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Coastal acid-sulfate soils are crucial for producing crops and thus, for food security. However, over time, these soil

resources experience degradation, leading to higher agro-input, lower yields, and environmental hazards that finally

threaten food security. The optimal use of this fragile resource is only attained by implementing vigorous integrated water–

soil–crop management technologies amid the climate change impact. 
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1. Acid-Sulfate Soil Distribution and Selected Properties

1.1. Distribution

In Kalimantan (Indonesia), the swampland is about 10.0 Mha , of which 2.9 Mha is tidal and about 7.1 Mha is inland.

Figure 1 shows the indicative distribution of ASSs in the coastal area of Kalimantan, covering about 3.5 Mha. In the West

Kalimantan province, this soil is found in the coastal area, from Sambas Regency in the north to Singkawang,

Bengkayang, Mempawah, Pontianak, Kuburaya, and Ketapang Regency in the south. ASSs are mainly found in the

estuary of the Kapuas River, the longest river in Indonesia (12 km long), and the Bengkayang River (2 km long).

Figure 1. Indicative distribution of acid-sulfate soils in Kalimantan, Indonesia, plotted using OpenTopomap. Source: 

, re-drawn and updated.

In Central Kalimantan province, ASSs extend along the coastal areas of Kotawaringin Barat Regency, Seruyan Regency,

Pulangpisau Regency, and Kapuas Regency. The soils also extend to South Kalimantan province, mainly in Barito Kuala,

Barito Selatan, Hulu Sungai Selatan, Tapin, Tanah Laut, Tanah Bumbu, and Kotabaru Regency.

On the eastern coast of Kalimantan, ASSs are found from the coastal area of Paser Regency in the south to Kutai

Kertanegara Regency in the north of East Kalimantan province. In North Kalimantan province, these soils are found in the

coastal areas of Nunukan, Tana Tidung, and Bulungan Regency.
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1.2. Soil Properties

ASSs in Kalimantan are dominated by silt and clay fractions and mostly have a clay texture (the clay fraction is more than

35%). The soils are also categorized as heavy clay soils (clay fraction of more than 60%), for example in Tapin and

Nunukan.

As expected, the pH of the ASSs is low (acidic), ranging from 2.6 to 5.1. The soil pH is very low in the layer containing

sulfidic materials (pH 2.6–4.8). Meanwhile, sulfidic materials are found 20 cm below the surface in Kotawaringin Barat and

Tana Tidung Regency, and 55 cm below the surface in Seruyan Regency. Sulfidic materials are found near the surface in

several sites, such as Nunukan Regency.

Information on the depth of the sulfidic material, pyrite, is crucial in managing this soil for agriculture because pyrite (FeS )

is one of the primary sources of acidity . Shamshuddin et al.  concluded that the oxidation of 1.0 moles of FeS

produces 4.0 moles of H SO . Several factors affect changes in soil acidity due to pyrite oxidation, i.e., oxygen and ferric

(Fe ) availability, decomposable organic matter, the initial value of soil pH, base cation availability, pyrite content, and the

hydrological condition of the land. However, soil moisture and the hydrological condition of the land are the main factors

that determine soil acidity . Variations in groundwater levels control pH and Eh. Decreased groundwater level or soil

moisture during the dry season or due to drainage of the land leads to the oxidation of pyrite and other ferrous (Fe )

species . Conversely, flooded soil leads to reduced soil conditions, increasing soil pH .

Soil organic carbon (SOC) content also varies, ranging from 2.14 to 8.40%. In some areas, the soils are covered with peat

soils, called peaty ASSs, such as in Kotawaringin Barat, Tapin, and Nunukan Regency. This organic matter is less than 50

cm thick, hence excluded from organic soils (Histosols). The peat material contains very high soil organic carbon ranging

from 11.84 to 42.17%.

The cation exchange capacity (CEC) of soil is between 15.27 and 83.47 cmol kg , while base saturation (BS) varies

between locations, ranging from 7% to 67%. High organic carbon and clay are responsible for this relatively high CEC.

