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Phytoremediation is green technology based on the application of plants to remediate 

contaminated media. This paper reviews five species of local plants used for 

phytoremediation in Thailand: Pteris vittata L., Pityrogramma calomelanos L., 

Chrysopogon zizanioides L., Eichhornia crassipes (Mart.) Solms, and Pistia 

stratiotes L. For each plant, its pollutant removal efficiency and mechanism is 

reviewed. The main mechanisms of phytoremediation, such as phytoextraction, 

rhizofiltration, phytostabilization, phytodegradation, rhizodegradation, and phyto-

volatilization, are concisely described. Screening local plants for phytoremediation is 

a cost-effective and easy to manage approach to derive suitable plants that are 

resistant to harmful environmental conditions. To be suitable, plants should have a 

fast growth rate, produce a large biomass yield, have a high tolerance to the toxic 

effects of the pollutants, and have a good capacity for pollutant uptake. Moreover, 

applying the proper species for each contaminant enhances the removal efficiency 

and supports sustainable phytoremediation. 
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1. INTRODUCTION

The rapid global urbanization and the 

development of industrialization has significantly 

increased soil and water pollution. These pollutants 

include various organic and inorganic compounds, 

such as heavy metals, pesticides, petroleum waste, and 

radionuclides, that threaten the ecosystem and 

enhance human health risks (Singh and Pant, 2023). 

Phytoremediation is one of the most promising 

technologies for environmental cleanup. It is defined 

as using green plants to remove, contain, and render 

environmental toxicants (Hettiarachchi et al., 2019). 

Both soil and water pollution from various sources are 

found across Thailand, and phytoremediation is a 

developing approach within the country and so is 

reviewed in this manuscript. 

Most of the research reviewed in this paper deals 

with the phytoremediation of soil and water 

contaminated with heavy metals. Phytoextraction refers 

to removing metals using a plant's ability to absorb 

metals from the soil or water into its roots and then 

translocate most of them to the aboveground biomass. 

Metal hyperaccumulator plants have developed several 

regulatory mechanisms to survive in a metal-

contaminated environment, including heavy metal 

absorption, transportation, chelation, and detoxification 

(Memon et al., 2021). In Thailand, two kinds of ferns, 

Pityrogramma calomelanos L. and Pteris vittata L., 

have been shown to be arsenic (As) hyperaccumulators, 

while Chrysopogon zizanioides L., Eichhornia 

crassipes (Mart.) Solms, and Pistia stratiotes L. are 

candidate plant species for removing heavy metals from 

water. These five kinds of plants are common in 

Thailand, grow fast, and suit the climate. 

Sustainable remediation projects are evaluated 

based upon their social, economic, and positive vs. 

negative environmental impacts (EnvironWiki, 2023). 

Sustainable phytoremediation is a promising 

technique for mitigating human environmental 

impacts and limiting adverse socio-economic impacts. 

However, to increase the efficiency of sustainable 

phytoremediation, it is necessary to raise the 

knowledge, risk assessment, public awareness, and 

acceptance of this technology among scientists, 

industry, stakeholders, government agencies, and non-

governmental organizations (Latif et al., 2023).  

Citation: Ariyakanon N. Application of local species for sustainable phytoremediation. Environ. Nat. Resour. J. 2023;21(5):381-389.

                  (https://doi.org/10.32526/ennrj/21/20230125) 
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2. MECHANISM OF PHYTOREMEDIATION

The phytoremediation process can be separated 

into the six categories of phytoextraction, 

rhizofiltration, phytostabilization, phytodegradation, 

rhizodegradation, and phytovolatilization.

(1) Phytoextraction involves the absorption of

toxic metals from the environment (topsoil, surface or 

ground water) by plant roots and then translocation to 

shoots and deposition at the vacuole, cell wall, cell 

membrane, and other inactive parts in the plant tissues 

(Kafle et al., 2022). Therefore, phytoextraction is an 

attractive method for the cleanup of heavy metal-

contaminated sites by using the potential plants, which 

in Thailand includes Chrysopogon zizanioides, 

Spirodela polyrhiza, Pistia stratiotes, Eichhornia 

crassipes, and Pennisetum purpureum (Yang et al., 

2020). 

(2) Rhizofiltration is the adsorption or

precipitation of contaminants that are in the solution 

surrounding the root zone onto plant roots or absorption 

into the roots. Plant roots excrete specific chemicals in 

the root environment, creating biogeochemical 

conditions that precipitate contaminants onto the roots 

or in the water body (Akhtar et al., 2017). 

(3) Phytostabilization can occur through the

precipitation of heavy metals or reduction of the metal 

valency in the rhizosphere, with absorption and 

sequestration within root tissues, or adsorption onto 

root cell walls. This process uses metal-tolerant plant 

species to immobilize heavy metals belowground and 

so decrease their bioavailability, thereby preventing 

their migration into the ecosystem and reducing the 

likelihood of metals entering the food chain (Yan et 

al., 2020). 

(4) Phytodegradation involves the plants’

transformation or breakdown of organic contaminants 

through metabolic processes. The degradation of 

pollutants occurs inside or outside the plant through 

enzymes produced by roots, such as dehalogenases, 

nitroreductases, and peroxidases (Nedjimi, 2021). For 

example, it was reported that Vetiveria zizanioides 

could clean up 97% of trinitrotoluene from the soil 

(Das et al., 2010). 

(5) Rhizodegradation refers to the breakdown

of organic contaminants in rhizospheric soil using 

microorganisms. Exudates from plant roots, such as 

sugars, amino acids, and flavonoids, increase the 

microbial activity in the rhizosphere. The root 

exudates are a carbon and nitrogen source, providing 

a nutrient-rich environment for microorganisms and 

encouraging microbial activity (Latif et al., 2023). 

(6) Phytovolatilization is the uptake of pollutants

from the soil or water that are then converted into less 

toxic but volatile forms and are then released into the 

atmosphere via plant transpiration via the leaves or 

foliage system. This approach can be applied to the 

detoxification of organic pollutants and some heavy 

metals like selenium (Se), mercury (Hg), and As 

(Mahar et al., 2016). 

3. SELECTION OF LOCAL SPECIES FOR

PHYTOREMEDIATION

Appropriate selection of the plant species for 

the contaminants and geochemical site is crucial for 

effective phytoremediation. Therefore, the use of local 

species for phytoremediation is considered 

advantageous (already adapted) and they should 

possess the following characteristics: 

(1) High tolerance to the toxic effects of the

respective heavy metals and/or other pollutants. 

(2) Good ability to uptake, translocate, or

degrade the contaminants. 

(3) High growth rate, high biomass production,

and an extensive root system. 

(3) High resistance to stressful environmental

conditions, pests, weeds, and pathogens. 

(4) Easy to cultivate and harvest.

(5) Low maintenance cost.

(6) Increase ecological value and support soil

resilience. 

Other factors, such as the temperature, pH, solar 

radiation, nutrient availability, and salinity, can 

greatly influence the phytoremediation potential and 

growth of the plant (Ali et al., 2020). 

4. THE LOCAL PLANTS APPLIED TO

CONTAMINATED SITES IN THAILAND

There are five principal plant species being 

utilized or well-studied for phytoremediation within 

Thailand, and these are discussed in turn as follows: 

(1) Pteris vittata L. (Chinese brake fern) and (2)

Pityrogramma calomelanos L. (silverback fern).

The lead (Pb) tolerance and accumulation in 

ferns, including Pteris vittata (Figure 1) and 

Pityrogramma calomelanos (Figure 2), have been 

studied. The plants were collected from the Bo Ngam 

lead mine site. In hydroponic and pot experiments, 

P. calomelanos accumulated the highest concentration

of Pb (root 14,161.1 mg/kg and frond 402.7 mg/kg)

compared to P. vittata. The ferns were found to have a

translocation factor of less than 1. When P. vittata and

P. calomelanos were grown in contaminated mine soil
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for six months, P. vittata tolerated a higher soil Pb 

level (94,584-101,405 mg/kg) and accumulated more 

Pb in its frond (4,829.6 mg/kg) than P. calomelanos 

(3,605.1  mg/kg) (Soongsombat et al., 2009).  

In Thailand, P. vittata and P. calomelanos were 

found in As contaminated land, such as the Ron 

Phibun District (Nakorn Si Thammarat Province) and 

Bannang Sata District (Yala Province) (Visoottiviseth 

et al., 2002). These areas in the Ron Phibun District to 

Ronna-Suangchan Mountain were part of a former tin 

mining area that resulted in As-contaminated soil in 

southern Thailand. The As concentrations in the 

topsoil ranged from 21 to 14,000 mg/g in Ron Phibun 

and from 540 to 16,000 mg/g in Bannang Sata. The 

researchers selected the plants based on the following 

criteria: high As tolerance, high bioaccumulation 

factor, short life cycle, high propagation rate, wide 

distribution, and large shoot biomass. The results 

indicated that the highest As concentrations in leaves 

of P. calomelanos and P. vittata were 8,350 and 6,030 

mg/g, respectively, (Visoottiviseth et al., 2002). 

The As uptake in most plants rarely exceeds 1 

mg/kg. The WHO limits As in plants because plants do 

not readily translocate As from the roots to the shoots 

(Santra et al., 2013). Therefore, P. calomelanos and P. 

vittata are considered as As hyperaccumulators. With 

respect to the translocation and distribution of As in P. 

vittata, the As is believed to be taken up from the soil 

by the phosphate uptake system as As (V). However, 

within the root exudates and xylem sap of P. vittata, As 

was found in different forms of As, including As (III), 

As (V), mono-methyl arsenic acid, and dimethylarsinic 

acid. The reduction of As (V) to As (III) occurs in the 

frond of the fern (Fayiga and Saha, 2016). The presence 

of As (V) and As (III) induces plant antioxidant 

production higher antioxidant activity and results in a 

higher superoxide dismutase, catalase, and ascorbate 

peroxidase (APX), in P. vittata than in two non-

hyperaccumulators, indicating the ability of P. vittata to 

get rid of reactive oxygen species and free radicals 

(Srivastava et al., 2005). 

Moreover, increased ascorbate and glutathione 

(GSH) levels significantly increased the level of As 

uptake and translocation in P. vittata (Wei et al., 

2010). Note that GSH is a precursor to phytochelatins 

that are involved in detoxifying As in P. vittata 

(Rosen, 2002). The other mechanism of As 

detoxification in P. vittata is the chelation of arsenite 

by ligands and binding with thiol groups, followed by 

sequestration away from the sites of metabolism in the 

cytoplasm, probably into the vacuole or cell wall 

(Pandey et al., 2015). 

Figure 1. P. vittata (Photo courtesy of Assistant Professor Dr. 

Rossarin Pollawatn) 

Figure 2. P. calomelanos (Photo courtesy of Emeritus Professor Dr. Thaweesakdi Boonkerd) 
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The effects of phosphorus fertilizer and 

rhizosphere microbe amendments on As accumulation 

by P. calomelanos were investigated in greenhouse 

and field experiments (Jankong et al., 2007). The 

greenhouse experiments used contaminated soils from 

Ron Phibun District of Nakhon Si Thammarat 

Province in Thailand with As concentrations of 136-

269 mg/kg. The addition of phosphorus fertilizer 

significantly increased the plant biomass, rhizosphere 

microbes, and As accumulation in P. calomelanos. 

The enhanced phosphorus and level of rhizosphere 

bacteria increased the As phytoextraction, while 

rhizofungi significantly reduced the total As 

concentration in plants but increased the plant biomass 

(Upatham et al., 2014). 

(3) Chrysopogon zizanioides L. (vetiver grass)

Vetiver grass (Vetiveria zizanioides has recently

been reclassified as Chrysopogon zizanioides) is a tall, 

fast-growing perennial grass with a massive deep-

penetrating root system (Figure 3) that originated from 

India. However, it is widely cultivated in tropical 

regions and in Thailand its cultivation was promoted 

for soil and water conservation in 1991 and then for 

slope stabilization, erosion control, and environmental 

improvement (Roongtanakiat, 2006). There are many 

ecotypes of vetiver grass due to ecological variation, 

and they show different tolerances/adaptations to 

different habitats. Nowadays, these cultivars of C. 

zizanioides are commonly found in all regions of 

Thailand. 

Figure 3. Sapling of C. zizanioides 

Chrysopogon zizanioides has an excellent 

potential to remediate contaminated water and soil 

because this plant can tolerate high levels of heavy 

metals and pollutants. Moreover, its unique 

morphological and physiological characteristics 

include a high growth rate, adaptability to extreme 

environmental conditions, and a long root system. It 

can grow in soil across a very broad pH range of 3.3-

12.5 and temperature range from 15-55oC. Moreover, 

it has a finely structured and vigorous root structure 

that can grow 3-4 m deep within the first year 

(Wikipedia, 2023a). 

Various studies have demonstrated the 

successful application of this species as a remedy for 

removing pollutants and heavy metals in Thailand’s 

contaminated or intoxicated soil and water 

(Roongtanakiat et al., 2007; Rotkittikhun et al., 2007). 

Therefore, the ability of C. zizanioides to uptake heavy 

metals from industrial wastewater has been 

investigated. Three vetiver ecotypes, Kamphaeng 

Phet-2, Sri Lanka, and Surat Thani, were cultured in 

four types of industrial wastewater sampling from a 

milk factory, a battery manufacturing plant, an electric 

lamp plant, and an ink manufacturing facility. The 

plants cultured in wastewater from a milk factory 

showed the highest plant growth and had the highest 

manganese (Mn), iron (Fe), zinc (Zn), and Pb removal 

efficiencies of 33.72%, 27.63%, 52.73%, and 8.94%, 

respectively. The C. zizanioides grown in wastewater 

from an ink manufacturing facility showed the highest 

copper (Cu) removal capacity of up to 87.5%, 

although the root growth was retarded as a Cu toxicity 

symptom (Roongtanakiat et al., 2007). 

The Pb accumulation in the shoots and roots of 

four ecotypes of C. zizanioides; three from Thailand 

(Surat Thani, Songkhla, and Kamphaeng Phet) and 

one from Sri Lanka, was found to be similar in all four 

ecotypes. Plants accumulated higher Pb 

concentrations in the roots (4,100-5,900 mg/kg) than 

in the shoots (248-422 mg/kg). However, the 

application of 20% (w/w) pig manure was the most 

effective treatment (compared to inorganic fertilizer) 

to improve the biomass of vetiver grown in Pb-

contaminated soils, which was due to the pig manure’s 

increased electrical conductivity and reduced 

diethylenetriamine pentaacetate-extractable Pb 

concentration in the soils (Rotkittikhun et al., 2007). 

Investigation of the mechanism of heavy metal 

uptake from sulphuric acid discharge in C. zizanioides 

and their subsequent metabolism revealed that the 

vetiver shoot displayed increased levels of amino acid 

384



Ariyakanon N / Environment and Natural Resources Journal 2023; 21(5): 381-389

metabolism, glutathione metabolism, TCA, and the 

urea cycle. The roots showed accumulated ornithine 

and oxaloacetate levels and downregulated phosphor-

lipid, phosphorylated metabolites, cellular respiration, 

glyoxylate, and amino acid metabolism. Organic acids 

and glutathione were secreted from the roots for 

rhizospheric metal chelation (Kiiskila et al., 2020). 

The role of arbuscular mycorrhizal fungi (AMF) 

associated with C. zizanioides grown in heavy metal-

contaminated soils in phytoremediation greenhouse 

studies has been evaluated in several studies. The 

inoculation of AMF (Rhizophagus intraradices and 

Glomus versiforme) into Pb-contaminated soil 

increased the shoot and root dry weight of the C. 

zizanioides and increased both the Pb levels in the shoot 

and the root uptake levels (Bahraminia et al., 2016). 

Likewise, inoculation of a HgCl2-contaminated soil 

with AMF (MykovamTM and Glomus sp.) increased 

the overall C. zizanioides weight more than the plants 

grown in the uninoculated soil for all tested HgCl2 

concentrations (Bretaña et al., 2019). The AMF 

improved the mineral uptake of the plants, reduced the 

contaminant toxicity, and increased the plant’s 

tolerance to environmental stress in the associated 

hosts. The metals were absorbed through the fungal 

hyphae and then transported to the plant. Moreover, the 

presence of the AMF contributed to metal 

immobilization in the soil (Sahraoui et al., 2022). 

(4) Eichhornia crassipes (Mart.) Solms (water

hyacinth) 

Eichhornia crassipes is a fast-growing free-

floating macrophyte with a fibrous root system (Figure 

4). This plant was first introduced to Thailand in 1901 

by King Chulalongkorn the Great (Rama V), who 

brought it back from a visit to Indonesia and was grown 

in Sa Pathum Palace, a royal residence. However, due 

to its high growth rate and ease of dispersal, some water 

hyacinths colonized nearby canals, including Khlong 

Samsen, Klong Prem Prachakorn, and Khlong Phadung 

Krung Kasem (Ariyakanon, 2018), and then spread 

further. Nowadays, E. crassipes is widespread across 

the surface water in Thailand (Plant pest in Thailand, 

2023). The optimum growth temperature of E. 

crassipes is 25-30°C with a maximum temperature of 

33-35°C and its pH tolerance is estimated at pH 5.0-7.5. 

