the electrochemical prope ariable-charge soils by increasing negative surface charge and

improving CEC and E This improvement provides an effective strategy for enhancing nutrient

retention and fe %b-optimal tropical dryland soils.

Q&J CONCLUSIONS

The results demonstrate that organic amendments significantly improve the charge characteristics and
physicochemical properties of variable-charge soils in the sub-optimal drylands of Aceh Besar,
including Andisols, Inceptisols, and Ultisols. Application of compost and biochar (15-30 t ha™!)
combined with phosphate fertilizer (SP-36) enhanced soil pH, increased effective cation exchange

capacity (ECEC), and promoted greater development of negative surface charge. These amendments

14



also reduced soil pHo, indicating improved charge balance in variable-charge systems. In contrast, the
application of CaCOs (2—4 t ha™') increased soil pH and CEC but tended to raise pHo and reduce
negative surface charge. Overall, organic amendments were more effective than CaCOs in improving
the electrochemical properties of tropical variable-charge soils, suggesting their important role in

enhancing soil fertility and sustainable management of sub-optimal drylands.

ACKNOWLEDGEMENTS @

The authors sincerely acknowledge the support of colleagues and laboratory staff uted to

field sampling and laboratory analyses. Their technical assistance and c t\rtl%support were

essential for the completion of this research.

REFERENCES

Abdi BT 2024. Studies on the effects of liming acidic so@proving soil physicochemical
properties and yield of crops: A review. Midd§Eastd®Research Journal of Agriculture and
Food Science, 4(03), 95-103. https://doisor 48/merjafs.2024.v04i03.001

Abdullah UH, S Sufardi, Endiyani, R Wilis, Elvia arida, H Akbar 2025. The analysis of plant
biomass potential and vegetation di in various types of dryland uses in Aceh Besar
Regency. AIP Conference Proce 77(1), 020004. https://doi.org/10.1063/5.0269225

NS0il health response to biochar combined with other
1), 23. https://doi.org/10.1007/s42773-025-00531-6

Adetunji AT, H Blanco-Canqui
amendments: a review, B

Alemayehu B, H Teshom 0||OIdS types and their properties: A review. Open Journal of
B|0|nf0rmat|cs tlstlcs 5(1), 008-013. https://doi.org/10.17352/0jbb.000010
Ameyu T 2019. A rev f the potential effect of lime on soil properties and crop productivity

|mprove urnal of Environment and Earth Science 9(2), 17-23.

https://d 176/Jees/9 -2-03
Avrista NID %ﬂa H Mubarok, IMSD Arta, DN Rizva, Al Wicaksono 2023. Availability and
expansion of agricultural land in Indonesia. Journal of Sustainability, Society,
-Welfare 1(1). https://doi.org/10.61511/jssew.v1i1.2023.242

Barfg@W\"J. and Hartemink, A.E., 2023. The effects of pH on nutrient availability depend on both
soils and plants. Plant and Soil, 487(1), 21-37. https://doi.org/10.1007/s11104-023-05960-5

Belghazdis M, EK Hachem 2022. Clay and clay minerals: a detailed review. International Journal of
Recent  Technology and Applied Science (IOERTAY), 4(2), 54-75.
https://doi.org/10.36079/lamintang.ijortas-0402.367

Boukhatem A, O Rached, A Bentellis, S Vasileiadis, P Castaldi, G Garau, S Diquattro 2025.
Promoting the recovery of soil health in polluted soils using biochar—-compost amendments.
Environmental Science and Pollution Research 32, 559-574. https://doi.org/10.1007/s11356-
024-35650-3

15


https://doi.org/10.1063/5.0269225
https://doi.org/10.1007/s42773-025-00531-6
https://doi.org/10.17352/ojbb.000010
https://doi.org/10.7176/jees/9-2-03
https://doi.org/10.61511/jssew.v1i1.2023.242
https://doi.org/10.36079/lamintang.ijortas-0402.367
https://doi.org/10.1007/s11356-024-35650-3
https://doi.org/10.1007/s11356-024-35650-3