Variations in BS are closely associated with the variations in exchangeable Ca and exchangeable Mg. Soils from Sambas

and Kotawaringin Barat Regency are low in exchangeable Ca and Mg, leading to lower BS. Meanwhile, the base cation

content is alleviated and fertilizer application is required to support crop growth.

Nitrogen content varies from low to very high , with total nitrogen ranging from 0.17 to 1.04%. Soil pH is essential

when determining nutrient availability and toxicity in these soils; low soil pH causes aluminum and iron solubility to

increase, and the capacity for fixing phosphorus is large ; phosphorus adsorption capacity may reach 800 mg kg  .

However, flooding in these soils decreases Eh and solubilizes Fe oxides, increasing P availability .

During ASS formation, the natural oxidation of sulfide-bearing minerals and sulfuric acid attack clay minerals, resulting in

changes to the clay mineral structure. The sulfuric acid lowers pH, which makes nutrients less available; low soil pH

causes aluminum and iron solubility to increase, displacing K, Ca, and Mg from the exchange complex. Furthermore, the

exchange complex contains aluminum and iron. Therefore, ASS is likely deficient in Ca and K. Soil pH was positively and

significantly correlated with exchangeable K, Ca, and Mg content in the soil . However, flooding ASSs increases the

availability of K, Ca, and Mg due to the increase in soil pH and the precipitation of aluminum and iron .

Iron (Fe) is abundant in ASSs. Fe concentrations in flooded ASSs can reach 4700 mg kg  . Fe solubility depends on

environmental conditions, such as Eh, pH, organic matter, soil moisture, microorganisms, anion presence , and

land management systems. Fe solubility is also influenced by its characteristics, such as specific surface area and

solubility .

Aluminum toxicity is the most critical limiting factor for plant growth in ASSs. A substantial amount of H  ions are supplied

to the soil solution as a result of pyrite oxidation, and the acid reacts with soil minerals, dissolving Al in the soil solution. Al

solubility is relatively higher at low pH . Exchangeable Al in ASS ranges from 1.8 to 4.3 cmol kg . These levels are

toxic to plants and limit the availability of essential nutrient elements such as P, Ca, and Mg .

Salinity occurs in soils inundated by seawater daily. These areas are generally covered with mangrove forests and are not

used for rice cultivation. During prolonged droughts (such as El Nino), salt concentrations in water increase . The level

of seawater increases from the tide to the upper stream, leading to an increase in the coverage of salt-affected soil

obstructing crop growth . During the rainy season, salt concentrations return to normal and rice can be planted on land

in that area. Haloculture is another system for the sustainable use of saline water for crop production .
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For rice cultivation, ASS has several constraints because pyrite oxidation increases acidity. In addition, this land has a low

content of macro and micronutrients  and iron toxicity that can decrease rice yield from 30 to 100% depending on

variety tolerance levels, toxicity intensity, and soil fertility status . Managing water conditions is an option for controlling

pyrite oxidation. In fact, insights into hydrological characteristics for water management technology are the key to

successful crop production in ASS-dominated agricultural land.

2. Hydrological Characteristics and Water Management

Sea tide activities control the hydrological characteristics of ASSs. Pushing spring tide weakens with distance from the

estuary (river or primary canal estuary), leading to lower water potency that inundates the ASS. Such a condition is

caused by increasing topography upstream and water is pushed by the tide to balance the conditions in the water. The

wave decreases moving energy, impacting the irrigation and drainage potency.

In areas that are routinely inundated by big tides and small tides (Type A), water floods ASSs every day. The potency of

pyrite oxidation is very low and hence rarely found in acidic water (water pH < 4.0). In areas inundated only during big

tides (Type B), irrigation water is always available; however, some big tides cannot reach the ASSs during small tides in

the dry season (DS). Such conditions trigger pyrite oxidation in the soil layer, forming acids from leached soil that

accumulate in the quarter/tertiary canal during the early wet season (WS) and move to secondary and primary canals.