However, E. crassipes does not grow once the average 

salinity is greater than 15% (Wikipedia, 2023b).   

Eichhornia crassipes has been studied for 

phytoremediation because of its rapid proliferation 

rate and high biomass production without showing 

many toxic symptoms (Malar et al., 2015). This plant 

is considered a multipurpose phytoremediator because 

it decontaminates inorganic nutrients, toxic metals, 

and persistent organic pollutants (Mishra and Maiti, 

2017). It has been reported that E. crassipes is a 

promising plant species for the remediation of natural 

waterbodies/wastewater polluted with low levels of 

Zinc (Zn), chromium (Cr), copper (Cu), cadmium 

(Cd), Lead (Pb), silver (Ag), and nickel (Ni) (Priyanka 

et al., 2017). Evaluation of the heavy metal removal 

by E. crassipes in the Bueng Makkasan Pond (Central 

Thailand) revealed the accumulation of heavy metals 

(Zn, Mn, Cu, Cd, Pb, and Ni) in the roots of E. 

crassipes was significantly higher than in the shoots. 

This plant also absorbed nutrients (N, P, K, Ca, and 

Mg) from the wastewater (Chunkao et al., 2012). The 

high tolerance and affinity of E. crassipes for heavy 

metal accumulation are due to the high cellulose 

content and its functional groups, including amino 

(-NH2), carboxyl (-COOH), hydroxyl (-OH), and 

sulfhydryl (-SH) groups (Patel, 2012). 

The application of E. crassipes for wastewater 

treatment on a laboratory scale was evaluated using 

residential and surimi wastewater at 10-50% (v/v). 

The water parameters, including total Kjeldahl 

nitrogen (TKN) and total phosphorus (TP), biological 

oxygen demand (BOD), chemical oxygen demand 

(COD), and total suspended solids (TSS), in each 

wastewater were analyzed before and after 

phytoremediation. The removal efficiency of TKN, 

TP, BOD, COD, and TSS in 10% (v/v) residential 

wastewater ranged from 61.4 to 90.1%, while for 10% 

(v/v) surimi wastewater it was in the range of 62.3 to 

90.6%, respectively, (Wattanapanich et al., 2020). 

Three mechanisms have been described for the 

heavy metal removal from water by E. crassipes: root 

absorption, foliar absorption, and adsorption (Zhang et 

al., 2015). The root absorption uses carboxyl groups in 

the root systems that cause cation exchange inside the 

cell membrane and stimulate the movement of the 

heavy metals in the roots by an active absorption 

process. Foliar absorption occurs when contaminants 

are passively absorbed by stoma cells and cracks in the 

cuticle. A comparatively low amount of contaminant 

absorption takes place by foliar absorption. Finally, 

the adsorption process occurs at the rhizosphere of the 

plant, where E. crassipes has dense fibrous roots that 

help to trap suspended solids and bacteria. This offers 

proper attachment sites for the growth of fungus and 

bacteria; hence the contaminants get absorbed easily 

because of the ionic imbalance throughout the cell 

membrane (Aqdas and Hashmi, 2023). 
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Figure 4. E. crassipes 

(5) Pistia stratiotes L. (water lettuce)

Pistia stratiotes is a free-floating and perennial

aquatic macrophyte (Figure 5). It was first discovered 

from the Nile near Lake Victoria in Africa, but is now 

widely distributed in tropical and subtropical fresh 

waterways, especially in slow-moving rivers, lakes, 

and ponds, including across Thailand. The optimal 

growth temperature of this species is 22-30°C, but it 

can endure extreme temperatures of up to 35°C. The 

optimal pH of this is plant is slightly acidic water (pH 

6.5-7.2) (Wikipedia, 2023c). 

Currently, P. stratiotes is distributed in every 

part of Thailand and is commonly found in standing 

surface water, including lakes and ponds (BGO Plant 

Databases, 2023). It can remove several heavy metals 

from water due to its extensive root systems (Farnese 

et al., 2014). The advantages of P. stratiotes are that it 

is fast-growing with a large biomass, can cover large 

water surfaces, and requires an uncomplicated 

harvesting process (Pang et al., 2023). 

Thirteen species of aquatic plants collected 

from unpolluted water around Bangkok, Thailand, 

including Lemna minor, Typha angustifolia, and P. 

stratiotes, were tested for their heavy metal 

accumulation in the laboratory. The results showed 

that P. stratiotes did not tolerate a high concentration 

of Cd (10 mg/L). However, at low Cd concentrations 

(0.1 and 1.0 mg/L), it accumulated 182.09 and 

2,554.52 mg/kg DW, respectively, (Bunluesin et al., 

2004). The removal capacity of chlorpyrifos from the 

water by the two aquatic plants, P. stratiotes and L. 

minor, collected from the ponds at Kasetsart 

University, Bangkok, Thailand, was investigated in 

the laboratory. An initial chlorpyrifos concentration of 

0.1 mg/L was reduced to an undetectable level from 4 

and 5 days after culturing with L. minor and P. 

stratiotes, respectively, and to 82.0±1.7% and 

87.0±2.1%, respectively, at an initial chlorpyrifos 

concentration of 0.5 mg/L (Prasertsup and 

Ariyakanon, 2011). 

Both E. crassipes and P. stratiotes could 

decolorize and detoxify five different textile dyes: CI 

Direct Blue 201, Cibacron Blue, Cibanone Gold 

Yellow, Vat Green, and Moxilon Blue. The 

decolorization mechanisms of Direct Blue 201 dye by 

E. crassipes and P. stratiotes were based on

biosorption and intracellular enzyme activities

(Ekanayake et al., 2021). In addition, phyto-

remediation of industrial sewage sludge with wetland

plants on a pilot scale revealed E. crassipes, Salvinia

molesta, and P. stratiotes as promising candidates for

the removal of Cu, Cr, Cd, Ni, and Zn (Kodituwakku

and Yatawara, 2020).

Plant tolerance to heavy metal stress is a 

complex process that includes a series of metabolic 

adjustments. These include the activation of 

detoxification and antioxidant defence systems and 

related protective metabolic pathways, the 

transformation of metabolic pathways in the plant, and 

the content change of many substances to reconstruct 

metabolic balance. The metabolic changes in P. 

stratiotes to alleviate the phytotoxicity effect of a Zn 

and Cd combination at different concentrations was 

evaluated in the laboratory. The results revealed that 

P. stratiotes increased heat dissipation in the leaf

photosynthetic apparatus to reduce the damage caused

by excess excitation energy to the photosystem II (PS

II) reaction center and safeguard the balance between

absorption and utilization of light energy. The plant

also increased the APX activity and the oxidized
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ascorbic acid (i.e., dehydroascorbic acid) content in 

the leaves to enhance the antioxidant capacity of the 

ascorbate-glutathione (AsA-GSH) cycle and maintain 

the stability of the reduced glutathione (GSH) and 

oxidized glutathione (GSSG) contents. Finally, the 

plant increased the levels of carnosol, and substances 

related to lipid metabolism (including the cutin, 

suberine, and wax biosynthesis pathway), to maintain 

cell stability and increase resistance to the combined 

stress of Zn and Cd (Li et al., 2022). 

Figure 5. P. stratiotes 

5. FUTURE PERSPECTIVES FOR PHYTO-

REMEDIATION

Phytoremediation is an eco-friendly technology 

with great potential to decontaminate soil and water. 

To date, some mechanisms of the plant’s ability to 

uptake heavy metals or organic pollutants have been 

explicitly studied at the cellular level. However, 

clarification of the mechanism related to specific 

genes and enzymes in plants is missing yet is essential 

to increase our knowledge and phytoremediation 

efficiency.   

 Many successful cases of phytoremediation

have been reported. However, most of these studies 

are at the greenhouse or small pilot scale. Actual real-

world application studies, such as in wastewater 

treatment systems in factories, municipalities, and 

canteens, are lacking yet are critical for achieving a 

better environment for the next generation.  

 The interaction between microorganisms in

the rhizosphere and plants is complex, but poorly 

resolved. Therefore, it is necessary to understand it in 

more detail to improve metal uptake. Moreover, it will 

be related to discovering new metabolites and 

mechanisms for optimizing the degradation of organic 

pollutants.  

 Current research has established that the use

of nanotechnology and transgenic plants can enhance 

the phytoremediation efficiency. However, if these 

technologies are to be implemented in the 

environment, their potential adverse environmental 

impact and suitable and comprehensive regulatory 

systems must also be developed. 

 After the phytoremediation process, the

appropriate management of harvested plants should be 

carefully applied. The correct disposal of harvested 

plants needs to be clarified to avoid subsequent 

environmental (human health and ecological) risks. 

 The contribution and coordination of

scientists, local communities, industrial sectors, and 

government authorities through educational programs 

is required to enact long-term sustainable 

phytoremediation in Thailand. 

6. CONCLUSION

The pollutant removal efficiency of five local 

plant species in Thailand and their uptake mechanism 

was reviewed. Two kinds of fern, P. vittata and P. 

calomelanos, were found in As-contaminated soil and 

found to be As hyperaccumulators. C. zizanioides is 

generally found in all regions of Thailand and is 

tolerant to extreme environmental conditions (pH and 

temperature) and has a long root system. It can be 

applied for heavy metal removal from soil and 

wastewater. E. crassipes is widespread in the surface 

water across Thailand and has a suitable optimum 

growth temperature of 25-30 °C and pH tolerance at 
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5.0-7.5. It can be applied to remove some heavy metals 

and nutrients from water. P. stratiotes is mostly found 

in standing surface water, including lakes and ponds, 

in every part of Thailand. It can be applied to remove 

heavy metals, chlorpyrifos, and textile dyes from 

contaminated water. Because these five plant species 

can uptake high concentration of pollutants, proper 

management of the plants after harvesting should be 

carefully applied. This process could then lead to 

sustainable phytoremediation. 
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Fishery-dependent communities are highly susceptible to the impacts of climate 

change due to their proximity to vulnerable coastal areas and reliance on 
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change on the socioeconomic livelihoods and adaptive capacity of Xuan Tu, a 
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enhance preparedness for climate emergencies in South Central Vietnam. 
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1. INTRODUCTION

Countries in Southeast Asia are among the most 

vulnerable to climate change owing to socioeconomic 

factors and high climate risk exposure (Kay et al., 

2023). Due to their proximity to high-risk areas, rural 

households and communities below the poverty line in 

Southeast Asia face the dual challenge of climate 

change impacts and unsustainable urbanization 

(Arfanuzzaman and Dahiya, 2019; Marotzke et al., 

2020). Moreover, the dependency of these 

communities on natural resources for their livelihoods 

makes them more vulnerable to short-term and long-

term climate change impacts (Asfaw et al., 2021). 

Vietnam, a Southeast Asian country, is 

significantly impacted by extreme climatic events 

caused by rising temperatures, sea level rise, salinity 

intrusion, and increased typhoon intensity (Schmidt-

Thome et al., 2015; Trinh, 2018; Nguyen et al., 2019). 

These changes have devastated key sectors 

contributing to the country’s economic growth, such 

as the fishery sector (Do et al., 2021). The fishery 

sector, which experiences an average annual growth 

rate of 7.9%, employs 10% of the population and 

contributes 4-5% to the GDP, making it one of 

Vietnam’s most promising economic sectors (Nguyen 

et al., 2017b).

Citation: Olowe OS, Jacinto HS, Limbago JS, Folorunso A, Sarfo I, Brown C. Assessing social vulnerability to climate change in a fishery-
dependent village in South Central Vietnam. Environ. Nat. Resour. J. 2023;21(5):390-401.

(https://doi.org/10.32526/ennrj/21/20230027)
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Vietnam’s coastal communities rely heavily on 

the fishery sector for their livelihoods, making them 

particularly susceptible to climate stressors and 

disturbances (Nguyen et al., 2019). The south-central 

coast of Vietnam, in particular, has witnessed a rise in 

heavy rainfall and temperatures, rendering it more 

vulnerable to tropical cyclones (Ngo-Duc, 2014; Ho, 

2018). In recent years, Khanh Hoa province in 

Southeast Asia has experienced a series of tropical 

cyclone events (Mau et al., 2019; Tran-Quang et al., 

2020). Notably, the province has faced the destructive 

impact of record-breaking typhoons, such as Mirinae 

and Damrey, which have caused severe damage to 

aquaculture cages, fishing crafts, and shelters 

(DiGregorio, 2013). 

Vulnerability assessment of coastal 

communities to climate change offers information on 

the impact of changes on their livelihood and ability to 

cope at the household level (Otto et al., 2017). 

Vulnerability assessment is multidisciplinary, with no 

generally accepted assessment method (Murphy et al., 

2015). It may focus on the risk-hazard approach 

relying on biophysical and top-down information 

using climate projections or socioeconomic conditions 

relying on bottom-up information at the household 

level (Hammill et al., 2013). A concept used in 

assessing human ability or inability to cope with 

negative externalities in their livelihood is termed 

social vulnerability (Kelly and Adger, 2000). Social 

vulnerability determines the localized sensitivity of a 

community to climate change and the community’s 

ability to cope with extreme events (Khan, 2012; 

Nguyen et al., 2019). Assessment at the household 

level is core to social vulnerability assessment as it 

directly targets vulnerable groups for effective risk 

management (Mason et al., 2021). It uses indices 

selected from deductive and inductive approaches. 

The former creates a social vulnerability index based 

on prior knowledge from the existing literature, while 

the latter uses variables that influence social 

vulnerability (Yoon, 2012). Studies on social 

vulnerability have also been undertaken in Vietnam 

(Adger, 1999; Rubin, 2014; Avelino et al., 2018; 

Huynh and Stringer, 2018; Huong et al., 2019). These 

studies focused on agriculture and natural resources, 

mainly in the Red River Delta and the Mekong Delta 

in the south.  

To date, there are limited climate vulnerability 

studies in the south-central region of Vietnam, 

especially in Khanh Hoa Province. Despite being 

significant producer of spiny lobster with a 1,506 MT 

contribution to the country’s total lobster production 

in 2020 (Hai and Speelman, 2020; Du et al., 2022; Phu 

et al., 2022), there is a lack of studies investigating 

climate vulnerability in the region. Specifically, there 

is no current study on the vulnerability of Xuan Tu 

Village, located in Khanh Hoa Province, where lobster 

farming originated. Moreover, Xuan Tu Lagoon is 

home to seagrass beds that support various aquatic 

fauna and flora, although the seagrass population has 

declined over the years due to the impact of extensive 

aquaculture and climate change (Nguyen et al., 2022). 

Given the significance of Xuan Tu Village for 

aquaculture and aquatic biodiversity in Vietnam, it is 

imperative to investigate the impact of climate change 

on this village to develop effective adaptation and 

resilience measures. Hence, this study targets this 

research gap by assessing social vulnerability at 

household scales in a coastal community in south-

central Vietnam, building on existing social 

vulnerability assessment approaches. As there is no 

definitive index or approach to defining social 

vulnerability, a bottom-up approach was used based 

on the researchers’ understanding of vulnerability 

(Khan, 2012). The study identified the socioeconomic 

vulnerability of the village at the household level and 

evaluated the factors influencing adaptation strategies 

and adaptive capacity. This work will enable 

government agencies to prioritize local adaptation 

strategies to climate change vulnerability.   

2. METHODOLOGY

2.1 Description of the study area

Xuan Tu is a coastal village in Van Hung 

commune in Khanh Hoa, a South-Central Province in 

Vietnam (Figure 1). Xuan Tu Village covers 80 ha, 

with a total population of 2,735 people belonging to 

553 households (Hue, 2010). With a bay area of 

472 ha, 75% of the household are engaged in fishery 

activities (aquaculture and capture fishing), with a fish 

culture area of 118 ha, establishing the village as a 

prominent center for lobster aquaculture in Khanh Hoa 

(Tuan, 2004; Hue, 2010). Fishing activities have been 

banned near the co-managed Trao Reef Marine 

Reserve (Nguyen, 2010). The village lacks a medical 

facility but is accessible with good road networks and 

basic amenities such as the internet, telecom-

munications, and electricity. The village’s proximity 

to the sea means it is affected by increased tropical 

cyclones, among other large-scale climate events in 

the Khanh Hoa Province. 
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Figure 1. Map of Xuan Tu, a coastal village in South Central Vietnam 

2.2 Data collection 

This study employed a mixed-method approach 

using questionnaires and key informant interviews. A 

semi-structured questionnaire was administered to 61 

heads of households (male and female). This method 

to ensure equal representation of households is based 

on a previously described method (Yamane, 1967). 

The mathematical representation of the sample size 

calculation is as follows: 

 n =
N

1 + N(e)2  =  
553

1 + 553(10%)2 =  84 

Where; n represents the sample size, N denotes 

the total number of households, and e represents the 

assumed margin of error (10%). A higher margin error 

was used to balance between precision and practicality 

due to practical constraints such as time, resources, 

and responsiveness which may limit the ability to 

obtain a larger sample. However, some of the 

households were unresponsive. 