Cao H, X Liu, B Feng, J Sun, D Ma, X Chen, H Li 2024. Effect of pH on the surface charges of
permanently/variably charged soils and clay minerals. Scientific Reports 14(1), 23169.
https://doi.org/10.21203/rs.3.rs-4684462/v1

Csikos N, G Téth 2023. Concepts of agricultural marginal lands and their utilisation: A review.
Agricultural Systems, 204, p.103560. https://doi.org/10.1016/j.agsy.2022.103560

El-Aswad AF, MR Fouad, ME Badawy, MI Aly 2023. Effect of calcium carbonate content on
potential pesticide adsorption and desorption in calcareous soil. Communications in Soil

Science and Plant Analysis, 54(10), 1379-1387.
https://doi.org/10.1080/00103624.2022.2146131

Fajarini PHN, E Hanudin, BH Purwanto 2025. Analysis of factors affecting differences i Nm
buffering capacity in several soil orders. Agricultural Science/limu Pertaniah, 1800

112. https://doi.org/10.22146/ipas.108285 %

Fitri F, T Arabia, S Sufardi 2020. Identification of amorphous Fe, Al, and Si fract several soil
orders in Aceh Besar dry land with ammonium oxalate extraction. Jurgal | h Mahasiswa
Pertanian 4(4), 618-628. https://doi.org/10.17969/jimfp.v4i4.126 &

i&r J

Gomez KA, AAGomez 1984. Statistical Procedures for Agricultural hn wiley & sons.

Guddisa D, T Tana, A Legesse 2018. Application of different N s and phosphorus on soil
physicochemical properties of acid soils in western mcgl ience, Technology and Arts

Research Journal 5(1), 84. https://doi.org/10.431% 13

Igbal M 2012. Effect of Al compounds on soil pH and bioayaitability of Al in two acid soils. Turkish
Journal of Agriculture and Forestry 36(6), 7%2‘3 ttps://doi.org/10.3906/tar-1109-26

Juriga M, E Aydin, J Horak, V Simansky 2022® ips between soil chemical properties and
soil structure after initial application and(re cation of biochar and its combination with N
fertilization. Communications in il'N\Science and Plant Analysis 53(1), 114-128.

https://doi.org/10.1080/0010362: 4984510

Kautsar I, S llyas, S Sufardi 2018. Lo teristics and soil physicochemical properties of Ultisols
and Andisols in Aceh Be ryNland. Jurnal llmiah Mahasiswa Pertanian 3(2), 409-419.
https://doi.org/10.17968{ 12.7498

Khadim MD, AB Wes
aggregate consi
crop productiy

, A and 2024. Overview of the impact of compost on bulk density,
cy, 8nd cation exchange capacity of soils and its consequential effect on
nizance Journal of Multidisciplinary Studies, 4(6), 344-359.

https://dof 760/cognizance.2024.v04i06.021
Khanri NK, i, HA Hendra, S Susantya, DH Susetyo, KH Kirana, E Agustine 2025.
Ph ical characterization of soils in different land uses: A case study in Jatiroke

a umedang, West Java. Jurnal Penelitian Pendidikan IPA 11(10), 1116-1131.

ttpS¥/doi.org/10.29303/jppipa.v11i10.12863
KO&N L Bragazza, A Maltas, T Guillaume, S Sinaj 2020. Long-term effects of organic
amendments on soil organic matter quantity and quality in conventional cropping systems in

Switzerland. Agronomy 10(12), 1977. https://doi.org/10.3390/agronomy10121977

Lal R 2017. Variable charge soils: Mineralogy and chemistry. In: Encyclopedia of Soil Science, Third
Edition. CRC Press, pp. 2432-2439. https://doi.org/10.1081/e-ess3-120053756