Some areas are not inundated by spring tides but only seepage below the soil surface (Type C or D); the only water

source is rainfall. The potency of pyrite oxidation is high in these areas, primarily during the DS, resulting in acidic soils.

Leached acidic compounds (organic acids, Fe, Al) lead to much lower water pH in the canals than in the Type B areas.

The influence of the spring tide on water pH is presented in Figure 2, where water acidity increases with distance from the

estuary.

Figure 2. (a) Water pH at the peak of the spring tide based on distance from river/sea estuary in the primary canal along

Barito River, South Kalimantan, measured at distances of 1, 2, 3, 4, 5 and 6 km from the canal estuary, and (b) water pH

during the spring tide and the diurnal tide in the secondary canal of the Betaguh wetland irrigation region of Pulang Pisau

Regency, Central Kalimantan, as measured on 10 June 2021. Source: primary data from Author/Khairil Anwar.

The depth of the pyrite layer also influences water quality in the ASS area. In the secondary canal (SC) edges with deep

pyrite layers and more acidic irrigation water, the water pH will increase upstream of the SC. Mixing tidewater and

drainage water in the SC leads to variations in water quality (Figure 3). In the SC, a regular pattern of water pH is more

common during the diurnal tide than during the spring tide. The pH of the water in the primary canal (PC) is lower than

that of the water in the SC during the diurnal tide; however, the pH of the water in the PC is higher than that of the water in

the SC during the spring tide.

The water’s acidity level is an indicator that pyrite has been oxidized. In Type B ASS areas with poor drainage, water

acidity negatively correlates with the water’s electrical conductivity (EC), Al , Fe , Mn , SO , Ca , Mg , Na , and

SiO . Poor drainage in the PC leads to the accumulation of leached ions in the PC water body. Multazam et al. 

confirmed that water pH is negatively correlated with the EC value. This correlation pattern differs from that in areas with

better water circulation, as in the Type A area, where ions easily leach to the edge of the PC.

The sea surface is higher during the WS than during the DS ; therefore, the potency of tide overflow during the WS is

higher than during the DS. Moreover, the volume of water in rivers, tributaries, and other water bodies in the upper region

increases the tide overflow potency. Figure 3 shows the monthly rainfall patterns in South Kalimantan province,

Indonesia, where the overflow potency is low from July to September. Overflow potency is associated with pyrite

oxidation, the leaching of acids from the soil, and acidic compounds in the water canal. Therefore, pyrite oxidation occurs

during the DS, and acids leach at the beginning of the WS. As a result, water pH is very low in areas with poor drainage at
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the start of the rainy season (October–December). Rainfall leaches acidic compounds and toxic ions from the ASSs and

increases the acidic content and toxic ions in water bodies downstream . Water pH increased in January along with the

increasing rainfall intensity, leading to the dilution of acidic compounds. The fluctuation in standing water levels in the

primary canal is influenced by rainfall .

Figure 3. Monthly average rainfall (in millimeters) in South Kalimantan province, Indonesia. Source:

https://dataonline.bmkg.go.id, accessed on 21 January 2024.

Standing water in the tidal region follows the sea tide dynamically, and changes by hour, day, and month depending on the

moon’s position relative to the earth and the sun. Such dynamics lead to different potencies in the overflow and drainage

over time. Standing water can supply irrigated sources in paddy fields, adjust application time during rice cultivation, leach

toxic ions, determine planting time, and select water management technologies . In general, tide overflow supplies

good quality water and is used to leach toxic ions into the land by the receding water.

Water management is critical to the sustainable management of ASSs because water management can prevent pyrite

oxidation, the leaching of acidic and toxic elements and compounds from the soil, and the supply of water for crops. Water

management is based on tidal overflow type, potency, and water table depth (Types A, B, C, and D) . Water

management can be tailored to the soil, hydrological characteristics, and rice needs and adjusted to the problems in each

tidal overflow type.