Before implementation, a qualified translator 

from Nha Trang University translated the 

questionnaire into Vietnamese. Additionally, a 

qualified independent translator checked for accuracy 

to ensure translated accuracy and appropriateness, and 

the discrepancies were resolved through collaborative 

discussions. The interviews were conducted by a 

trained Vietnamese scientific interpreter familiar with 

the subject matter. The survey was designed with four 

sections: demographic characteristics, perception, 

livelihood, and adaptation measures. Four individuals 

in the community: a government official (village 

head), a manager of the Trao reef, an NGO official, 

and a spiritual leader, were interviewed to enrich the 

data collected. These interviewees were selected based 

on  contacts made during  the  preliminary survey and 
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consultation with a researcher from Nha Trang 

University in Khanh Hoa Province, Vietnam, who was 

familiar with the area. Data collection was carried out 

from November 2017 to February 2018. It began with 

a preliminary survey and pilot testing of the 

questionnaire with 10 households in the community. 

This provided an overview of the general conditions 

of the community and facilitated the selection of 

indicators used in this study. The indicators were 

based on reviews of past disasters as reflected in 

previous studies (Wu et al., 2002; Zahran et al., 2008; 

Hou et al., 2016). Additional inputs were considered 

from community experts along with the household 

questionnaires administered. However, this may be 

subjective because the approach is characterized by 

expert knowledge and with lesser indicators (Vincent, 

2004). The indicators were sub-subdivided to fit in 

with the IPCC’s determinants of climate change: 

exposure, sensitivity, and adaptive capacity (IPCC, 

2014). The Vietnam government statistical office 

supplied meteorological data on annual temperature, 

mean annual rainfall, data on storms, and coastal 

erosion, which form the exposure to climate change. 

These were selected based on consultation with the 

community leader and the Trao Reef Protected Area 

Officer. The data collected were used to develop a 

social vulnerability index and adaptive capacity index 

for climate change. 

2.3 Indicator’s functional relationship 

Vulnerability indicators should be selected 

based on theoretical linkages between drivers of social 

vulnerability and socioeconomic conditions (Adger 

and Vincent, 2005). The criteria for selecting 

indicators were based on objective observation from 

the community and communication with the key 

informants, which were then linked to existing 

literature. There is no established standardized 

indicator or framework for quantifying vulnerability to 

hazards (Cutter et al., 2010). The IPCC determinant of 

vulnerability is exposure, sensitivity, and adaptive 

capacity (Table 1). According to IPCC (2001), 

exposure refers to the nature and degree to which a 

system is exposed to significant climatic variations. 

Indicators of exposure include mean annual 

temperature (Mendoza et al., 2014), mean annual 

precipitation, percentage of storms (Žurovec et al., 

2017), and flood occurrences (Mendoza et al., 2014). 

Meanwhile, the level of sensitivity refers to how much 

risk exposure impacts the system. Indicators of 

sensitivity are; lack of income diversification (Eakin 

and Bojórquez-Tapia, 2008), percentage of fishers 

above 60 years (Wu et al., 2002), percentage of 

households without hazard-resistant shelter, and 

percentage of female-headed households (Jepson and 

Colburn, 2013). Exposure and sensitivity affect 

communities by increasing their susceptibility, hence 

their positive (+) relationship with vulnerability. 

Adaptive capacity describes the ability of a system to 

cope and create opportunities in a climate-related 

event. Adaptive capacity to climate change is 

dependent on access to loans, level of literacy (Deressa 

et al., 2008), access to information (Lo and Emmanuel, 

2013), social group (Egyir et al., 2015), and poverty 

level (Adger, 1999). Adaptive capacity reduces 

vulnerability to climate change as it aids coping and 

development of adaptation strategies; therefore, it 

negatively (-) influences vulnerability. Table 2 shows 

the indicators of adaptive capacity identified from 

previous studies (Tan et al., 2018; Salik et al., 2015; 

Tan et al., 2018; Umamaheswari et al., 2021) and 

subjectively by the authors based on communication 

with experts in the community.

Table 1. Dimensions and indicators of vulnerability 

Dimensions of 

vulnerability 

Indicators Explanation References 

Exposure Mean annual temperature (+) To understand climate pattern Mendoza et al. (2014) 

Mean annual precipitation  (+) To understand climate pattern Žurovec et al. (2017) 

Percentage of storms (+) To detect the frequency of disasters 

Percentage of flood occurrence (+) To detect the frequency of disasters Mendoza et al. (2014) 

Sensitivity Lack of income diversification (+) To identify the livelihood status of the 

households 

Eakin and Bojórquez-

Tapia (2008) 

Percentage of fishers above 60 years (+) Identify age-related sensitivity Wu et al. (2002) 

Percentage of households without 

hazard resistant shelter (+) 

To identify the preparedness of the 

households 

Wu et al. (2002) 
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Table 1. Dimensions and indicators of vulnerability (cont.) 

Table 2. Indicators of adaptive capacity 

Component Indicators Explanation References 

Social support Access to at least one social group - Tan et al. (2018) 

Percentage of people with secondary 

education 

Education level of the household 

head 

Salik et al. (2015) 

Percentage of people with quality 

shelter  

The infrastructure is critical in 

determining a vulnerable 

population's ability to adapt. 

Salik et al. (2015) 

Access to at least one information 

service 

Access to technical information on 

the climatic occurrence  

Tan et al. (2018) 

Economic 

sufficiency 

Access to loan To determine whether households 

have access to credit 

Tan et al. (2018) 

Percentage of people with diversified 

income  

To understand whether households 

generate income from alternate 

livelihood activities 

Umamaheswari et al. (2021) 

Improved technology Access to improve fishing gear and 

cages 

Per capita income Higher-income might improve 

coping ability  

Institutions/ 

governance 

Early warning from the district officer Communication and early warning 

about impending climatic extremes 

Umamaheswari et al. (2021) 

External support for adaptation 

Climate education 

Financial support from institutions 

2.4 Data analyses 

The data were analyzed quantitatively to assess 

social vulnerability and adaptive capacity. Indicators 

of exposure and adaptive capacity were measured 

using different scales and units. For comparison, the 

indicators used were normalized. Indicator values 

were normalized between 0 and 1 based on the United 

Nations Development Program (UNDP, 1990) 

parameters for measuring the Human Development 

Index (HDI). The functional relationships of the 

indicators were used to determine the normalization 

equation. For positive correlation, the equation is as 

follows: 

Xij =  
Xi − Min.  Xj

Max.  Xj − Min.Xj

And for negative correlation, the equation: 

Xij =  
Max.  Xj − Xi

Max.  Xj − Min.  Xj

Where; Xij is the value of the normalized 

indicator (j) to study area (i), Xi is the actual value of 

the indicator to (i), and Min. Xj and Max Xj are the 

minimum and maximum values of the indicators, 

respectively. After normalization, the indicators were 

summarized  into  simple  averages  to form composite 

Dimensions of 

vulnerability 

Indicators Explanation References 

Sensitivity Percentage of female-headed 

households (+) 

To figure out if the gender of 

households affects coping 

Jepson and Colburn 

(2013) 

Adaptive 

capacity 

Access to loan (-) To identify whether they have access to 

credit 

Ahsan and Warner (2014) 

Percentage of people with secondary 

school education (-) 

To identify the level of literacy Deressa et al. (2008) 

Percentage of people with access to 

information (-) 

To identify their knowledge of climate 

change 

Lo and Emmanuel (2013) 

Access to at least one social group (-) To understand whether they have social 

supports 

Egyir et al. (2015) 

Percentage of people above the poverty 

line (-) 

To understand if income affects their 

copy mechanism 

Adger (1999) 
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indices using an equal weight method. This method 

assumes that all indicator variables carry the same 

weight and was chosen for simplicity and 

transparency. Interestingly, there is no consensus or 

justification for ranking the indicators into ranges of 

importance or priority (Cutter et al., 2010). Weighted 

averages introduce an element of arbitrary choice, 

and regression-based weight is only visible when 

there is an objective measure of vulnerability 

outcome (Heltberg and Bonch-Osmolovskiy, 2011). 

The normalized indicators were integrated into the 

composite subindices per their dimensions. The 

arithmetic mean of the indicators makes up this 

subindex. Therefore, the final value of the 

vulnerability index is obtained by the arithmetic sum 

of sub-indices (O’Brien et al., 2004; Žurovec et al., 

2017). Quantification of social vulnerability must be 

mathematically expressed to show the relationship 

between the components (Nguyen et al., 2017a).
Therefore, the mathematical expression, adapted from 

a previously described formula  (Ahsan and Warner, 

2014) for the social vulnerability index, is as follows: 

SVI =  ∑
1

n
 E, S, AC (3) 

Where; SVI is the social vulnerability index; E 

is exposure; S is sensitivity; AC is the Adaptive 

Capacity, and n is 3, representing E, S, and AC. An 

inverse value (1 minus indicator score) for adaptive 

capacity was used for the index calculation due to its 

inverse relationship with vulnerability (Ahsan and 

Warner, 2014). The index was scaled from 0 (low 

vulnerability) to 1 (high vulnerability) based on a 

previously described composite indicator framework 

(Ahsan and Warner, 2014). Descriptive statistics, 

including frequencies and percentages, were used to 

summarize data from the semi-structured question-

naire on fisher’s demographic characteristics. 

3. RESULTS

3.1 Characteristics and livelihood of the respondents

As shown in Figure 2, 51% of the population’s 

livelihood strategy is linked to aquaculture, which is 

closely followed by fishing (31%). Fishmongers 

comprised 7% of the respondents, while people 

involved in other livelihood activities, such as net 

knitters and boat engineers, constituted 11% of the 

respondents. The dominance of aquaculture is reflected 

in the income it generates, as shown in Figure 3. The 

income generated from aquaculture exceeds that from 

fishing and other occupations. 

Figure 2. Livelihood of households in Xuan Tu Village, South 

Central Vietnam 

Figure 3. Annual income per livelihood in dollars (1$=22,769 

Vietnamese dong) 

3.2 Social vulnerability index (SVI) of the village of 

Xuan Tu 

The sub-index of social vulnerability was 

calculated from vulnerability dimensions and 

analyzed using Microsoft Excel 2016. The findings 

from the analysis show that the index values of 

exposure, sensitivity, and adaptive capacity were 0.16, 

0.34, and 0.26, respectively (Figure 4). Social 

vulnerability was determined by calculating the 

arithmetic mean of the sub-indices to give 0.43 a social 

vulnerability index. From the results, the social 

vulnerability of Xuan Tu Village is medium. 

3.3 Adaptive capacity index 

Based on the standard deviation of the 

indicators, the adaptive capacity sub-indices were 

ranked as follows: social capital ranked highest at 

55%, economic sufficiency at 44%, and institutional 

support ranked lowest at 1%. The economic 
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sufficiency of the community is aided by access to 

loans and moderate-income generation, as illustrated 

in Figure 5. Apart from the early warning support from 

institutions, the findings illustrated in Figure 6 show 

that there is little support from institutions on climate 

education and financial support. Figure 7 shows that, 

socially, the community was better off due to the 

higher level of education, access to social groups, and 

access to information from various sources. However, 

they   do   not   have   access   to   shelters   capable  of 

withstanding extreme weather events. 

3.4 Adaptation strategies 

The findings revealed that the farmers changed 

the feeding regime and the type of fish cultured in 

response to climate change (Figure 8). Furthermore, 

there was an increase in the use of technology, and a 

few diversified their livelihood. However, a larger 

percentage of the respondents do not have adaptation 

strategies.

Figure 4. Social vulnerability index of Xuan Tu Village, South 

Central Vietnam 

Figure 5. Economic indicators of adaptive capacity 

Figure 6. Governance Indicators of adaptive capacity Figure 7. Social indicators of adaptive capacity 

4. DISCUSSION

4.1 Social vulnerability and livelihoods

A community’s vulnerability is site-specific; it 

can be determined by the communities’ geographical 

location, exposure, and sensitivity (Adger et al., 2003; 

Ahsan and Warner, 2014). Our findings revealed that 

Xuan Tu is moderately vulnerable. Social vulnera-

bility of a community describes the effects of social, 

economic and institutional factors that made them 

susceptible to climate change (Tate, 2012). We infer 

that the village’s proximity to the sea, which dictated 

their livelihood, exposed them to the direct impact of 

climate hazards. This finding corroborates other 

researchers’  assertion  that  communities  in  southern 
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Figure 8. Adaptation strategies initiated by fish farmers in Xuan Tu Village 

Vietnam are vulnerable due to their proximity to the 

body of water and aquaculture activities (Huynh et al., 

2019; Truong et al., 2022). This study’s higher 

sensitivity and medium vulnerability agreed with a 

previous study (Badjeck et al., 2010). Natural 

resource-dependent households, especially in fish-

based communities, are sensitive to climate 

variability. This sensitivity within these communities 

can be attributed to climate-sensitive natural 

resources; therefore, their services are highly prone to 

extreme stressors or changes (Füssel, 2012; Okpara et 

al., 2017; Huynh and Stringer, 2018).  For example, 

the agriculture-dependent households in Danang, 

Vietnam, were more vulnerable to climate change than 

those with diversified income sources (Huynh and 

Stringer, 2018). With 49% of households not 

diversifying their livelihoods, there would be a further 

increase in individual household susceptibility levels 

in the future, as the current single-livelihood approach 

is not sustainable. A sustainable livelihood approach 

is dynamic and ecologically coherent to achieve 

sustainability (Hussein and Nelson, 1998; Natarajan et 

al., 2022). Meanwhile, livelihoods which rely solely 

on agriculture and lack diversification are 

unsustainable  (Barrett et al., 2001; Beltrán-Tolosa et 

al., 2022). With the inability to diversify into 

alternative income-generating activities, there is a 

tendency to increase sensitivity. Within a fishing-

based livelihood, higher sensitivity and lower adaptive 

capacity where all households are exposed to the same 

stressor result in greater vulnerability, thus reducing a 

communities’ ability to cope during climatic events. 

In addition to the low percentage of income 

diversification, it was found that most households in 

the area do not have access to quality shelters. 

Climate-resilient housing infrastructure helps mitigate 

the risk of climate-related vulnerability (Hernández, 

2022). Lack of access to quality shelter could 

exacerbate climate change’s impact and lead to 

displacement and loss of livelihoods. Fishermen face 

risks due to shifts in climate patterns caused by the 

overall increase in global temperatures and 

fluctuations in precipitation (Vincent-Akpu and 

Annor-Frempong, 2017). The ability of their 

households to adapt livelihood strategies will be 

influenced by governance processes, policies, and 

institutional capabilities (Huynh and Stringer, 2018). 

However, institutional discrimination exists in 

Vietnam, and impoverished individuals are inherently 

more at risk of natural disasters due to limited access 

to state resources (Adger, 1999). In the case of Xuan 

Tu, there is a clear indication of the requirement for 

detailed policies to reduce vulnerability to climate-

related disasters at a local level.  

Social vulnerability, defined as individuals' 

inability to cope with the consequences of hazards 

effectively, reflects the societal dynamics and its 

foundational social, economic, and political 

circumstances (Rubin, 2014).  Recognizing the social 

vulnerability of Xuan Tu is influenced by various 

socioeconomic factors and institutional lapses is to 

provide evidence for decision-makers to provide 

adequate social improvements to tackle climate 

change. However, our choice of indicators and the 

selection criteria might have created a bias that could 

affect the result's credibility. Social vulnerability 

assessment is subjective and future considerations 

should focus on a more robust method of analysis that 

would reduce redundancy and uncertainty. 
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4.2 Adaptive capacity 

A positive correlation exists between access to 

a social group, literacy level, economic welfare, and 

adaptive capacity. People with higher levels of 

education, income, and access to social gatherings 

have a greater propensity to adapt/cope with climate 

change, thus improving their resilience (Adger et al., 

2003; Abdul-Razak and Kruse, 2017; Sarfo et al., 

2019; Tran et al., 2020). The findings show that 

households in Xuan Tu are economically capable due 

to their higher-than-average income, surpassing the 

national average of $129 (General Statistics Office of 

Vietnam, 2021). A previous study observed similar 

findings for Southern coastal zones (Nguyen et al., 

2019). Furthermore, higher income improved the 

adaptive capacity of agriculture-dependent 

communities in the Nikachu watershed, Bhutan 

(Choden et al., 2020). The income generated could 

have reduced their vulnerability because the access to 

capital will make it easier to adapt or restart after 

climate shock (Nor Diana et al., 2022). The higher 

education rate among respondents will positively 

correlate with or influence adaptive capacity within 

the community, and this is consistent with the findings 

of agrarian households in Bhutan and farmers in 

Nicaragua (Choden et al., 2020; Quiroga et al., 2020). 

Vulnerability is socially constructed and influenced by 

varying institutions and economics (Adger et al., 

2003). Consequently, higher income and medium 

support from groups could improve the ability to 

withstand extreme climate hazards. In our study, the 

access to a social group in the households may have 

influenced their adaptive capacity. Similar findings 

were observed when assessing climate change in the 

Northern Mountainous Region of Vietnam (Ho and 

Kingsbury, 2019). Collective actions of society can 

improve their resilience in the face of threats posed by 

extreme climate events (Adger et al., 2003; Sarfo et 

al., 2019). 

Higher education and access to social groups 

could have allowed them access to information. 