Li Y, X Dong, EB da Silva, LM de Oliveira, Y Chen, LQ Ma 2017. Mechanisms of metal sorption
by biochars: Biochar characteristics and modifications. Chemosphere. 178, 466-478.
https://doi.org/10.1016/j.chemosphere.2017.03.072

16


https://doi.org/10.21203/rs.3.rs-4684462/v1
https://doi.org/10.17969/jimfp.v4i4.12689
https://doi.org/10.4314/star.v5i1.13
https://doi.org/10.3906/tar-1109-26
https://doi.org/10.1080/00103624.2021.1984510
https://doi.org/10.17969/jimfp.v3i2.7498
https://doi.org/10.29303/jppipa.v11i10.12863
https://doi.org/10.3390/agronomy10121977
https://doi.org/10.1081/e-ess3-120053756
https://doi.org/10.1016/j.chemosphere.2017.03.072

Li Y, Y Su, W Ahmed, S Ren, T Javed, F Yao, X Li 2021. Effects of different organic fertilizers on
improving soil from newly reclaimed land to crop soil. Agriculture 11(6), 560.
https://doi.org/10.3390/agriculture11060560

Lin N, R Jiao, X Li, S Lin, L Wei, B Wu 2025. Surface-engineered biochars enhance soil fertility by
modulating microbial assembly and ecological network stability. Journal of Environmental
Management 395, 127776. https://doi.org/10.1016/j.jenvman.2025.127776

Makaza W, L Khiari, M El Achaby 2026. The meta-analysis study on the effects of the quality of
lime materials on the soil physicochemical properties and crop yields in acid soils. Frontiers

in Soil Science 6, 1725559. https://doi.org/10.3389/fs0il.2026.1725559

McLeod M, S Sufardi, S Harden 2020. Soil fertility constraints and management to in r\&?p
yields in the dryland farming systems of Aceh, Indonesia. Soil Research 2.
https://doi.org/10.1071/SR19324 %

Moreira SG, JRF Gaudencio, FA de Moraes, EG de Morais, DS Peixoto, H ende, OLV
Campos 2026. A practical method for estimating liming requirements gase soil chemical

attributes and limestone composition. Soil and Tillage ch 255, 106816.
https://doi.org/10.1016/j.still.2025.106816

Mosharrof M, MK Uddin, S Jusop, MF Sulaiman, SM Shamsuz Haque 2021. Changes
n due to biochar and lime

in acidic soil chemical properties and carbon dioxide e
treatments. Agriculture 11(3), 219. https://doi.org/10. agrieylture11030219
Nguyen TT, QT Dinh, NM Truong 2020. Surface chafysgn ra€teristics of a variable charge soil
iet
6

(Rhodic Ferralsols) in the Central Highland ournal of Science, Technology and
Engineering 62(2), 65-70. https://doi.org/1 76/V]ste.62(2).65-70
®

Panda D, G Sahu, B Bhuyan, S Mishra 2025. ﬁ% lime on different forms of soil acidity and
phosphorus availability in acid seilN\.I Journal of Ecology 52(2), 328-333.
https://doi.org/10.55362/ije/2025/4%/‘{)

Parada J, A Neaman, D Zamorano, F N% atus 2024. Management and liming-induced changes
in organo-Al/Fe complexes % rphous mineral-associated organic carbon: Implications
for carbon sequestra olcanic soils. Soil and Tillage Research, 244, 106133.
https://doi.org/10.1Q1 64,5t 24.106133

Patel KK 2025. FundaEnta oil Physical Chemistry. AG Publishing House.