Water management in ASSs fails because soil and water become more acidic, and crop productivity decreases . This

conclusion is supported by the results of research on water acidity . Hence, water management must (i) be tailored to

the hydrological characteristics, climate, and soil in each location, (ii) be supported by the government (central and local)

and the farmer using the water, and (iii) conducted at macro scales (wetland irrigation regions) and micro-scales (paddy

fields).

Type A tidal areas show high inundation during the rainy season, and the areas experience saltwater intrusion during the

dry season. Therefore, water infrastructure, including periphery dikes and flapped water gates, is required to prevent

overflow and saltwater intrusion (Figure 4a). Type B tidal areas with impeded drainage and poor water quality are a

problem because leached acids in waterways cannot go out to river estuaries due to the push from the tide. This condition

requires implementing a one-way direction of fork-like canals (macro water management) supported by implementation in

paddy fields (micro-scale) for better water circulation. In addition, the primary, secondary, and tertiary canals are shorter

than the existing ones and are tailored to each area’s irrigated/drainage potency in such a way that acids move out from

the site with the subsided water. A one-way directional system requires a swaying water gate and stop log (overflow) in

the paddy fields. A swaying water gate is used to ascertain water circulation during the WS. During the DS, a stop log

conserves water and prevents pyrite oxidation (Figure 5b).
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Figure 4. Types of water gates: (a) flapped water gate, (b) swaying water gate, (c) stoplog water gate. Photo by

Author/Khairil Anwar.

In Type C tidal areas, acids formed in soils during the DS are leached during the WS; paddy fields are inundated 5–10 cm

to prevent pyrite oxidation by using overflow cascades starting from the paddy fields to tertiary and quarter canals (Figure
4c). Lowering inundation and the water table leads to pyrite oxidation, resulting in very acidic soils and water; hence, the

water table requires better management.

The ASSs need leaching so that acids and toxic ions can leave the paddy field, but the water needs maintenance to

prevent pyrite oxidation . Precise water management, low prices, and economics are key factors in sustainable ASS

management . After implementing correct water management, ASSs need amelioration and fertilizers to support crop

production .

3. Soil Amelioration

Soil amelioration improves soil properties so that the soil is favorable for crop growth and production.

Application of lime on ASSs raises soil pH, reduces Al and Fe content, and improves rice growth. Applying magnesium

limestone plus biofertilizers increases soil nutrient content, i.e., total N, available P, exchangeable Ca, and exchangeable

Mg . Liming and application of organic fertilizer increased rice yields in acid-sulfate paddy soils .

Rice-husk biochar was better than ash at improving the chemical properties of ASSs (namely pH, SOC, available P,

exchangeable K, exchangeable Na, exchangeable Mg, and CEC) and decreasing Al and Fe content . Applying rice-

husk biochar increased soil pH to 5.0 or more and rice yields by 20% . Combining rice-husk biochar (5 Mg ha ) and

chicken manure (0.5 Mg ha ) increased soil pH and P availability, decreased Fe and iron toxicity, and enhanced rice

growth and yield . Combining biochar (from empty fruit bunches of oil palm) increased rice yield from 141 to 472% and

decreased Al toxicity .

Compost increases available P, whereas biochar is more effective at mitigating GHG by suppressing CO  emissions .

Compost increases soil pH and improves rice growth in ASSs . Applying organic material (compost) to soil improves the

pH of ASSs and its effect depends on the Eh and sulfate contents. Organic matter can temporarily replace liming in land

management . Adding organic matter can increase P availability in ASSs and P release from the soil . Compost is

potent in the arrangement of nematode communities by increasing biodiversity, trophic structure, and metabolic tract in

ASS-based paddy fields .

Applying biofertilizers (microbes) improves the quality of ASSs. Phosphate-solvent bacteria secrete organic acids, which

deactivate Al and Fe through chelation. It also increases soil pH, precipitating Al or Fe as inert hydroxide Al or Fe,

decreasing Al and Fe availability . Sulfate-reduction bacteria (Desulfovibrio sp.) are essential in reducing acid-sulfate

soils, increasing soil pH and rice yield .