Information on climate change or early warnings can 

improve readiness to cope or adapt, improving 

adaptive capacity. This implies that respondents with 

access to information have a higher adaptive capacity 

than farmers with less access (Abdul-Razak and 

Kruse, 2017). Marine Conservation and Community 

Development (MCD), an NGO working in the 

community, asserted the Khanh Hoa People’s Party 

Committee had a climate action plan between 2010 

and 2015. MCD is important in creating adaptive 

livelihood through establishing an Eco-café, and 

support for the Local reef-protected area since 2008, 

coupled with training on the snout otter clam culture 

model. However, education on climate change is low 

in the community, and government efforts in the 

committee should focus on early warning systems 

prior to climate-induced events and should provide 

financial support to vulnerable social groups. The 

participation of citizens and stakeholders is an 

important aspect of climate governance (Sarfo et al., 

2019). Hence, considerable efforts should be directed 

at ‘social learning and institutional reflexivity’ for 

efficient participation. The medium value of the 

adaptive capacity signifies that a community has a 

good capacity to cope with adverse situations, 

consistent with a previous study (Vincent-Akpu and 

Annor-Frempong, 2017). 

4.3 Adaptation strategy and its barriers 

Local communities rely on local knowledge, 

which is relevant in building resilience over climate 

change (Klein et al., 2014). In the case of Xuan Tu, the 

adaptation strategies were based on prevailing 

conditions which may not be a response to climate 

change. In response to the reduction in the catch, 

fishermen changed their fishing grounds by moving 

further into the South China Sea - a key informant 

attributed this change to migration and aquaculture. 

The cage density of lobster aquaculture and the 

conflict between water users is a problem in this 

community; this may have led to the change in the 

fishing ground (Tuan, 2004). These adaptation 

strategies are consistent with the findings of (Huynh et 

al., 2021) in two coastal communities in central 

Vietnam. Eight percent of households diversified into 

aquaculture, thus increasing their monthly earnings. 

Similarly, fishermen adapt their livelihood by 

diversifying into agriculture and other means in Trung 

Làng (Leithäuser and Holzhacker, 2020). However, 

these are autonomous adaptations, which are 

spontaneous responses to the impacts of climate 

change (IPCC, 2001). Barriers to these adaptations 

arise from the lack of financial assistance for affected 

individuals or units, hindering growth. The top-down 

government structure, which is non-participatory in 

ecological management, is also a significant challenge 

(Gverdtsiteli, 2023). Policies and governance 

processes play a role in determining property 

allocation and household livelihood strategies. 

Inadequate financial support, such as credit facilities 

and incentives, significantly affects unplanned 
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strategies (Avelino et al., 2018). This is in contrast to 

urban areas where adaptation plans are crucial for the 

development and sustainability of cities (Huynh and 

Stringer, 2018). 

5. CONCLUSION

In conclusion, Xuan Tu Village is moderately 

vulnerable to climate change due to its exposure to 

environmental changes and the sensitivity of their 

livelihood. The study highlights that the village’s 

economic and social capacities have strengthened its 

ability to adapt to climate change. Insufficient 

government assistance has hindered the community's 

efforts to adapt to climate change, highlighting the 

need for additional support from governmental or non-

governmental organizations. There is a clear 

indication for renewed detailed policies to reduce 

vulnerability to climate-related disasters at the local 

level and a shift in priorities away from the 

government’s current emphasis on national-level 

climate change adaptation initiatives to policies for 

disaster risk reduction. These policies should focus on 

building stronger community networks, improving 

access to information and resources, and involving the 

community in decision-making processes related to 

climate change. Additionally, efforts should be made 

to enhance the community's economic and social 

capacities by creating new livelihood opportunities or 

improving existing ones. 
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Leyte Sab-A Basin peatland (LSBP) is the second largest peatland in the 

Philippines and comprises 3,088 ha (31 km2). The study estimated the C storage 

and carbon sequestration capacity of the peatland’s four (4) ecotypes, namely, 

swamp forest (SF), marshland (ML), agroforestry (AF), and agricultural land 

(AL) using allometric equations. SF rendered the highest downed wood C-stocks 

followed by AL and AF. For the litter C-stocks, AF rendered the highest, 

followed by SF, ML, and AL. SF rendered the highest root C-stocks and CO2 

sequestered, followed by AL and AF. C% is highest in ML with values ranging 

from 32-43 C% across the soil peat depth, while SF ranges from 29-34 C%, and 

AL and AF both with 19-37 C%. The LSBP stores 36.6 Tg of C and 134.5 Tg of 

CO2 sequestered. This C storage amount can represent 0.04% of tropical peat 

carbon.
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1. INTRODUCTION

Peatlands have been widely accepted to store a 

massive amount of carbon. Although peatlands 

account for only 3% of the world’s land surface, they 

are one of the major reservoirs of global soil carbon 

(C), which is currently estimated to be over 600 Gt 

carbon (Page et al., 2011; Yu et al., 2010; Yu et al., 

2011). Tropical peatlands covering 440,000 km2 

represent about 11% of the world’s peatland areas, 

with the Leyte Sab-A Basin representing 31 km2 

(0.007%) of that area.  Page et al. (2011) estimate that 

77% of the tropical peat C storage is in Southeast Asia. 

The tropical peat reservoir is estimated to be 88.6 

(81.7-91.0) Gt (Pg) C or 15-19% of the global peat 

carbon pool. 

Aside from sequestering carbon, peat swamp 

forests provide numerous ecosystem services, 

including the provision of forest products, 

hydrological regulation (Dommain et al., 2016), 

nutrient cycling, and habitat for many endangered 

and rare species of animals with high biodiversity 

indices (Nowak, 2013; Cheyne and Macdonald, 2011; 

Posa et al., 2011). Despite these values, Southeast 

Asian peatlands are being disturbed by anthropogenic 

activities such as draining, deforestation, and intensive 

burning, primarily for agricultural and tree plantation 

purposes (Margono et al., 2014; Miettinen et al., 

2012).  

Intense economic and social pressures for 

timber, land for food crops, and oil palm plantations 

contribute to Southeast Asia’s rapid degradation of 

peatlands. As a result, massive amounts of carbon gas 

are transmitted to the atmosphere through the loss of 

biomass and peat oxidation and burning. One good 

example is the 1997 widespread wildfires in forested 

peatlands of Indonesia following a severe El Niño. 

Extrapolations showed an estimate of 0.81 to 2.57 Gt 

of carbon were discharged into the atmosphere in 1997 

because of burning peat and vegetation in Indonesia - 

an amount that is equal to 13-40% of the mean yearly 

worldwide carbon emissions from non-sustainable 

power sources (Page et al., 2010; Page et al., 2011). 

Considering the potential impacts of peatlands 

degradation at both the regional and global scale, 

failure to account for these vulnerable C pools can 

cause biogeochemical and climate models to 

Citation: Bobon-Carnice PA, Chanton JP, Migo VP, Faustino-Eslava DV. Carbon storage of Leyte Sab-A Basin Peatland, Philippines. Environ. 
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underestimate the future increases in CO2, which 

could further enhance anthropogenic-driven climate 

change. Tragically, the protection of peatlands as a 

forest isn’t under any Kyoto Protocol (KP) 

Mechanisms or its adaptability systems, for example, 

Joint Implementation (JI) Program and the Clean 

Development Mechanism (CDM). In contrast, the C 

stocks in peatlands are excluded from the United 

Nations Framework Convention on Climate Change 

(UNFCC). It could be one of the principal reasons 

peatlands have been adequately exposed to survival 

transformation and waste in recent years since 

strategy-making bodies are not straightforwardly 

tending to peatland assurance. However, the KP 

mechanisms and UNFCC are now considering 

peatlands. The first commitment period was from 

2008 to 2012 (Barthelmes et al., 2015; FAO, 2020). 

Agusan Marsh and Leyte Sab-A Basin are 

where important peatland areas were identified in the 

Philippines. However, there is a lack of targeted 

research on peatlands in Agusan Marsh despite it 

being declared a protected wetland under Presidential 

Proclamation No. 913. Meanwhile, the Protected 

Areas and Wildlife Bureau (PAWB-DENR, 2009; 

PAWB-DENR, 2013) nominated the Leyte Sab-A 

Basin as a Peat Site Profile in Southeast Asia. 

However, this recognition from the ASEAN is still in 

process. Aside from this, no other exhaustive scientific 

study has been conducted on the site. Still, it holds a 

series of swamps as Leyte’s most significant water 

catchment, which supports wildlife and local 

communities. 

Leyte Sab-A Peatland Basin in the Philippines 

is categorized as a tropical peatland of Southeast Asia 

similar to Malaysia (Peninsular; Sabah), Brunei, 

Thailand, Papua New Guinea, Vietnam, and 

Indonesia. Leyte Sab-A Basin is the second largest 

peatland in the Philippines and comprises 3,088 ha. It 

is an elongated basin from NW to SE on the Philippine 

Island of Leyte (ADB, 2000). The basin comprises 

four main ecotypes: swamp forest (SF), marshland 

(ML), agroforestry (AF), and agricultural land (AL). 

Massive efforts of the government to convert peatland 

to agricultural land have not been experienced in the 

Philippines as it has been in many of these other 

countries. The conversion of many hectares of 

peatland in Central Kalimantan, Indonesia, has 

suffered consequential losses through its Mega Rice 

Project (Nuthammachot et al., 2019). There are many 

abandoned lands in Leyte Sab-A Peatland, although a 

governing body was established (and consequently 

abolished) to manage it. In contrast to the increased 

fire incidents in Malaysian and Indonesian peatlands 

(Tonks et al., 2017; Miettinen et al., 2012), Leyte 

Sab-A Peatland has experienced subsidence and 

abandonment of land due to consistently low 

productivity in agriculture. The remaining untouched 

grounds of the Leyte Sab-A Peatland Basin have 

become more vulnerable to conversion as the local 

people explore more ways to use it since the majority 

of the land of the community belongs to this resource. 

This study characterizes carbon storage in the 

Leyte Sab-A Peatland Basin’s four dominant 

ecotypes. By doing so, the organic matter allocated to 

standing trees, downed wood, litter, roots, and soil 

peat will be described as influencing the aboveground 

and belowground carbon pool. In addition, abundant 

species, the presence of water, and the accessibility of 

the ecotype will also shed light on the existing 

management and development of the peatland. Lastly, 

the total carbon content and carbon dioxide 

sequestered are computed, which will highlight the 

importance of the Leyte Sab-A Peatland on the extent, 

distribution, and regional carbon budget of tropical 

peatlands in Southeast Asia. The study’s main 

objective was to estimate the current C storage of the 

Leyte Sab-A Basin peatland. Specifically, it 

determined that the aboveground C storage of the 

peatland are in the following pools: aboveground 

carbon comprised of standing trees, downed wood, 

and litter, and belowground carbon stored in root 

biomass and the peat soil at different soil depth.  

2. METHODOLOGY

2.1 Study sites

The peatland site was identified as Leyte Sab-A 

Basin Peatland (LSBP), which traverses three 

municipalities: Santa Fe, Alang-Alang, and San 

Miguel, Leyte. The peatland is a freshwater-type 

palustrine wetland system consisting of shallow, slow-

moving, and stagnant water. It has a mixture of closed 

or shaded forest swamps where tall emergent 

macrophytes grow thick and shade the water from the 

wind and direct sunlight and an open or unshaded 

swamp where water lilies and submerged macrophytes 

dominate. The watershed area is about 18,508 ha 

(ADB, 2000). Figure 1 shows the location of the LSBP 

in Leyte Island, Philippines, and the different transects 

for sampling in the peatland. Figure 2 shows the 

different ecotypes identified in the peatland with its 

corresponding vegetation. 
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Figure 1. Location of all representative 47 core sampling points in LSBP, Leyte, Philippines 

Figure 2. The SF, ML, AF, and AL ecotypes and their vegetation of Leyte Sab-A Basin Peatland 

Further, Figure 3 shows the details of the carbon 

stock assessment scheme in different pools. The 

standing trees, downed wood, and litter were 

measured for aboveground C. The root biomass and 

peat soil at specific depths represent belowground 

carbon. Downed wood refers to dead or fallen tree 

branches and woody debris no longer standing and 

resting on the ground. It includes fallen tree trunks, 

branches, and woody materials. 

SF ML 

AF AL 

Leyte Sab-A 

Basin Peatland 
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2.2 Biomass sampling plots 

The study is guided by the protocol used in the 

ecosystem carbon stocks assessment of tropical 

peatland forests of Indonesia and Micronesia 

(Kauffman et al., 2011; Kauffman and Donato, 2012; 

Kauffman et al., 2016). Figure 4 illustrates the general 

plot layout to quantify ecosystem C pools following 

the general carbon assessment scheme in Figure 3. Six 

plots were established in every ecotype stand along a 

250 m transect. 

Figure 3. Carbon stock assessment scheme in LSBP 

Figure 4. General plot layout to quantify ecosystem C pools of LSBP 

2.3 Measuring aboveground carbon pools 

2.3.1 Tree biomass: All trees that are >5 cm in 

diameter were measured in the 10 m radius plot. The 

smaller trees having <5 cm in diameter were measured 

in a 2 m radius nested plot.  

The biomass equation formula (Bobon-Carnice 

and Lina, 2017; Bobon-Carnice and Lina, 2021) is as 

follows: 

AGB =  21.297 –  6.953 ×  (dbh)  +  0.740 ×  (dbh)2
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Where; AGB=aboveground dry matter, kg/tree; 

and dbh=diameter at breast height, cm. 

The total tree biomass multiplied by the average 

C content of wood (standard value of 45%) is the 

equivalent value of C stock. 

2.3.2 Downed wood: Downed wood was 

measured using the planar intercept technique (Dibble 

and Rees, 2005). In each plot, four (4) transects were 

measured to determine the downed wood mass, which 

totals 24 transects in each plot. 

The equation for calculating the volume of 

medium to fine (<7.6 cm diameter) downed wood is: 

Volume (m3/ha) =  π2  ×  (Ni ×  
QMDi2

8
 ×  L)    

Where; Ni=the count of intersecting woody 

debris pieces in size class i; QMDi=the quadratic mean 

diameter of size class i (cm); QMD=quadratic mean 

diameter; and L=transect length (m). 

The equation for calculating the volume of large 

(>7.6 cm diameter) downed wood is: 

Volume (m3/ha) =  π2  ×  ( 
d12 + d22 + d32 +⋯ dn2 

8
 ×  L)     

Where; d1, ...dn=diameters of intersecting pieces 

of large deadwood (cm); and L=the length of the 

transect line for large size class (m).   

Downed wood mass is calculated as the volume 

multiplied by its mean specific gravity and converted 

to Mg/ha. 

2.3.3 Litter: In each plot, litter sampling was 

done in 2 micro-plots (50 × 50 cm). Three values were 

determined based on litter: the fresh weight of the litter 

sample (FW), the fresh weight of a litter subsample 

(FWs), and the dry weight of the litter subsample 

(DWs). In addition, a moisture correction factor (M) 

was calculated based on the water lost (H2O, g) from 

the dried litter subsample. From the formula:   

DWs

FWs
 ×  FW =  DW   

C stock is estimated as Clitter=DW × 0.45 

(Bobon-Carnice and Lina, 2017; Bobon-Carnice and 

Lina, 2021). Litter C stock was then scaled to the 

standard unit Mg/ha by converting the area of the 

sampling frame to a hectare and the weight of the 

sample to Mg. 

2.4 Measuring belowground carbon pools 

2.4.1 Peat soil: A fabricated Russian peat auger 

was used in collecting peat samples. Six (6) sub-

sampling core points on each transect (2 transects per 

ecotype) were collected uniformly with a depth 

interval of 50 cm from the surface (0-50, 50-100 cm) 

until the auger could not penetrate anymore. All peat 

soil samples inside the auger core were collected, 

placed in adequately labeled plastic bags, and brought 

immediately to the screen house. Each sample was 

weighed, prepared for initial air drying, and then 

freeze-dried. 

Organic C and N concentrations were analyzed 

by combustion to CO2 and N2 at 1,020°C in an 

automated CHN elemental analyzer coupled with a 

Thermo Finnigan Delta XP isotope ratio mass 

spectrometer for C (δ13C) and N (δ15N) determination, 

which was done at the National High Magnetic Field 

Laboratory at Florida State University. Bulk density 

(Db) will be determined using the core sampling 

method. Peat C stock was calculated using the 

equation (Neufeldt, 2005; Donato et al., 2011; Howard 

et al., 2014): 

Peat C stocks (Mg C/ha) =  
%SOC

100
 ×  soil depth (m) ×

bulk density (
Mg

m3) ×
10,000 m2

ha

2.4.2 Root biomass: Belowground biomass for 

the roots present was also estimated using allometric 

equations following Cairns et al. (1997): 

Y = exp  [– 1.0587 + 0.8836 ×  ln (AGB)]   

Where; Y=root biomass in Mg/ha of dry matter; 

ln=natural logarithm; exp=“e to the power of”; and 

ABD=aboveground biomass in Mg/ha of dry matter. 