Penn CJ, JJ Camber . A critical review of soil chemical processes that control how soil pH
affects phorus availability to plants. Agriculture 9(6), 120.

https:// 3390/agr|culture9060120
Pltaloka D ahan kering dan pola penanaman untuk melestarikan alam. Jurnal Teknologi
G

ech 2(1), 119-126. https://doi.org/10.33379/gtech.v2i1.329

Becquer 2025. Tropical soils and sustainable management. In: Agricultural Soil
|ence Sustainable Management of Agricultural Soils. pp. 249.
https://doi.org/10.1002/9781394361809.ch9

Samijan S, Minarsih, S Jauhari, S Basuki, A Susila, E Nurwahyuni, VE Aristya 2023. Revitalizing
sub-optimal drylands: Exploring the role of biofertilizers. Open Agriculture 8(1), 20220214.
https://doi.org/10.1515/opag-2022-0214

Senesi N, E Loffredo 2018. The chemistry of soil organic matter. In Soil Physical Chemistry (pp.
239-370). CRC Press.

Sparks DL, B Singh, MG Siebecker 2022. Environmental Soil Chemistry. Elsevier.

17


https://doi.org/10.3390/agriculture11060560
https://doi.org/10.1016/j.jenvman.2025.127776
https://doi.org/10.3389/fsoil.2026.1725559
https://doi.org/10.1071/SR19324
https://doi.org/10.1016/j.still.2025.106816
https://doi.org/10.3390/agriculture11030219
https://doi.org/10.31276/vjste.62(2).65-70
https://doi.org/10.55362/ije/2025/4496
https://doi.org/10.3390/agriculture9060120
https://doi.org/10.33379/gtech.v2i1.329
https://doi.org/10.1002/9781394361809.ch9
https://doi.org/10.1515/opag-2022-0214

Sufardi S 2024. How to enhance soil quality in dryland farming systems in Indonesia. IOP Conference
Series: Earth and Environmental Science 1297, 012071. https://doi.org/10.18805/ijare.af-881

Sufardi S, H Helmi 2025. Soil quality index and water stress vulnerability in different land use against
drought disaster of Aceh Besar, Indonesia. Applied and Environmental Soil Science 2025 (1),
7530709. https://doi.org/10.1088/1755-1315/1469/1/012030

Sufardi S, RB Yakob, M Khalil, T Arabia, K Khairullah 2024. Amelioration's effects on soil chemical
properties in maize cultivation in dryland Aceh, Indonesia. Indian Journal of Agricultural
Research 58(5). https://doi.org/10.18805/ijare.af-881

Sufardi S, S Syafruddin, T Arabia, K Khairullah, HA Umar 2022. Comparison of carbon_Cegtent in
soil and biomass in various types of sub-optimal dryland use in Aceh Besar, Ind@ngsia\JOP
Conference  Series:  Earth and  Environmental  Science 1146} 9.
https://doi.org/10.1088/1755-1315/1116/1/012049 %

on and soil

Sufardi S, T Arabia, K Khairullah, K Karnilawati, F Fuadi 2020. Distributi
quality in drylands of Aceh Besar, Indonesia. I0OP Conference Sekigs: Earth and
Environmental Science 458, 012040. https://doi.org/lO.1088/1755-,1;%8/1/012040
ist

Sufardi S, T Arabia, K Khairullah, K Karnilawati, N Nurnikmat 2019. tion of Al, Fe, and Si

oxides in three soil orders in the dryland of Aceh Besar, ja» IOP Conference Series:
Earth and Environmental Science 393, 01208
1315/393/1/012081

h

s://doi.org/10.1088/1755-

Sufardi S, T Arabia, K Khairullah, K Karnilawati, in, Z Zainabun 2020. Charge
characteristics and cation exchange properties of h yland soils, Aceh Besar, Indonesia.