Soil amelioration is an essential treatment for ASSs. Ameliorants (lime, biochar, organic fertilizer, compost, ash, and fly

ash) and their rates and effects on soil properties have been discussed. Nevertheless, crops still need nutrient input due

to the low nutrient content of these soils; thus, fertilizer application is required.

4. Fertilizer Application

The nutrient (N, P, and K) content of ASSs in Kalimantan is generally low to medium, while that of exchangeable Ca is

very low to low and the soil pH is 4.5 or lower. Thus, fertilizer application is a priority in soil management and the rate and

application depend on the crop, tidal type, and land typology.

Levels of N input and N loss in N cycles determine soil nitrogen content variations. Low N content occurs because N is

taken up by crops, leached, and volatilized . On average, nutrient loss for every ton of superior rice variety at harvest is

about 17.5 kg ha  of N, 3.0 kg ha  of P, and 17.0 kg ha  of K . ASSs with low N status need N fertilizer application.

Applying 90 kg ha  of N to ASSs containing a total N of 0.25% yielded 4.1 Mg ha  of rice while adding 135 kg ha  of N

showed no increase in yield . Farmers commonly apply urea at more than the recommended rate.

The content of available P in ASSs is low, although the total P content may be high. In the ASSs in South Kalimantan, the

available P is very low to medium  because Al and Fe fix P  in very acidic soil reactions (pH of 2.5–3.9). The effect of

P fertilizer application on rice yield depends on P status in the soils; in low P status, fertilizer application significantly
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increases rice yield. Applying 22.5 kg ha  of P O  increases rice yield from 3.23 to 4.40 Mg ha . Statistically, there were

no differences in rice yields between using 22.5 and 45–67.5 kg ha  of P O  .

The availability of K in ASSs is mainly low to very low. For instance, the available K in ASSs in South Kalimantan ranges

from 0.09 to 0.25 cmol kg , and is categorized as low to very low . K is an essential macronutrient that regulates

stomata movement, energy transfer, anion balance, and stress resistance . K is crucial to photosynthesis, carbohydrate

distribution, and starch synthesis, leading to higher rice yields . Applying 25 to 37.5 kg ha  of K O under low K status

increases grain weight and influences seed quality. However, using a higher K fertilizer rate does not affect yield increase.

Balanced fertilizer application to ASSs has better yield than partial application of only N fertilizer, P fertilizer, or K Fertilizer.

Balanced fertilizer can also be applied to local rice varieties. Adding 60 kg ha  of N, 60 kg ha  of P O  and 50 kg ha

of K O to ASSs increased local rice yield by 42%–77% . Application of NPK compound fertilizer and urea are other

options for increasing crop production.

In ASSs, liming can increase the effectiveness of the fertilizer. Liming and N, P, and K fertilizer addition increased rice

yield from 0.64 Mg ha  to 4.24 Mg ha . The contributions of lime, N fertilizer, P fertilizer, and K fertilizer to this yield

increase were 33.9%, 33.3%, 22.7%, and 10.1%, respectively. For one hectare of this soil, the fertilizer rates for superior

varieties are 67.5–135 kg N, 45–70 kg P O , 50–75 kg K O, and 1–3 Mg lime .

Results of other studies suggest that increasing crop production in ASSs requires the application of chemical fertilizers (N,

P, K), organic fertilizers, and biofertilizers. Biofertilizers contain microbes such as decomposers (Trichoderma sp.), P

solvents (Bacillus sp.), and N fixers (Azospirillium sp.). Biofertilizers increase N and P availability, accelerate organic

residue decomposition, and promote crop growth. Applying 25 kg ha  of Biotara (a biofertilizer), 400 kg ha  of NPK

compound fertilizer, and in-situ organic matter increased rice yield by 35%–48% . Applying 25 kg ha  of Biotara and

300 kg ha  of NPK compound fertilizer to ASSs increased total N, available P, and available K in Barito Kuala Regency,

South Kalimantan province .