2.5 Data analysis and calculations 

All data were subjected to descriptive analysis 

first and then analyzed using analysis of variance at 

p<0.05. Factor(s) causing a significant difference 

between means based on the test statistics values (F-

computed) was then subjected to Scheffé’s Test at 

p<0.05. Finally, total carbon density was predicted by 

testing for the significant interaction between soil 

depth and ecotype using the Analysis of Covariance 

(ANCOVA). All statistical analysis was done using 

SPSS (Student Version 2019, SPSS Inc.,). 
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3. RESULTS AND DISCUSSION

3.1 Aboveground pools

3.1.1 Standing trees: The different ecotypes are 

a significant factor in C-stocks’ difference (P-

value=2.05E-06) for standing trees. SF rendered the 

highest mean of C-stocks of (mean±SE) 14.0±1.7 Mg 

C/ha, followed by AL with 4.7±1.0 Mg C/ha and AF 

with 2.2±0.5 Mg C/ha (Figure 5(a)). Pairwise 

comparison through Scheffé’s Method test showed 

that SF had significantly higher C-stocks than AL and 

AF. On the other hand, C-stocks of AL and AF are 

found to be not significantly different from each other. 

Therefore, untouched ecotypes such as an SF have 

significantly higher C-stocks for standing trees than 

ecotypes with frequent human activities.  

The exact sequence of results was also observed 

in CO2 sequestered by the standing trees of the SF. SF 

ecotype is superior with 51.4±6.4 Mg CO2/ha, 

followed by AL (17.2±3.8 Mg CO2/ha) and AF 

(8.0±1.7 Mg CO2/ha) (Figure 5(f)). Such results are 

due to the diameter at breast height (dbh) values and 

the number of trees in each ecotype. SF’s standing 

trees C-stock results are comparable to the 

intermediate forest (IF) standing tree C-stocks of 

Caimpugan Peatland in Agusan Marsh, Philippines, 

with 14.42 Mg C/ha (Alibo and Lasco, 2012). The C 

stock of standing trees of SF is lower than the live 

standing trees in the Peruvian cloud montane peat 

forest (69.3±13.4 Mg C/ha) (Román-Cuesta et al., 

2011), but much higher than an open peatland mosaic 

live vegetation (1.9±0.2 Mg C/ha) in Minnesota, USA 

(Weishampel et al., 2009). 

Figure 5. Mean C-stocks (a to e) and CO2 sequestered (f to j) of standing trees, downed wood, litter, roots, and peat soil C-stocks across 

all four ecotypes 
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Figure 5. Mean C-stocks (a to e) and CO2 sequestered (f to j) of standing trees, downed wood, litter, roots, and peat soil C-stocks across 

all four ecotypes (cont.) 
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3.1.2 Downed wood: Results showed that C-

stocks from downed wood were significantly different 

across ecotypes (P-value=0.029). SF rendered the 

highest downed wood C-stocks (33.92±5.38 Mg C/ha), 

followed by AL (22.37±7.34 Mg C/ha), and AF as the 

least (7.45±3.63 Mg C/ha) (Figure 5(b)). Such results 

are higher than the fallen deadwood in Andean cloud 

peat montane forest with only 6.7±3.2 Mg C/ha 

(Román-Cuesta et al., 2011), and in the peat swamp 

wetlands of Chiapas, Mexico, with 12.5±2.8 Mg C/ha 

(Adame et al., 2015). 

For the amount of CO2 sequestered in downed 

wood, the value reached 124.5±19.7 Mg C/ha in the 

SL ecotype, followed by AL (82.10±13.33 Mg C/ha) 

and AF (27.3±13.3 Mg C/ha) as depicted in Figure 

5(g). Also, it must be noted that no standing trees were 

found inside the representative sampling plots of the 

ML ecotype because grasses and sedges dominate it.  

3.1.3 Litter: Results show in LSBP that the 

mean litter C-stocks between ecotypes are 

significantly different from each other (P-

value=6.7571E-09). AF rendered the highest litter C 

stock (0.39±0.02 Mg C/ha), which is not statistically 

different from SF C stock (0.32±0.03 Mg C/ha). On the 

other hand, carbon stocks of ML (0.19±0.01 Mg C/ha) 

and AL (0.16±0.02 Mg C/ha) are not significantly 

different (Figure 5(c)), and the C stocks of AF and SF 

are significantly higher than them. Consequently, the 

same pattern can be observed in the CO2 sequestered 

across all ecotypes (Figure 5(h)).  

Although there are avenues where litter can 

store more C, the computed values are low compared 

to the litter C stock of the three vegetation zones in 

Caimpugan Peatland in Agusan Marsh, Philippines, 

which ranged from 4.16 ton/ha to 34.49 ton/ha (Alibo 

and Lasco, 2012). The characteristic basin topography 

of LSBP, with the lowest registered elevation of 11.5 

above sea level, mainly contributes to the water level 

in the peatland such that water is almost always 

present in all parts of the land. Therefore, it can 

influence the lower density of standing trees that can 

tolerate persistent waterlogged conditions leading to 

less litterfall across all ecotypes. 

3.1.4 Total aboveground C-stocks and CO2 

sequestered 

SF had the highest total aboveground C stock 

(48.24 Mg C/ha), followed by AL (27.23 Mg C/ha), AF 

(10.03 Mg C/ha), and lastly, ML (0.19 Mg C/ha) with a 

mean total aboveground C of 21.42 Mg C/ha (Figure 

6). LSBP has lower calculated aboveground C-stocks 

than the 150-250 ton/ha estimated average 

aboveground C stock of tropical peatlands (Rieley and 

Page, 2008). However, it is comparable to the 

intermediate forest (31.16-43.40 ton/ha) and pygmy 

forest (8.45-16.56 ton/ha) mean aboveground C-

stocks of Caimpugan Peatland, Philippines (Alibo and 

Lasco, 2012). Consequently, aboveground C stocks in 

the Philippines, both LSBP and Caimpugan Peatland, 

are quite low compared to the primary and secondary 

forest in Central Kalimantan, Indonesia, with 204±32 

and 172±17 Mg C/ha but at par with its oil palm 

plantation with 29±0.3 Mg C/ha (Novita et al., 2021). 

It further implies that LSBP vegetation is quite 

degraded. Nonetheless, downed wood contributed 

most to the aboveground C storage across all ecotypes, 

followed by standing trees and litter.

Figure 6. Total C-stocks and CO2 sequestered of aboveground (a, b) and belowground biomass (c, d) 
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Figure 6. Total C-stocks and CO2 sequestered of aboveground (a, b) and belowground biomass (c, d) (cont.) 

Estimating aboveground C-stocks is critical in 

each ecotype so that it is easy to determine which 

pools should be prioritized in terms of protection, 

preservation, and increasing C storage. It must be 

noted that compared with the belowground 

counterpart, aboveground C pools are more 

susceptible to anthropogenic disturbances. AF and AL 

are the ecotypes frequently visited by the residents at 

the study site. Each total is lower than that of the lesser 

disturbed SF. Even for the specifics of an aboveground 

pool (standing trees, downed wood, litter), AF and AL 

tend to behave similarly, with values of C-stocks not 

significantly different from one another but 

consistently lower than SF.  

3.2 Belowground pools 

3.2.1 Root biomass: SF rendered the highest root 

C-stocks (4.54±0.59 Mg C/ha) and CO2 sequestered 

(16.66±2.16 Mg/ha), which are both significantly 

different from AL (1.49±0.31 Mg C/ha; 5.46±1.12 

Mg/ha CO2 sequestered) and AF (0.82±0.16 Mg C/ha; 

3.00±0.58 Mg/ha CO2 sequestered), but AL and AF 

are not significantly different from each other (Figure 

5(d) and Figure 5(i)). However, root biomass C-

stocks are meager compared to the other C pools. It 

could be due to the type of roots and varying root 

concentration as it goes down into soil layers.  

3.2.2 Soil peat and bulk density: The highest 

mean bulk density across all depths is 0.074 g/cm3 

(AF), and mean values across ecotypes are 

statistically significant with each other except SF 

(0.062 g/cm3), which is quite similar to AL (0.066 

g/cm3) and ML (0.059 g/cm3) values. All ecotypes 

tend to have a similar range of bulk density of 0.055-

0.064 g/cm3 at the topsoil (0-50 cm) and entirely 

stayed in that range, but AL increased at 100-150 cm 

to 0.088 g/cm3, as well as AF at 150-200 cm to 0.104 

g/cm3 (Figure 8(a)). Very high bulk density (0.088-

0.99 g/cm3 range for SF, ML, and AF) was recorded 

at the last soil depth penetrated by the peat sampler, 

suggesting the layer is compacted. 

The mean values for dry bulk density across all 

ecotypes are low (SF=0.062 g/cm3; ML=0.059 g/cm3; 

AF=0.074 g/cm3; AL=0.066 g/cm3) compared with the 

0.09 g/cm3 peat bulk density of sites across Southeast 

Asia (Page et al., 2010). The results are closer to 

Northern Island’s mean bulk density (0.069 g/cm3) of 

non-forested raised bogs (Tomlinson and Davidson, 

2000). AF mean bulk density is significantly higher 

than its ecotype counterparts, suggesting that this land 

use is more compacted than the rest. It can be observed 

in the field that AF is more accessible to the people 

and lies closer to the local trails, which have many 

activities that can lead to compaction. 

3.2.3 Soil peat and C%: Figure 7(b) shows that 

C% is highest in ML with values ranging from 31.8-

43.3 C% across the soil peat depth while SF ranges 

from 29.2-34.0 C%, AL with 19.1-37.4 C% and AF 

with 19.1-37.4 C%. ML and AL have close values of 

41.9 C% and 41.4 C%, respectively, at the peat’s top 

0-50 cm layer. However, the value decreased for AL 

in the 100-150 cm layer. 

The mean value of ML (40.5 C%) is higher than 

the other three ecotypes and is significantly different 
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from other means. This value is unsurprising because of 

the many vital grasses and sedges dominating the ML. 

In the field, it can be observed that grasses have piled 

up over the years that can be used as a walking trail to 

access the innermost portion of the peatland basin while 

maintaining buoyancy over the standing water below. 

C% in ML has only substantially decreased from the 

mean when it reached the 650-700 cm soil depth, which 

is already impenetrable in AL and AF ecotypes. 

Notably, this ML value of 35.7 C% is close to the 33.0 

C% in SF at the same depth. Hence, it implies the 

influence of water presence on the carbon content and 

even the impenetrability of that layer. 

Figure 7. Box plot of (a) means bulk density (g/cm3), (b) C%, (c) C-stocks (Mg/ha), and (d) CO2 sequestered (Mg/ha) across four ecotypes 

It also explains why the 0-50 cm upper layer of 

ML and AL have values close to each other (41.9 C% 

and 41.39 C%, respectively). However, the mean of 

AL (32.6 C%) has become significantly different and 

lower than that of ML because of the many years of 

cultivating the peatland for planting rice and some root 

crops. When the soil is opened, it is exposed to various 

transformations of its organic matter. It is subjected to 

a series of plowing and harrowing and other activities 

that lower its C content through time. At the same 

time, many C has been removed as harvestable plant 

parts leaving or returning only a fraction into the soil. 

Peat soil organic C-stocks of LSBP contributed 

significantly to the belowground C-stocks of the 

whole peatland. SF rendered the highest peat soil C-

stocks with 15,932±1,247  Mg C/ha and 58,515±4,586 

Mg CO2/ha sequestered, followed by ML with 

15,288±1,013 Mg C/ha and 56,110±3,718 Mg CO2/ha 

sequestered, which are not significantly different with 

each other; however, they are both significantly 

different from AL with 8,431±908  Mg C/ha, and 

30,941±3,335 Mg CO2/ha sequestered and AF with 

7,706±582 Mg C/ha, and 28,282±2,136 Mg CO2/ha

sequestered (Figure 5(e) and Figure 5(j)). Such results 

are attributed to the soil profile depth in each ecotype 

where SF and ML reached 900 cm and 850 cm, 

respectively, while AL is down to 650 cm and AF to 

600 cm.  

Figure 7 and Figure 8 also show that C%, C-

stocks, and CO2 sequestered significantly increase as 

depth increases. The C-stocks in the SF peat soil of 

LSBP are higher than the 6,838 Mg/ha C-stocks of 

combined swamp forests in a vast dome-shaped 

Changuinola peatland in San San Pond Sak wetland 

complex in Panama (Upton et al., 2018). Sjögersten et 

al. (2018) described the Changuinola peatland as 

consistent with a surface water pool of 18.2 cm 

(highest) in  the  hardwood  forest type  and the lowest, 
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Figure 8. Depth function of (a) mean bulk density (g/cm3), (b) C%, (c) C-stocks (Mg/ha), and (d) CO2 sequestered (Mg/ha) across four 

ecotypes 
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8.1 cm in the stunted forest. In LSBP, water is almost 

always present in the ML, which registered higher C-

stocks owing to the deeper extent of its soil peat (8.5 

m) in contrast to the shallower Changuinola peatland

(2.2-4.0 m depth range for the forest types).

3.2.4 Total belowground C-stocks and CO2 

sequestered: SF rendered the highest belowground C-

stocks of LSBP with 15,936.59 Mg C/ha, the same 

results with the aboveground C-stocks (Figure 5(a) to 

Figure 5(c)). It is attributed to its peat depth that 

reaches up to 900 cm belowground. Previously, the 

sampled ML of peatland had the lowest aboveground 

C stock because of the few amounts of litter, and no 

standing trees and downed wood found. ML registered 

a high value of 15,288.94 Mg C/ha for the 

belowground C stock, second to SF. It is all attributed 

to the deep layers of soil peat. ML followed SF with 

15,288.94 Mg C/ha even without the root biomass, 

which is not significantly different from each other 

(Figure 5(c)); but is significantly different from AL 

8,432.51 Mg C/ha and AF 7,707.26 Mg C/ha.  

The mean values of AF (549.1 Mg C/ha) and AL 

(569.7 Mg C/ha) C-stocks across all depths are not 

statistically different from each other but are 

statistically different with SF (849 Mg C/ha) and ML 

(778 Mg C/ha). However, such calculations neglect 

soil depths on each ecotype, and results showed that 

SF is still superior, followed by ML, AL, and AF. 

Further, SF and ML could sequester CO2 (58,515 

Mg/ha and 56,110 Mg/ha, respectively, Figure 5(d)) 

but are not statistically different.  

3.3 Total C-stocks and CO2 sequestered of LSBP 

SF rendered the highest total C-stocks among 

the four ecotypes with 15,984.83 Mg/ha and 

sequestered 58,709.17 Mg/ha of CO2 (Figure 9(a) and 

9(b)). Such results are not statistically different from 

ML which rendered 15,289.13 Mg/ha and could 

sequester 56,111.12 Mg/ha of CO2. However, AL and 

AF are statistically different from both ML and SF. AL 

rendered 8,459.72 Mg/ha C-stocks and sequestered 

31,047.19 Mg/ha of CO2, while AF rendered 7,717.28 

Mg/ha C-stocks and 28,322.40 Mg/ha of CO2 

sequestered. The mean C-stocks of the four (4) 

ecotypes are 11,862.74 Mg/ha, which is comparable to 

>5,000 Mg C/ha of tropical peatlands (Rieley et al.,

2008; Moore et al., 2013), and the whole LSBP with

3,088 ha has 36.63 Tg (0.037 Pg) of C, which could

also sequester 134.47 Tg/ha of CO2.

In the review by Page et al. (2010), the 

Philippines has a minimum of 60-2,400 km2 out of 

196,404-332,152 km2 of tropical peatlands. Based on 

these minimum area values and assumptions of 1-2 m 

soil peat thickness and using the 60 kg/m3 volumetric 

carbon density, estimates for the total C content of 

South East Asia is 11.8 Gt up to 39.8 Gt (Pg). The 

lower estimate for the Philippines alone is 0.004 Gt 

(Pg), while the upper estimate is 0.288 Gt (Pg) C 

storage. With the findings of the current study on 

LSBP, its C storage value can shift the carbon budget 

in the region (Table 1). 

Compared to tropical forests, the total C-stocks 

of the peatland SF is much higher than the 393 Mg 

C/ha of C from the natural forests of a 20,438-ha 

watershed inside the Philippine National Oil Company 

geothermal plant, also in Leyte Island. It is also higher 

than the 418 Mg/ha C content of the secondary forests 

in Mt. Makiling Forest Reserve in Laguna, where the 

biomass contributed 43% C and the soil organic C 

40% (Lasco et al., 2004). 

Compared to other peatlands, the SF ecotype is 

higher than the 975±51 Mg/ha C-stocks from the 

secondary peat swamp forest of North Selangor Peat 

Swamp Forest situated on the west coast of Peninsular 

Malaysia (Tonks et al., 2017). In all ecotypes of LSBP, 

more than 99% of the carbon storage is contributed by 

peat soil. As per a review of other literature, as seen in 

Table 1, most peat depths are 300 to 500 cm 

(Sjögersten et al., 2021; Novita et al., 2021; Anshari et 

al., 2022; Tonks et al., 2017; Orella et al., 2022). In 

this study, peat depth reached up to 900 cm, as all peat 

samples from the surface until the peat auger could not 

penetrate anymore were sampled and analyzed to get 

the overall C-stock estimation of the LSBP ecosystem. 

In contrast with the study of Decena et al. (2022) in 

the same area, the study only considered the 1 m depth, 

which could be an underestimation. 