Aceh International Journal of  Sci and  Technology 9(2), 90-101.
https://doi.org/10.13170/aijst.9.2.17565’\

Sufardi S, T Arabia, M Manfarizah, Z gﬁ ainabun, M Khalil, UH Abdullah 2025.
Distribution of soil carbon and nitx er primary and cultivated forests in Aceh Besar,
Indonesia. IOP Conference SemgS: JEarth and Environmental Science 1469, 012030.
https://doi.org/10.1088/1755 69/1/012030

Tang KHD 2025. Biochar ame s for soil restoration: Impacts on nutrient dynamics and
microbial activity. Envi s12(11), 425. https://doi.org/10.3390/environments12110425

Uehara G, G Gillman 12985. mineralogy, chemistry, and physics of tropical soils with variable
charge clays. S ience 139(4), 380. https://doi.org/10.1097/00010694-198504000-00019

Umar U, S Sufardi ruddin, T Arabia 2021. Mapping distribution approach in various types of
use of S mal dryland in Aceh Besar District. IOP Conference Series: Earth and

Envi | Science 715, 012026. https://doi.org/10.1088/1755-1315/715/1/012026

Usman S 2022=80il'and water management perspectives for tropical and dryland areas of Africa. Soil
‘ tu 13(2), 103-117. https://doi.org/10.21657/s0ilst.1601786

Van t E, NP Qafoku, A Noble, RK Xu 2017. Variable charge soils: mineralogy and chemistry.
In Encyclopedia of soil science (pp. 2432-2439). CRC Press Taylor & Francis.
https://doi.org/10.1016/S0065-2113(04)84004-5

Violante A, L Gianfreda 2023. Adsorption of phosphate on variable charge minerals: competitive
effect of organic ligands. In: Environmental Impacts of Soil Component Interactions. CRC
Press, pp. 29-38. https://doi.org/10.1201/9780138757045-4

Walker DJ, R Clemente, MP Bernal 2004. Contrasting effects of manure and compost on soil pH,
heavy metal availability, and growth of Chenopodium album L. in a soil contaminated by
pyritic mine waste. Chemosphere 57(3), 215-224.
https://doi.org/10.1016/j.chemosphere.2004.05.020

18


https://doi.org/10.18805/ijare.af-881
https://doi.org/10.1088/1755-1315/1469/1/012030
https://doi.org/10.18805/ijare.af-881
https://doi.org/10.1088/1755-1315/1116/1/012049
https://doi.org/10.1088/1755-1315/458/1/012040
https://doi.org/10.1088/1755-1315/393/1/012081
https://doi.org/10.1088/1755-1315/393/1/012081
https://doi.org/10.13170/aijst.9.2.17565
https://doi.org/10.1088/1755-1315/1469/1/012030
https://doi.org/10.3390/environments12110425
https://doi.org/10.1097/00010694-198504000-00019
https://doi.org/10.1088/1755-1315/715/1/012026
https://doi.org/10.21657/soilst.1601786
https://doi.org/10.1016/S0065-2113(04)84004-5
https://doi.org/10.1201/9780138757045-4
https://doi.org/10.1016/j.chemosphere.2004.05.020

Wen Y, C Wang, W Cheng, Z Liu, Q Ma, X Zhang, H Tao 2020. Surface charge properties of variable
charge soils influenced by environmental factors. Applied Clay Science 189, 105522.
https://doi.org/10.1016/j.clay.2020.105522

Xia M, M Riaz, M Zhang, B Liu, Z El-Desouki, C Jiang 2020. Biochar increases the nitrogen use
efficiency of maize by relieving aluminum toxicity and improving soil quality in acidic soil.
Ecotoxicology and Environmental Safety 196, 110531
https://doi.org/10.1016/j.ecoenv.2020.110531

Yang W, L Zhang, Z Wang, J Zhang, P Li, L Su 2025. Effects of biochar and nitrogen fertilizer on
microbial communities, CO2 emissions, and organic carbon content in soil. Scientifi%ts,

15(1), p.9789.