Organic fertilizer decomposition increased macro and micronutrients in the soil . In tidal paddy soils, applying organic

fertilizers, compost from manure, compost from rice straw, and compost from Salvinia sp. increased rice yield by 3.60 Mg

ha , 3.73 Mg ha , and 3.54 Mg ha  compared to not applying organic fertilizers (3.15 Mg ha ) . Adding organic

matter increased rice yield and reduced the use of inorganic fertilizers in tidal paddy fields . Thus, for a given rice

variety, fertilizer application is site-specific.

5. Adaptive Varieties and Gene Conservation

5.1. Adaptive Varieties

When selecting rice varieties for planting, farmers consider market demand and preference, plant age, high yield, plant

height, tolerance to abiotic stress, and resistance to pests and diseases. The local rice variety is adaptive to

environmental growth but has a low yield; thus, improving rice varieties for ASSs requires creating a rice variety that is

adapted to high soil acidity, iron toxicity, and water stress (flooding and dryness). Iron toxicity limits rice growth and

reduces rice yield by 30–60% . The decrease in yield differs in iron-tolerant varieties ; the decline is up to 30% for an

iron-tolerant variety but 75% for an iron-sensitive one. Iron-tolerant rice varieties absorb and translocate less iron from

roots to leaves compared with iron-sensitive varieties.

Improved varieties recommended for acid-sulfate paddy soils in Indonesia include Inpara, Mekongga, and Ciherang.

There are nine varieties of Inpara, from Inpara 1 to Inpara 9 . The adaptation test in the tidal paddy field in Barito Kuala

Regency (South Kalimantan province) showed that five of nine varieties (Inpara 3, Inpara 4, Inpara 6, Inpara 8, and Inpara

9) were adapted to local conditions. They yielded more than 3 Mg ha  of unmilled rice. Inpara 4, Inpara 6, Inpara 8, and

Inpara 9 may be introduced to farmers as alternatives to Inpara 2 and Inpara 3. Farmers in Barito Kuala Regency (South

Kalimantan province) have planted Inpara 2 and Inpara 3 since 2012, while farmers in Hulu Sungai Selatan Regency

(South Kalimantan province) have planted Inpara 4. Inpara 2 and Inpara 3 gave a yield of about 4.12–6.20 Mg ha  .

In the tidal paddy fields of Sambas Regency (West Kalimantan province), Inpara yielded 5.43 Mg ha  of rice , higher

than in South Kalimantan province, which yielded 3.09 Mg ha  of rice . The yield difference was due to soil fertility and

iron toxicity levels. In West Kalimantan, the soil pH was 5.3 and the iron content was 150 mg kg  (showing no symptoms

of iron toxicity), whereas in South Kalimantan, the soil pH was 4.62 and the iron content was 439 mg kg  (showing

symptoms of iron toxicity). Low soil fertility and iron toxicity are responsible for the low productivity of superior varieties,

ranging from 3.0 to 4.0 Mg ha  , much lower than the potential yield of about 5.0–7.6 Mg ha  .
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5.2. Conservation of Genes of Local Rice Varieties

Several local tidal rice varieties are available, and some are grown by farmers. Conservation of these local varieties is

crucial for safeguarding biodiversity and as materials for improving rice varieties. The indigenous agriculturalists residing

in South Kalimantan acknowledged and designated indigenous tidal rice cultivars contingent upon the visual

characteristics of the lemma and palea husk coloration. From a genetic standpoint, the dissimilarity in husk coloration

could signify genetic or phenotypic adaptability, precisely the capacity of individual genotypes required to generate diverse

phenotypes in response to alternative environmental circumstances . Conserving local rice varieties is vital to

preventing genetic erosion .