Subsequently, the results further emphasize the 

importance of regulating activities that may impact the 

natural process in the peat soil and threaten the longer 

residence time of C in the soil. One significant threat 

to this was explained by a three-year study by Hirano 

et al. (2007), who concluded that the lowering of 

groundwater level because of the drainage disturbance 

to the tropical peat swamp forest in Central 

Kalimantan, Indonesia has resulted in the peatland 

becoming a carbon source and released CO2 into the 

atmosphere. As a result, portions of LSBP have also 

been converted into AF. However, the C-stocks of this 

converted peatland are still higher than the forest 
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plantations with a combined value of 315 ton/ha 

located at the Leyte geothermal field (Lasco et al., 

2002), hence, emphasizing the carbon sequestration of 

a peatland, whether intact or converted. Nevertheless, 

the conversion of peatland into other land use must be 

examined thoroughly because of its implications on 

the amount of carbon that can be held into the peatland 

ecosystem. 

Figure 9. Total C-stocks and CO2 sequestered (Mg/ha) of LSBP 

Table 1. Summary of ecosystem C-stocks of peat swamp forest and natural forest 

Location Peat depth 

(cm) 

Ecotypes Ecosystem C 

(Mg C/ha) 

Sources 

Tropical area - Tropical Peatlands ~250 to 

>5,000

Rieley et al. (2008); 

Moore et al. (2013) 

Campeche and Tabasco, 

Mexico 

350 Peat Swamp Forests 3,130 Sjögersten et al. (2021) 

Central Kalimantan, Indonesia 290 Primary Peat Swamp Forest 1,526±316 Novita et al. (2021) 

West Kalimantan Province, 

Indonesia 

500 Bush Fern, Secondary Forest,

Oil Palm Plantation

1,253 Anshari et al. (2022) 

North Selangor, Malaysia 125-273 Secondary Peat Swamp Forest 975±151 Tonks et al. (2017) 

Agusan del Sur, Philippines 100 Undisturbed Peat Swamp Forest 750 Orella et al. (2022) 

Oriental Mindoro, Philippines 100 Disturbed Peat Swamp Forest 595 Orella et al. (2022) 

Makiling Forest 

Reserve, Philippines 

- Natural Secondary Forest 418 Lasco et al. (2004) 

Leyte Geothermal Reserve, 

Philippines 

- Natural Forest 393 Lasco et al. (2002) 

Leyte Sab-A Basin Peatland, 

Philippines 

900 Peat Swamp Forest, Marshland,

Agroforestry, and Agricultural Land

11,863 This study 

4. CONCLUSION

The study found significant differences in the C 

storage of different components of the aboveground 

and belowground C-stocks among the four ecotypes in 

the peatland. The results indicate that all ecotypes had 

higher C-stocks in the belowground pool, likely due to 

the deep soil peat reaching 900 cm. The mean C-stocks 

of the four ecotypes were 11,862 Mg/ha. Furthermore, 

the marshland ecotype, dominated by grasses and with 

lesser biomass on the surface, was similar to the SF 

ecotype but had higher C-stocks in its soil peat layers. 

The study’s objective of assessing the C-stocks in the 

peatland was achieved. The whole LSBP, with an area 

of 3,088 ha, was found to have a computed value of 

36.6 Tg of C-stocks. It can sequester 134.5 Tg/ha of 

CO2, a staggering amount of C storage. These findings 

have significant implications for regional C budget 

projections in Southeast Asia, highlighting the long-

term importance of the peatland basin in the face of 

numerous threats to its function. 

0

4,000

8,000

12,000

16,000

SF ML AF AL

T
o
ta

l 
C

 S
to

ck
s 

(M
g
/h

a)

0

20,000

40,000

60,000

SF ML AF AL

T
o
ta

l 
C

O
2

S
eq

u
es

te
re

d
 (

M
g
/h

a)

(a) (b) 

414



Bobon-Carnice PA et al. / Environment and Natural Resources Journal 2023; 21(5): 402-416 

ACKNOWLEDGEMENTS 

The first author would like to acknowledge the 

crucial contribution of Dr. Ma. Victoria O. Espaldon 

and Dr. Nina M. Cadiz in polishing the dissertation. 

Dr. Jeremy D. Owens and Mr. Burt H. Wolff for 

assessing all the analyses conducted in National High 

Magnetic Field Laboratory, Florida State University, 

Tallahassee, FL, USA. Commission on Higher 

Education-Faculty Development Program II for giving 

the first author a Ph.D. graduate scholarship and the 

Fulbright Scholarship Program for granting a Ph.D. 

Exchange Scholarship and funding the study.  

REFERENCES 
Adame MF, Santini NS, Tovilla C, Vázquez-Lule A, Castro L, 

Guevara M. Carbon stocks and soil sequestration rates of 

tropical riverine wetlands. Biogeosciences 2015;12:3805-18. 

Alibo VLB, Lasco RD. Carbon storage of Caimpugan peatland in 

Agusan Marsh, Philippines and its role in greenhouse gas 

mitigation. Journal of Environmental Science and 

Management 2012;15(2):55-8. 

Anshari GZ, Gusmayanti E, Afifudin M, Ruwaimana M, 

Hendricks L, Gavin DG. Carbon loss from a deforested and 

drained tropical peatland over four years as assessed from peat 

stratigraphy. Catena 2022;208:Article No. 105719. 

Asian Development Bank (ADB). Environmental Evaluation of 

Swamps and Marshlands Project, Final Report. Philippines: 

Environmental Evaluation of Swamps and Marshlands; 2000. 

Barthelmes A, Couwenberg J, Risager M, Tegetmeyer C, Joosten 

H. Peatlands and Climate in a Ramsar Context: A Nordic-

Baltic Perspective. Denmark: Nordic Council of Ministers;

2015.

Bobon-Carnıce PA, Lina S. Carbon storage and nutrient stocks 

distribution of three adjacent land use patterns in Lake Danao 

National Park, Ormoc, Leyte, Philippines. Journal of Science, 

Engineering, and Technology 2017;5:1-4. 

Bobon-Carnice PA, Lina SB. Changes in carbon and nutrient 

stocks of secondary forest transformations under Ultisol in 

Leyte Island, Philippines. Mindanao Journal of Science and 

Technology 2021;19(1):116-36. 

Cairns MA, Brown S, Helmer EH, Baumgardner GA. Root 

biomass allocation in the world’s upland forests. Oecologia 

1997;111:1-11. 

Cheyne SM, Macdonald DW. Wild felid diversity and activity 

patterns in Sabangau peat-swamp forest, Indonesian Borneo. 

Oryx 2011;45(1):119-24. 

Decena SC, Villacorta-Parilla S, Arribado AO, Macasait DR, 

Arguelles MS, Salamia SS, et al. Impact of land use conversion 

on carbon stocks and selected peat physico-chemical 

properties in the Leyte Sab-A Basin Peatland, Philippines. 

Wetlands 2022;42:1-6. 

Dibble AC, Rees CA. Does the lack of reference ecosystems limit 

our science? A case study in non-native invasive plants as 

forest fuels. Journal of Forestry 2005;103(7):329-38. 

Donato DC, Kauffman JB, Murdiyarso D, Kurnianto S, Stidham 

M, Kanninen M. Mangroves among the most carbon-rich 

forests in the tropics. Nature Geoscience 2011;4(5):293-7. 

Dommain R, Dittrich I, Giesen W, Joosten H, Rais DS, Silvius M, 

et al. Ecosystem services, degradation and restoration of peat 

swamps in the Southeast Asian tropics. Peatland Restoration 

and Ecosystem Services: Science, Policy and Practice 

2016;23:253-88. 

Food and Agriculture Organization of the United Nations (FAO). 

Peatlands Mapping and Monitoring - Recommendations and 

Technical Overview. Rome: FAO; 2020. 

Hirano T, Segah H, Harada T, Limin S, June T, Hirata R, et al. 

Carbon dioxide balance of a tropical peat swamp forest in 

Kalimantan, Indonesia. Global Change Biology 2007; 

13(2):412-25. 

Howard J, Hoyt S, Isensee K, Telszewski M, Pidgeon E. Coastal 

Blue Carbon: Methods for Assessing Carbon Stocks and 

Emissions Factors in Mangroves, Tidal Salt Marshes, and 

Seagrasses. Arlington, Virginia, USA: Conservation 

International, Intergovernmental Oceanographic Commission 

of UNESCO, International Union for Conservation of Nature; 

2014. 

Kauffman JB, Heider C, Cole TG, Dwire KA, Donato D. 

Ecosystem carbon stocks of Micronesian mangrove forests. 

Wetlands 2011;31:343-52. 

Kauffman JB, Donato DC. Protocols for the Measurement, 

Monitoring, and Reporting of Structure, Biomass and Carbon 

Stocks in Mangrove Forests. Working Paper 86. Bogor, 

Indonesia: Center for International Forestry Research; 2012. 

Kauffman JB, Arifanti VB, Basuki I, Kurnianto S, Novita N, 

Murdiyarso D, et al. Protocols for the Measurement, 

Monitoring, and Reporting of Structure, Biomass, Carbon 

Stocks and Greenhouse Gas Emissions in Tropical Peat 

Swamp Forests. Bogor, Indonesia: Center for International 

Forestry Research; 2016. 

Lasco RD, Lales JS, Arnuevo MT, Guillermo IQ, de Jesus AC, 

Medrano R, et al. Carbon dioxide (CO2) storage and 

sequestration of land cover in the Leyte Geothermal 

Reservation. Renewable Energy 2002;25(2):307-15. 

Lasco RD, Guillermo IQ, Cruz RV, Bantayan NC, Pulhin FB. 

Carbon stocks assessment of a secondary forest in Mount 

Makiling Forest Reserve, Philippines. Journal of Tropical 

Forest Science 2004;1:35-45. 

Margono BA, Potapov PV, Turubanova S, Stolle F, Hansen MC. 

Primary forest cover loss in Indonesia over 2000-2012. Nature 

Climate Change 2014;4(8):730-5. 

Miettinen J, Shi C, Liew SC. Two decades of destruction in 

Southeast Asia’s peat swamp forests. Frontiers in Ecology and 

the Environment 2012;10(3):124-8. 

Moore S, Evans CD, Page SE, Garnett MH, Jones TG, Freeman C, 

et al. Deep instability of deforested tropical peatlands revealed 

by fluvial organic carbon fluxes. Nature 2013;493(7434):660-3. 

Neufeldt H. Carbon stocks and sequestration potentials of 

agricultural soils in the federal state of Baden‐Württemberg, 

SW Germany. Journal of Plant Nutrition and Soil Science 

2005;168(2):202-11. 

Novita N, Kauffman JB, Hergoualc’h K, Murdiyarso D, Tryanto 

DH, Jupesta J. Carbon stocks from peat swamp forest and oil 

palm plantation in Central Kalimantan, Indonesia. In: Djalante 

R, Jupesta J, Aldrian E, editors. Climate Change Research, 

Policy and Actions in Indonesia. Springer Nature Switzerland; 

2021. p. 203-27. 

Nowak K. Mangrove and peat swamp forests: Refuge habitats for 

primates and felids. Folia Primatologica 2013;83(3-6):361-76. 

Nuthammachot N, Phairuang W, Stratoulias D. Estimation of 

carbon emission in the ex-mega rice project, Indonesia based 

415



Bobon-Carnice PA et al. / Environment and Natural Resources Journal 2023; 21(5): 402-416 

on SAR satellite images. Applied Ecology and Environmental 

Research 2019;17(2):2489-99. 

Orella J, Africa DR, Bustillo CH, Pascua N, Marquez C, Adornado 

H, et al. Above-and-belowground carbon stocks in two 

contrasting peatlands in the Philippines. Forests 2022;13(2): 

Article No. 303. 

Page S, Wust R, Banks C. Past and present carbon accumulation 

and loss in Southeast Asian peatlands. Pages News 2010; 

18(1):25-7. 

Page SE, Rieley JO, Banks CJ. Global and regional importance of 

the tropical peatland carbon pool. Global Change Biology 

2011;17(2):798-818. 

Posa MR, Wijedasa LS, Corlett RT. Biodiversity and conservation 

of tropical peat swamp forests. BioScience 2011;61(1):49-57. 

Protected Areas and Wildlife Bureau, Department of Natural 

Resources (PAWB-DENR). National Action Plan Sustainable 

Use and Protection of Philippine Peatlands. Philippines: 

Department of Environment and Natural Resources and 

Protected Areas and Wildlife Bureau; 2009. 

Protected Areas and Wildlife Bureau Department of Natural 

Resources (PAWB-DENR). The National Wetlands Action 

Plan for the Philippines 2011-2016. Philippines: National 

Wetlands Action Plan for the Philippines (NWAPP); 2013. 

Rieley JO, Page SE. Carbon budgets under different land uses on 

tropical peatland. Proceedings of the 13th International Peat 

Congress; 2008 Jun 8; Tullamore, Ireland; 2008. 

Román-Cuesta RM, Salinas N, Asbjornsen H, Oliveras I, Huaman 

V, Gutiérrez Y, et al. Implications of fires on carbon budgets 

in Andean cloud montane forest: The importance of peat soils 

and tree resprouting. Forest Ecology and Management 

2011;261(11):1987-97. 

Sjögersten S, Aplin P, Gauci V, Peacock M, Siegenthaler A, 

Turner BL. Temperature response of ex-situ greenhouse gas 

emissions from tropical peatlands: Interactions between forest 

type and peat moisture conditions. Geoderma 2018;324:47-55. 

Sjögersten S, De La Barreda-Bautista B, vBrown C, Boyd D, 

Lopez-Rosas H, Hernández E, et al. Coastal wetland 

ecosystems deliver large carbon stocks in tropical Mexico. 

Geoderma 2021;403:Article No. 115173. 

Tomlinson RW, Davidson L. Estimates of carbon stores in four 

Northern Irish lowland raised bogs. Suo 2000;51(3):169-79. 

Tonks AJ, Aplin P, Beriro DJ, Cooper H, Evers S, Vane CH, et al. 

Impacts of conversion of tropical peat swamp forest to oil palm 

plantation on peat organic chemistry, physical properties and 

carbon stocks. Geoderma 2017;289:36-45. 

Upton A, Vane CH, Girkin N, Turner BL, Sjögersten S. Does litter 

input determine carbon storage and peat organic chemistry in 

tropical peatlands? Geoderma 2018;326:76-87. 

Weishampel P, Kolka R, King JY. Carbon pools and productivity 

in a 1-km2 heterogeneous forest and peatland mosaic in 

Minnesota, USA. Forest Ecology and Management 2009; 

257(2):747-54. 

Yu Z, Loisel J, Brosseau DP, Beilman DW, Hunt SJ. Global 

peatland dynamics since the Last Glacial Maximum. 

Geophysical Research Letters 2010;37:Article No. 13. 

Yu Z, Beilman DW, Frolking S, MacDonald GM, Roulet NT, 

Camill P, et al. Peatlands and their role in the global carbon 

cycle. Eos, Transactions American Geophysical Union 

2011;92(12):97-8. 

416



Environment and Natural Resources Journal 2023; 21(5): 417-427

Soil Carbon Stock and Soil Properties under Different Land Use Types 

of Agriculture 

Utain Chanlabut1 and Benchawan Nahok2* 

1Department of General Science, Faculty of Science and Technology, Muban Chombueng Rajabhat University, Ratchaburi, Thailand 
2Department of General Science, Faculty of Education, Chaiyaphum Rajabhat University, Chaiyaphum, Thailand 

ARTICLE INFO ABSTRACT 

Received: 8 Mar 2023 

Received in revised: 20 Jun 2023 

Accepted: 22 Jun 2023 

Published online: 5 Sep 2023
DOI: 10.32526/ennrj/21/20230056

Agriculture soils play a crucial role in carbon storage and food security. However, 

uncertainty remains about soil carbon stocks due to spatial variability. This study 

estimated soil carbon stocks in agricultural land and examined the impact of land 

use and soil properties on soil organic carbon in Ratchaburi Province, Thailand. 

Soil samples were collected at three depths (0-10, 10-20, and 20-30 cm) within 

five different land use types: cassava, coconut, paddy fields, pineapple, and 

sugarcane. The results revealed that soil organic carbon decreased with 

increasing depth. Significant differences in soil carbon and soil properties were 

observed among land uses. The carbon stocks at 0-30 cm depth were as follows: 

coconut (35.87 mg C/ha), paddy fields (31.17 mg C/ha), sugarcane (28.02 mg 

C/ha), pineapple (21.79 mg C/ha), and cassava (16.12 mg C/ha). The carbon 

stocks were significantly correlated with sand, density, clay, silt, and pH. This 

study highlights the impact of land use types on carbon stocks in agricultural soils 

and emphasizes the role of soil properties, particularly soil texture, in influencing 

carbon storage variability. Furthermore, the study highlights the carbon storage 

potential in agricultural areas, which could guide the formulation of policies to 

utilize agricultural land to offset CO2 emissions from other sectors. 
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1. INTRODUCTION

Soils provide many ecosystem services 

(Rodrigues et al., 2021). Specifically, they serve as the 

largest carbon reservoir in terrestrial ecosystems, 

storing significant amounts of carbon (Lal, 2004; 

Stockmann et al., 2015; Stockmann et al., 2013). 