Yu L, A He, R Tian, X Liu, H Li 2025. Quantitatively distinguishing colloidal comp@SHti rface
property of differently sized particles for permanently and variably char olls,Applied
Clay Science 265, 107651. https://doi.org/10.1016/j.clay.2024.107651

Zhang L, L Chang, H Liu 2025. Biochar application to soils can regulate soil phosphoyus availability:
A review. Biochar 7, 13. https://doi.org/10.1007/s42773-024-00415"

Zhang S, Q Zhu, W de Vries, GH Ros, X Chen, MA Muneer, F Zhan 2023. Effects of soil
amendments on soil acidity and crop yields in acidic * rldwide meta-analysis.
Journal of Environmental Mapagemen 345, 118531.

on maize yield and phosphorus uptake in soils nt pH values. Archives of Agronomy
and Soil Science. 68(12), 1746-1754 https:// .1080/03650340.2021.1926997
®

N
S
N

https://doi.org/10.1016/j.jenvman.2023.118531
Zhao H, X Li, G Huang, W Sun, X Qin, S Wei, Z Ye Zﬂ%ﬁ of various phosphorus fertilizers
th diffe
Qrg/

19


https://doi.org/10.1016/j.clay.2020.105522
https://doi.org/10.1016/j.ecoenv.2020.110531
https://doi.org/10.1016/j.clay.2024.107651
https://doi.org/10.1007/s42773-024-00415-1
https://doi.org/10.1016/j.jenvman.2023.118531
https://doi.org/10.1080/03650340.2021.1926997

TABLES, FIGURES, AND ILLUSTRATIONS

Table 1. Chemical characteristics of the topsoil of Andisol, Inceptisol, and Ultisol

before the experiment

Soil chemical characteristics

Andisols Saree

Inceptisols Cucum

Ultisols Jantho

pH H,0 (1:2.5)

pH KCI (1:2.5)
ZPC = pHo

CEC (cmol kg?)
Available P (mg kg™?)
Organic C (g kg?)
Total N (g kg?)

Total P,Os (mg 100 g2)
Total K0 (mg 100 g?)
Base saturation (%)

5.56 A 6.45 SA
4.35HA 4734
591H 4.48M
31.60" 21.20M
230Vt 0.50 V-
39.5H 0.64 V-
2.52M 0.51Vt
83.12VH 77.35VH
65.98 VH 38.25¢
43.52H1 36.74M

5.97 A
4,01 04
5.58 H
20.40M
285Vt
0.53't

3

HA (highly acid), A (acid), SA (slightly acid), VL (very low), M (medium), H (high),

W tigh

Table 2. pH H>O, pH KCl, and ApH of three soil orders on variou %’m t treatments in

Aceh Besar dryland \

Amendments Andisols Saree Inceptisols um \‘ Ultisols Jantho

application pHHO pHKCI ApH pHH0 %H “PH H,0 pH KCI ApH
Control 54la 44la -1.00 6.39b 7h\ 12 561b 4.08ab -1.53
Biochar 15 t ha'* 545a 4.43a -1.02 6.54ph 4.2 -226 567b 4.16ab -151
Biochar 30 t ha'* 549a 4.44a -1.05 6.66 4.30 -236 571b 382a -1.89
Compost 15 t ha'? 554a 454a -1.00 %64 B7ab -1.76 6.43c 4.53c -1.90
Compost 30 t ha'? 5.82b 493b -0.89 498b -1.60 650c 4.33bc -2.17
CaCO3 2tha' 574b 469b -1.05 égs c 497b -198 6.26c 4.8lcd -145
CaCOs 4tha 578b 4.79b -0.% 35¢ 536c -199 6.35c 5.02d -1.33
SP-36 2thal 542a 4.36a % 58la 429a -152 515a 4.0la -1.14
SP-36 4that 5.39a 563a 429a -134 492a 393a -0.99

Values followed by the same
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Figure 1. Status of pH, of three soil orders on various amendment treatments in sub-

optimal dryland
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Figure 4. The values of soil ECEC of three soil orders on various amendment treatments in

sub-optimal dryland
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