Genebanks, exemplifying ex-situ conservation, guarantee the accessibility, thorough characterization, and documentation

of stored materials, thus safeguarding them considerably from external risks . It ensures germplasm preservation when

plants are obliterated from their original habitats. Additionally, from the user’s perspective, it can consolidate materials

from diverse and dispersed locations into a single site that is readily accessible for utilization .

Indonesia is an archipelago distinguished by various climatic conditions, ecological geography, and agricultural practices

that sustain extensive rice diversity. With Indonesia’s vast biodiversity, the abundance of genetic resource variability is

considerable, encompassing diverse geographical areas. Each specific area in Indonesia possesses numerous distinct

genetic resources, often dissimilar to those found in other regions ; these are primarily local varieties, and thus

immensely different cross islands. Local rice varieties in South Kalimantan exhibit distinctive characteristics. These

varieties range in plant height from 105 to 180 cm, with 10–24 tillers. The panicle is prominently exposed and grain

threshing is moderate (6%–25%). The leaf angle is horizontal and the flag leaf angle is intermediate and flat, lacking the

upright angle in high-yielding varieties. Similarly, the stem angle is generally moderate, falling between upright and open.

More than 3300 rice accession numbers are stored in the Indonesian Gene Bank .

In the history of rice breeding, numerous studies have shown that rice landraces are the progenitor lines of promising new

varieties. The development of IR8 , the identification of genes for submergence tolerance , and the improvement of

rice yield  are noteworthy among these studies. IR8 is a hybrid of two landraces, Peta, an active and tall rice variety

from Indonesia, and Dee-geo-woo-gen, a Chinese semi-dwarf rice type . In Indonesia, the development of superior rice

varieties through cross-breeding began in the 1900s using germplasm originating from various sources. Until 1965, rice

breeding was directed at establishing varieties suitable for multiple land conditions, including land with medium and low

fertility levels . The most significant increase in production occurred from the 1970s to the 1980s with the introduction of

new high-yielding varieties that were more responsive to fertilizers and matured early, for example, IR36, Cisadane, IR64,

and IR66, with a growth rate of 3.3% each year .

Genetic diversity is also valuable in the gene conservation of natural resources . Several essential genes were

discovered and significantly contributed to the rice breeding process. Regarding submergence tolerance, submergence 1

quantitative trait locus (SUB1 QTL) is the origin of the rice landrace FR13A . The narrow leaf 1 (NAL1) allele in the

Tropical Japonica rice landrace Daringan is responsible for the substantial enhancement of the yield of contemporary rice

varieties . Yustisia et al.  reported that the levels of iron and zinc in brown rice varied across five high-yielding

varieties (Ciherang, Widas, IR64, Cisokan, and Cimelati) that were cultivated in Inseptisols, with Fe ranging from 10.84 to

19.80 mg kg  and Zn ranging from 19.64 to 24.55 mg kg . The Widas variety possessed the highest Fe concentration

whereas the Cisokan variety had the lowest.

The above information significantly contributed to the development of rice varieties and increased rice production in

Indonesia over the years. During the pre-green revolution period, there was a notable enhancement in rice productivity in

Indonesia. Notably, the mean yield per hectare, as recorded by FAOStat, went up from 1.76 Mg ha  in 1961 to 2.25 Mg

ha  in 1969, subsequently increasing to 2.38 Mg ha  in 1970. This increase can be primarily attributed to the extensive

adoption of high-yielding varieties . During the Green Revolution decade, rice varieties with excellent yields and

tolerance to numerous pests and plant diseases were released. One of these was IR-64, which has dominated rice fields

in Indonesia since its introduction in 1986 due to its high yield and resistance to brown planthoppers. Superior cultivars

boosted national rice productivity from 3.96 Mg ha  year  on average during the 1980–1990 period to 4.35 Mg ha

year  during the 1990–2000 period, an average gain of 0.23% yearly .

In addition to water conditions, soil management, adaptive rice varieties, farming systems, and technology adoption are

other essential factors required for successful crop production in coastal acid-sulfate soils. Human resource

characteristics and conditions (farmers and other stakeholders) also play crucial roles.
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