Within the top meter of soil, organic carbon stock is 

estimated at 1,325-1,408 Pg, which is four times 

greater than biotic reservoirs and three times greater 

than atmospheric reservoirs (Batjes, 2016; Lorenz and 

Lal, 2018; Scharlemann et al., 2014). Given that soil 

acts as both a source and sink of atmospheric CO2, 

particularly in agriculture, soil organic carbon 

reservoirs have become a critical and challenging 

subject on a global scale (Amelung et al., 2020; 

Jobbágy and Jackson, 2000; Todd-Brown et al., 2014). 

Recently, the potential of agricultural soil to 

mitigate climate change and enhance food security has 

become a critical topic on various political agendas. 

The 4 per 1,000 initiative was introduced during the 

21st Conference of Parties (COP21) to the United 

Nations Framework Convention on Climate Change 

(UNFCCC). The core concept of this initiative 

proposed that an annual increase of 0.4% in soil 

organic carbon stock in the upper 30 to 40 cm of soil 

could offset CO2 emissions resulting from fossil fuel 

combustion (Minasny et al., 2017). Moreover, an 

increased soil organic carbon can improve soil quality 

and contribute to food security (Arunrat et al., 2020a; 

Pan et al., 2009). For instance, increasing the SOC 

content by 1 g/kg can lead to a rice yield boost of 302 

kg/ha (Arunrat et al., 2020a). Consequently, 

agricultural soils are increasingly being utilized as a 

survival door to mitigate and adapt to the effects of 

climate change and ensure food security (Minasny et 

al., 2017). 

Agriculture accounts for almost half of 

Thailand’s area. Ratchaburi Province is a prominent 

cultivation hub within the country, covering half the 

area of the province, or around 263,366 ha (Land 

Development Department, 2022a). Agricultural lands 

in the province consist of various land uses such as 

Citation: Chanlabut U, Nahok B. Soil carbon stock and soil properties under different land use types of agriculture. Environ. Nat. Resour. J. 

2023;21(5):417-427.  (https://doi.org/10.32526/ennrj/21/20230056)
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coconut, pineapple, paddy fields, cassava, and 

sugarcane (Land Development Department, 2022a). 

Agricultural soils can act as either carbon sources or 

sinks (Freibauer et al., 2004) due to the significant 

impact of agricultural practices on soil carbon storage, 

including tillage, fertilizer use, and land-use changes 

(Dignac et al., 2017). As a substantial portion of this 

province is dedicated to agriculture, any alterations in 

the soil carbon could result in significant environmental 

consequences, particularly concerning greenhouse gas 

emissions. However, predicting their effects may be 

challenging without disclosing the amount of carbon 

stored in the soil and the factors that influence it. 

Soil carbon storage in agriculture is varied 

depending on many environmental factors, particularly 

in different land use types (Tan et al., 2004). Previous 

studies demonstrated variations in soil carbon stocks 

across various agricultural sites in the country. For 

instance, paddy fields in Chiang Mai Province 

exhibited SOC stocks ranging from 21.61 to 21.84 mg 

C/ha (Arunrat et al., 2022), while the range was 14.9 to 

21.3 mg C/ha in Kalasin Province (Bridhikitti, 2017). A 

corn field in Nakhon Ratchasima Province had a soil 

carbon storage of 57 mg C/ha (Lichaikul et al., 2006), 

and diverse agricultural types in Nan Province had a 

storage of 42.08 mg C/ha  (Pibumrung et al., 2008). 

However, the specific soil carbon storage for land use 

types in Ratchaburi Province remains poorly 

understood. Estimation of soil carbon storage is crucial 

for agricultural soils, particularly in the topsoil layer 

that significantly influences crop yield (Sun et al., 2010) 

and is susceptible to land use change (Veldkamp et al., 

2003). 

 Therefore, the objectives of the study were (1) 

to evaluate and compare soil carbon stocks among 

different agricultural land use types and (2) to 

investigate the relationship between SOC and soil 

properties. This research aimed to provide valuable 

insights into soil carbon storage in agricultural soils 

and the influence of land use types on carbon storage. 

Furthermore, the study offers vital information for 

policymakers and land managers, enabling them to 

make informed decisions regarding soil management 

strategies for climate change mitigation. 

2. METHODOLOGY

2.1 Study areas

The study was carried out in Ratchaburi 

Province, covering an area of over 5,196 km2, situated 

between 13°32'21" N and 99°49'11" E. Of the total 

area, approximately 50.71% is dedicated to agriculture 

encompassing several land use types. These include 

paddy field (10.07%), sugarcane (9.45%), cassava 

(3.42%), coconut (4.81%), and pineapple (4.22%) 

(Land Development Department, 2022a). The chosen 

study area represents these agricultural types across 

ten districts within the province. Figure 1 displays the 

sampling sites for the five-land uses and provides 

examples of the study areas. 

Figure 1. Examples of land use types and locations of sampling sites 
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In the study sites, 15 different soil series were 

identified by georeferencing the coordinates of the 

study sites on the soil series map (Land Development 

Department, 2022b). These soil series were Tha Yang 

(Kanhaplic Haplustults), Bangkok (Vertic 

Endoaquepts), Chan Tuk (Typic Ustipsamments), 

Alluvial Complex (Fluventic Endoaquepts 

(Haplustepts)), Thonburi (Vertic Endoaquepts), Lat 

Ya (Kanhaplic Haplustults), Khao Luang (Typic 

(Kandic) Paleustults), Khao Phlong (Kanhaplic 

Haplustults), Damnoen Saduak (Typic Haplaquolls), 

Chom Bueng (Arenic (Grossarenic) Haplustalfs), 

Bang Phae (Typic Endoaquolls), Pak Tho (Plinthic 

Palequults), Tap Salao (Ultic (Typic) Haplustalfs), 

Bang Khen (Vertic Endoaquepts), and Takhli (Entic 

Haplustolls). Each land use in this study consisted of 

multiple soil series as well as land histories and farmer 

practices (Table 1). 

Table 1. Soil series with land history and farmer practices under the agricultural land uses 

Land use types Soil series with land history and farmer practices 

Cassava • Soil series: Tap Salao (18%), Chan Tuk (18%), Chom Bueng (18%), Alluvial Complex (18%), Tha Yang (9%),

Khao Luang (9%), Khao Phlong (9%)

• Land history: continuous cultivation for over 5 years

• Farmer practices:

- Heavy tractor soil preparation - plowing, harrowing, and ridge creation

- Plant residue practice: removal of residues after harvest

- Application of chemical fertilizers

Coconut • Soil series: Thonburi (36%), Damnoen Saduak (27%), Bang Phae (18%), Bang Khen (9%), Bangkok (9%)

• Land history:

- Multi-generational coconut cultivation

- Age range of coconut trees: 4-10 years

• Farmer practices:

- Furrow creation between coconut tree rows

- Furrow irrigation: Standing water in furrows between tree rows

- Plant residue practice: Residue retention in the backyard

- Fertilizer use: Utilization of mud from furrows for tree fertilization and weed control

Pineapple • Soil series: Tha Yang (60%), Chan Tuk (30%), Lat Ya (10%)

• Land history:

- Cultivated since approximately 2014 or earlier

- Located in the foothills and connected to a forested area

• Farmer practices:

- Heavy tractor soil preparation for planting:

o Once every 4 years in Tha Yang and Lat Ya, as pineapples have a lifespan of 4 years

o Every year in Chan Tuk, as pineapples have a lifespan of only 1 year

- Non-removal of plant residues after harvest

- Manual weed control practices involving pulling and digging

- Application of chemical fertilizers and plant hormones during the reproductive season

Paddy fields • Soil series: Bangkok (50%), Pak Tho (20%), Khao Phlong (20%), Alluvial Complex (10%)

• Land history: Long-term rice cultivation

• Farmer practices:

- Rice cultivation twice a year

- Long-term presence of standing water during the cultivation period

- Two rounds of plowing: one for soil preparation and another before planting

- Utilization of chemical fertilizers

- Harvesting using a combine harvester

- Absence of burning stubble

Sugarcane • Soil series: Khao Luang (30%), Lat Ya (30%), Alluvial Complex (10%), Tha Yang (10%), Khao Phlong (10%),

Takhli (10%)

• Land history: Over ten years cultivation

• Farmer practices:

- Heavy tractor for soil preparation and management

- Utilization of chemical fertilizers and sugar factory by-products

- Sugarcane burning practiced in some areas before harvesting

Remark: The percentages shown in parentheses for each soil series indicate their proportion, which was calculated by dividing the number of sampling 

points where the soil series was found by the total number of sampling points within each agricultural area. 
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2.2 Soil sampling and analysis 

Sample collection was taken during June-July 

2022. Soil samples were obtained from a total of 52 

locations representing five different agricultural land 

use types: cassava (11 sites), coconut (11 sites), 

pineapple (10 sites), and paddy field (10 sites) (Figure 

1). At each site, three soil pits were arranged in a 

triangular pattern to reduce soil heterogeneity and 

create composite samples. Soil samples were collected 

from three consecutive depths (0-10, 10-20, 20-30 cm) 

using stainless steel corers. Three replicate samples 

were combined for composite samples for each depth. 

A core was hammered at the center of triangular plot 

to obtain an undisturbed sample used in soil bulk 

density analysis. Then, soil samples were conveyed to 

a laboratory for preparation and analysis. 

The composited samples were air dried at room 

temperature and were subsequently sieved through a 

2-mm mesh before conducting analyses for organic 

carbon, soil pH, and soil texture. Soil bulk density was 

determined by assessing the dry weight per unit 

volume of the soil core after it had been dried at 105°C 

in a hot oven for 24 h (Blake and Hartage, 1986). Soil 

texture was analyzed using the hydrometer method 

(Bouyoucos, 1962). Soil pH was determined by 

preparing a 1:1 soil-to-water mixture and utilized a pH 

meter according to the procedure described by 

Thomas (1996). The wet oxidation method was 

employed for the analysis of soil organic carbon 

(Walkley and Black, 1934). 

2.3 Estimation of total carbon stocks. 

The   total   carbon   stock   was  determined   by 

calculating the product of SOC content and soil bulk 

density up to a specified depth. The equation used to 

calculate the total carbon stock is provided below 

(Ellert et al., 2007). 

Cstock = ∑ D × C × T × 0.1N
1 (1) 

The term Cstock denotes the total carbon stock 

(mg C/ha), where D refers to soil bulk density (g/cm³), 

and C represents SOC content (g C/kg) determined 

using the wet oxidation method developed by Walkley 

and Black. T represents the thickness of the soil layers 

(cm), while N represents the number of soil depths, 

which includes three consecutive depths (0-10, 10-20, 

and 20-30 cm). 

2.4 Statistical analysis 

Normal distribution assumption was tested 

using the Shapiro-Wilk method. Data analysis was 

performed using R Studio (RStudio Team, 2020). A 

two-way ANOVA was conducted to examine the 

effects of land-use type and soil depth on carbon stock, 

SOC, and soil properties. To determine significant 

mean differences of soil parameters among land use 

types and soil depths, the Tukey HSD test was 

employed. Pearson’s correlation was utilized to 

investigate the relationship between soil properties. 

3. RESULTS AND DISCUSSION

3.1 Soil characteristics

The soil properties under five agricultural land 

uses were examined. The means and standard error for 

the soil parameters are presented in Table 2. 

Table 2. Physicochemical soil characteristics under five agricultural land use 

Soil properties Land use types 

Cassava Coconut Pineapple Paddy field Sugarcane 

pH (ranges) 

0-10 cm 5.10-7.00 5.90-7.70 4.40-7.20 4.20-7.60 5.00-7.00 

10-20 cm 4.80-6.90 5.90-7.70 4.50-7.30 5.20-7.60 4.90-7.10 

20-30 cm 5.30-7.00 6.20-7.80 4.50-7.40 5.00-7.80 4.90-7.30 

Density (g/cm3) 

0-10 cm 1.47±0.03ab 1.29±0.07b 1.45±0.04ab 1.34±0.07ab 1.42±0.04ab 

10-20 cm 1.51±0.04ab 1.27±0.04b 1.57±0.04a 1.47±0.07ab 1.51±0.07ab 

20-30 cm 1.51±0.06ab 1.26±0.05b 1.62±0.05a 1.45±0.09ab 1.50±0.06ab 

Sand (%) 

0-10 cm 71.81±2.92a 24.09±2.73c 61.84±4.32ab 48.35±5.32b 58.71±2.46ab 

10-20 cm 71.63±2.71a 21.71±2.16c 61.03±4.38a 43.55±5.57b 57.72±2.31ab 

20-30 cm 70.15±2.89a 22.44±2.46c 60.43±4.75a 40.35±6.07b 57.72±2.45a 
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Table 2. Physicochemical soil characteristics under five agricultural land use (cont.) 

Soil properties Land use types 

Cassava Coconut Pineapple Paddy field Sugarcane 

Silt (%) 

0-10 cm 8.20±1.27c 42.95±5.28a 12.00±2.13bc 23.67±4.58b 14.57±2.48bc 

10-20 cm 8.92±1.46c 44.75±4.31a 12.62±2.08c 28.07±3.87b 16.98±2.53bc 

20-30 cm 9.81±1.76c 45.29±4.29a 13.42±2.31c 31.87±4.21b 17.13±2.68c 

Clay (%) 

0-10 cm 19.99±1.89b 32.96±3.29a 26.16±2.52ab 27.99±2.93ab 26.72±1.71ab 

10-20 cm 19.44±1.57b 33.55±3.40a 26.35±2.56ab 28.39±3.87ab 25.30±1.64ab 

20-30 cm 20.04±1.32b 32.28±3.53a 26.15±2.67ab 27.79±3.65ab 25.15±1.99ab 

Remarks: The soil parameters are presented as Mean±SE, except for soil pH, which is shown as ranges. The different letters indicated significant mean 

differences within each soil property (p<0.05). 

3.1.1 Soil reaction (pH) 

The soil pH varied across the different 

agricultural land uses, ranging from 4.20 to 7.80, 

which encompassed a wide pH range from extremely 

acidic to slightly alkaline. The pH values were 

influenced by land use types. For cassava, the pH 

ranged from very strongly acidic to neutral (4.8-7.0), 

while coconut exhibited a range from moderately 

acidic to slightly alkaline (5.90-7.80). Pineapple 

showed a pH range from extremely acidic to slightly 

alkaline (4.40-7.40), and paddy fields exhibited a 

similar range from extremely acidic to slightly 

alkaline (4.20-7.80). Sugarcane displayed a pH range 

from very strongly acid to neutral (4.90-7.30). Overall, 

these findings indicate high variability in soil pH 

within agricultural soils, influenced by factors such as 

land use type and soil depth. 

3.1.2 Soil bulk density 

Soil bulk density exhibited variations among 

different land use types and depths. In the 0-10 cm 

depth, 10-20 cm depth, and 20-30 cm depth, the soil 

bulk density ranged from 1.29 to 1.47 g/cm3, 1.27 to 

1.57 g/cm3, and 1.26 to 1.62 g/cm3, respectively (Table 

2). Significant differences in soil bulk densities were 

observed among the land use types (p<0.05), while no 

significant differences were found among the soil 

depths (p>0.05) (Table 2). 

At 0-10 cm depth, coconut exhibited the lowest 

soil density (1.29±0.07 g/cm3), while cassava had the 

highest density (1.47±0.03 g/cm3). Additionally, 

pineapple and sugarcane also showed high soil density 

in this depth range (Table 2). At 10-20 cm depth, 

coconut displayed the lowest bulk density (1.27±0.04 

g/cm3), whereas pineapple showed the highest bulk 

density (1.57±0.04 g/cm3). Pineapple exhibited the 

highest bulk density at 20-30 cm depth (1.62±0.05 

g/cm3), whereas coconut had the lowest bulk density 

(1.26±0.06 g/cm3).  

Land used for pineapple, sugarcane, and cassava 

exhibited higher soil bulk density compared to paddy 

fields and coconut plantations. Wang et al. (2022) 

suggested that tillage practices involving the use of 

large tractor equipment contribute to soil compaction. 

This finding aligned with our observations, as we found 

that large tractors are commonly employed in the three 

land uses in this study. 

Alternatively, the lower bulk density of coconut 

and paddy fields may be attributed to their higher 

organic matter content. A previous study of Islam et 

al. (2014) had shown a negative correlation between 

soil bulk density and SOC content, supporting this 

explanation. 

In addition, soil texture could affect soil bulk 

density (Dίaz-Zorita and Grosso, 2000). Our 

observations indicated that land use areas 

characterized by high soil density tend to have a higher 

sand content. Conversely, land uses with low density 

exhibit lower sand content. 

3.1.3 Soil texture and particle distribution 

Sand particle in the top layer (0-10 cm) was 

highest in cassava (71.81±2.92), followed by 

pineapple (61.84±4.32), sugarcane (58.71±2.46), 

paddy fields (48.35±5.32), and coconut (24.09±2.73). 

The trend was similar at deeper depths (10-20 cm and 

20-30 cm), with the lowest sand content in coconut 

and the highest sand content in cassava.  

For silt particles, coconut had the highest silt 

content in the topsoil (42.95±5.28), followed by 

paddy fields (23.67±4.58), sugarcane (14.57±2.48), 

pineapple (12.00±2.13), and cassava (8.20±1.27), 

respectively. Coconut still had the highest silt content 

at deeper depths, while cassava had the lowest.  
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For clay particles, coconut had the highest clay 

content in the topsoil (32.96±3.29), followed by 

paddy fields (27.99±2.93), sugarcane (26.72±1.71), 

pineapple (26.16±2.52), and cassava (19.99±1.89). 

The trend was similar at the deeper depths, with the 

highest clay content in coconut and the lowest clay 

content in cassava (Table 2). 

Across land uses and soil depths, cassava 

exhibited the highest sand content, followed by 

pineapple, sugarcane, paddy fields, and coconut, 

respectively. Both coconut and paddy fields displayed 

higher silt content compared to the other land uses, 

while cassava and pineapple showed lower soil bulk 

density. Coconut had the highest clay content, whereas 

cassava had the lowest. Overall, these results 

suggested that soil particle composition varied among 

land use types. The soils in coconut and paddy fields 

contained higher silt and clay content but lower sand 

content compared to the soils in pineapple, cassava, 

and sugarcane. 

The soil textures studied here were primarily 

categorized as sandy loam, clay, loamy sand, clay 

loam, loam, sandy clay loam, silty clay loam, sand, 

and silt loam. Soil with a higher proportion of coarse 

particles may limit the accumulation of SOC (Arunrat 

et al., 2020a). However, soil with a higher proportion 

of fine particles have a greater capacity to store carbon 

as silt and clay particles influence the maximum 

carbon storage level in soils (Matus, 2021). 

3.2 Soil organic carbon content 

A two-way ANOVA was conducted to analyze 

the impact of land use type and soil depth on soil 

organic carbon (SOC) content levels in agricultural 

soils. The results indicated that land use type and soil 

depth contributed to statistical differences in the mean 

of the SOC content (p<0.05). The means and standard 

error of the SOC contents are presented in Figure 2 and 

Table S1. 

Figure 2. Soil organic carbon content among soil depth and land use types including CA=cassava, CO=coconut, PA=pineapple, PF=paddy 

fields, and SU=sugarcane 

The SOC content was highest at the 0-10 cm 

depth and lowest at the 20-30 cm depth. Remarkably, 

the SOC content varied significantly among land use 

types at each soil depth (Figure 2). The mean SOC 

ranges were as follows: 3.88±0.33 to 11.71±2.09 g 

C/kg (0-10 cm), 3.70±0.39 to 9.16±1.17 g C/kg (10-20 

cm), and 3.29±0.41 to 8.62±1.14 g C/kg (20-30 cm) 

(Table S1). Specifically, paddy fields exhibited the 

highest SOC at the 0-10 cm depth (Figure 2), while 

cassava had the lowest content. In contrast, coconut 

plantations displayed the highest SOC levels at both 

the 10-20 cm and 20-30 cm depths, while cassava 

plantations consistently demonstrated the lowest SOC 

content (Figure 2).  

The findings supported the objective to 

investigate the impact of land use type and soil depth 

on SOC content in agricultural soils. The results 

clearly demonstrated a significant impact of both land 

use type and soil depth on SOC levels. In the present 

study, findings demonstrated a consistent decrease in 

SOC content with increasing soil depth across 

agricultural land use types, highlighting the significant 

impact of soil depth on SOC levels. Previous studies 

have also reported higher SOC levels in the topsoil of 
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agricultural lands, indicating a greater deposition of 

organic matter in the topsoil (Pibumrung et al., 2008). 

This effect was particularly pronounced in paddy soil, 

where organic matter tended to accumulate more 

compared to other areas. Our observation revealed that 

stubbles were commonly left in the paddy fields, 

resulting in a high amount of organic matter after 

decomposition. This practice might explain the 

significant accumulation of organic carbon. 

Although the topsoil had higher SOC content, 

there were no significant differences in mean SOC 

across the 0-20 cm depth in both cassava and 

sugarcane (Table S1), indicating similar SOC content 

throughout the soil profile. Frequent tillage using large 

tractors with large blades disrupted the soil layers up 

to 20 cm deep, likely contributing to the absence of 

carbon variations between the 0-10 cm and 10-20 cm 

soil layers. Tillage reduced soil structure stability and 

led to soil erosion, diminishing organic matter 

retention (Berhe et al., 2018; Nunes et al., 2020). Soil 

erosion and deep tillage could result in lower SOC 

levels, especially in cassava soil with prevalent 

leaching marks in the topsoil. 

3.3 Relationship between SOC and soil properties 

The correlation pattern between total carbon 

stock (SOC stocks) and SOC content with soil 

properties was similar. Significant positive 

correlations were observed with silt, clay, and soil pH, 

while negative correlations were found with sand and 

soil bulk density (Table 3). In addition, the analysis 

unveiled significant relationships among soil 

properties, including positive correlations between 

soil density and sand, negative correlations with silt, 

clay, and soil pH, a positive association between soil 

pH and silt (Table 3). 

Table 3. Coefficient value of Pearson’s correlation 

SOC stock SOC content Density pH Sand Silt Clay 

SOC stock 1 

SOC content 0.959** 1 

Density -0.232** -0.455** 1 

pH 0.260** 0.314** -0.296** 1 

Sand -0.508** -0.590** 0.520** -0.470** 1 

Silt 0.382** 0.509** -0.572** 0.567** -0.897** 1 

Clay 0.446** 0.402** -0.134 0.033 -0.620** 0.209** 1 

**Correlation is significant at the 0.01 level (2-tailed). 

The coefficients indicated significant 

correlation between SOC and silt, clay, soil pH, sand, 

and density, supporting the hypothesis that soil 

properties influence soil organic carbon (Wiesmeier et 

al., 2019). The positive correlations indicated that soil 

pH, silt, and clay content could contribute to higher 

soil organic carbon in agricultural systems. Tu et al. 

(2018) suggested that soil pH played a dominant role 

in determining SOC levels. Similarly, Fujisaki et al. 

(2018) reported that fine particles (silt and clay) were 

crucial in increasing the maximum saturation of 

organic carbon. 

However, significant negative correlations 

indicated that both sand and soil bulk density could 

contribute to lower soil organic carbon in agricultural 

systems. In particular, sand was found to have a 

stronger relationship with both SOC and SOC stock 

compared to other soil parameters, indicating its 

greater influence on soil carbon in agricultural 

systems. Arunrat et al. (2020a) suggested that soils 

with dominant coarse particles or sandy soils had low 

fertility and poor soil aggregation, leading to a low 

potential for carbon storage. Other studies also 

demonstrated a negative relationship between soil 

density and SOC (Islam et al., 2014). The ability of 

SOC to accumulate was likely limited by the increase 

in soil bulk density caused by a reduction in porosity 

(Arunrat et al., 2020a). 

3.4 Total carbon stocks 

The results of the ANOVA tests indicated a 

significant differences in total carbon stocks among 

the five land use types (Figure 3). Soil carbon stock 

across three depths also revealed a trend similar to the 

SOC content (Table S2). Total carbon stock at a depth 

of 30 cm for all agricultural land use types was 

26.54±2.11 mg C/ha, with a range of 16.12 to 35.87 

mg C/ha (Figure 3). Among these types, coconut 

exhibited the highest total carbon stock (35.87±4.25 

mg C/ha), followed by paddy fields (31.17±4.93 mg 
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C/ha), sugarcane (28.02±5.72 mg C/ha), pineapple 

(21.79±4.77 mg C/ha), and cassava (16.12±1.54 mg 

C/ha), respectively. 

The findings support the hypotheses that land use 

types might have a significant difference of total carbon 

stocks. Theoretically, soil carbon storage is determined 

by many factors, such as clay mineralogy, specific 

surface area, aggregation, texture, soil type, natural 

vegetation, land use and management, topography, 

parent material, and climate (Wiesmeier et al., 2019). In 

addition to the effect of land use examined in this study, 

other factors were also considered. The variation in total 

carbon stock between land use types could be attributed 

to the distinct soil series with varying soil textures and 

compositions of soil particles, as well as their 

management practices.

Figure 3. Total carbon stocks at depths of 0-30 cm under five agricultural land-use types: CA=cassava, CO=coconut, PA=pineapple, 

PF=paddy fields, and SU=sugarcane. The cross inside each box represents the mean value of total carbon stocks. Different letters on the 

whiskers indicate significant mean differences (p<0.05). 

The highest total carbon stock in coconut was 

likely associated with soil series such as Bang Khen, 

Bang Phae, Bangkok, Damnoen Saduak, and 

Thonburi, which are characterized by the highest clay 

content, supported by the results presented in Table 2. 

The correlation analyses further revealed a positive 

relationship between soil organic carbon and fine 

particles (silt and clay), while a negative relationship 

was observed between soil organic carbon and sand 

particles (Table 3). Consequently, the significantly 

higher proportion of fine particles in coconut 

plantations may account for their greater carbon stock 

potential. This finding aligned with previous research, 

which demonstrated that an increased presence of fine 

particles in aggregated soil can enhance carbon 

protection, retention, and sequestration (Arunrat et al., 

2020b; Conforti et al., 2016). 

Paddy fields showed the second highest carbon. 

The land use consisted of various soil series, including 

Alluvial Complex, Khao Phlong, Pak Tho, and 

Bangkok, with different soil textures such as sandy 

loam, loamy sand, and clay. Although the soil texture 

could have some influence on soil carbon stocks, the 

management practices in this land use were likely to 

have a greater impact on carbon stocks than soil 

properties alone. A presence of anaerobic conditions 

during the wet season can reduce decomposition and 

promote carbon accumulation in paddy soils 

(Sahrawat, 2005). Additionally, the rich organic 

matter sediment could settle into the topsoil during the 

late harvest season (Sahrawat, 2003). The rice straw 

could provide higher levels of soil organic matter 

(Kunlanit et al., 2020), while residues from cassava 

and sugarcane were typically removed after harvest. 

This phenomenon explains the greater total carbon 

stock observed in paddy soils. 

The total carbon stocks in sugarcane and 

pineapple were similar (Figure 3). Both land use types 

showed comparable soil series composition. Pineapple 

soils primarily consisted of Chan Thuk, Tha Yang, and 

Lat Ya soil series, which were predominantly sandy 

loam or loamy sand. Similarly, sugarcane fields 

included Khao Luang, Lat Ya, Alluvial Complex, Tha 

Yang, Khao Phlong, and Takhli soil series, mostly 

sandy loam, or loamy sand, except for Thakhi, 

characterized by a clay loam or silty clay texture. The 
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similarity in soil series and their properties may 

explain the comparable potential of soil carbon stocks 

between these land use types. 

The lowest carbon stock in cassava soils was 

likely due to the characteristics of the sandy loam and 

sandy loam soil series used for cassava cultivation 

(Table 2). The soils with predominant sand particles 

tended to be low in carbon storage capacity (Arunrat 

et al., 2020a). Additionally, a higher proportion of 

sand particle in cassava soils (Table 2) were also 

consistent with the previous study. The management 

practices in cassava, such as frequent soil tillage, could 

further contribute to the lower carbon content. 

Previous studies suggested that tillage alters and 

depletes soil carbon (Mehra et al., 2018), which is 

common in cassava cultivation,. Therefore, the 

combination of natural soil properties and continuous 

soil disturbance were key factors affecting the limited 

carbon sequestration potential of cassava soils. 

4. CONCLUSION

The present study investigated soil carbon in 

agricultural systems within Ratchaburi Province. Each 

type of agricultural land exhibited distinct carbon 

storages, with coconut plantations showing the highest 

potential, followed by paddy fields, sugarcane, 

pineapples, and cassava. The correlations between soil 

carbon and soil properties indicated that these soil 

properties might influence soil carbon within 

agricultural soils. The discussion revealed the 

contribution of soil series and management practices 

to the differences in carbon storage across different 

land use types. Therefore, the type of land use alone is 

not the sole factor that results in differences in carbon 

storage potential. Other factors, including soil series, 

soil properties, and management practices, also made 

significant contributions. 

Based on the research findings, the following 

recommendations are advised regarding climate 

change mitigation and planning policy contribution: 

Coconut plantations appeared to show high potential 

for carbon storage in Ratchaburi Province. The 

plantations are unique to the region, covering almost 

5% of the province’s land area. As perennial 

vegetation, they can absorb greenhouse gases similar 

to forest ecosystems. In the long term, coconut 

plantations could have a greater potential for carbon 

storage compared to other agricultural systems in this 

study. This was primarily due to their management 

practices, which involve minimizing soil disturbance 

compared to tillage-based agriculture. This study 

mainly focused on assessing the potential of soil 

carbon storage. Conducting further research on carbon 

sequestration and the carbon footprint within coconut 

plantations, as well as other agricultural systems, 

would contribute to a more comprehensive 

understanding of their role in the regional carbon 

cycle. Given Ratchaburi Province a model agricultural 

area in Thailand under the Bio-Circular-Green 

Economy (BCG) model, coconut plantations could 

have significant potential for carbon absorption. The 

plantation might contribute to offsetting carbon 

emissions from other sectors, supporting the 

achievement of carbon neutrality in line with the 

Sustainable Development Goals (SDGs). 
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The lack of ability to control human activities led to changes of land use/land 

cover (LULC) in Dalat City where rapid urbanization and the demand to expand 

agricultural land have resulted in dramatic forest reductions. This study 

assessed the rate and extent of LULC changes over the past 12 years and 

simulated future scenarios in Dalat City, Lam Dong Province, Vietnam by using 

an integrated model of Markov chain and logistics regression. Three land-use 

maps used to analyze land-use change were extracted from satellite images in 

2010, 2016, and 2022 by classification approach. The outcome of this process 

indicates a significant increase in agricultural and built-up land of 48.22 km2 

and 9.36 km2, respectively; a decrease in forest land of 55.61 km2, and a minor 

change in water bodies and bare land in the 2010-2022 period. Prediction maps 

of land-use change in 2028 and 2034 are generated after the model is validated 

by comparing the actual map with the prediction map of LULC in 2022 using 

Kappa statistics. Transition of forest area to other land use types, especially 

land for expansion of built-up and agricultural land is the crucial trend of land-

use change in the future according to the forecast model. Compared to 2022, 

forest area in 2034 will decrease by 60.65 km2 while built-up and agricultural 

land will increase by 14.07 km2 and 43.61 km2, respectively. The research 

results provide valuable information as a foundation for land-use policy 

planning and local urban development to ensure sustainable development 

objectives. 
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1. INTRODUCTION

 Urbanization has been taking place across many 

places throughout the world. Cities have expanded 

rapidly due to population growth and economic 

development (Xie et al., 2005; Al-Darwish et al., 2018). 

The urbanization ratio is an indicator of the 

development of a country, a region or locality (WB, 

2011). The urbanization process of each country can 

occur fast or slowly depending on conditions and 

degrees of socioeconomic development. 

Urbanization contributes to accelerating 

economic growth, shifting the economic-labor 

structure, and changing population distribution. Cities 

and towns create jobs and incomes for workers, 

consume a wide range of commodities, and employ a 

higher-skilled labor force together with modern 

infrastructure techniques (Fan et al., 2019). However, 

the urbanization process without scientific planning can 

cause challenges and risks for sustainable development. 

Rapid urbanization has socio-economic and 

environmental negative influences (Lambin et al., 

2001), such as loss of agricultural land (Azadi et al., 

2011; Mauro, 2020) and flooding (Huong and 

Pathirana, 2013). 

Major cities in Vietnam such as Hanoi, Ho Chi 

Minh City, and Da Nang have been rapidly urbanizing 

for the past 10 years. In Vietnam, the urbanization rate 

increased from 19.6% in 629 cities in 2009 to 39.3% in 

833 cities in 2020 (MC, 2022) and the proportion of 

urban population accounted for 35.0% of the total 

Citation: Nguyen CH, Nguyen CV, Nguyen TMN. Monitoring and modeling of spatio-temporal urban expansion and land use/land-cover change 

in mountain landscape: A case study of Dalat City, Vietnam. Environ. Nat. Resour. J. 2021;21(5):428-442.
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population. This rate is forecast to rise to 50.0% in 2030 

and 64.8% in 2069 (GSO, 2020). On the one hand, this 

process brings positive effects on motivating 

urbanization rapidly across the country. The 

infrastructure of existing cities has been improved and 

refurbished, while a lot of new cities have been 

established. On the other hand, a large area of 

agricultural land and natural forest are converted to 

non-agricultural land due to urbanization process. 

Nearly all suburban farmers who lose their arable land 

are forced to change their careers. Vietnam has lost 

73,000 hectares of annual arable land due to 

urbanization, affecting the livelihoods of 2.5 million 

farmers. Six percent of the rice production area 

decreased due to high-speed industrialization and 

urbanization (MF, 2009). 

Urbanization is a growing challenge for city 

planners and policymakers who are continuously 

focusing on computer-based statistical models, and 

machine learning for a sustainable and livable city 

(Mustak et al., 2022). Some models of land use and 

urban expansion have been studied and used to allocate 

land-use changes explicitly on maps by using the 

prediction method over the past two decades. Their 

results are displayed as a land-use map which is a set of 

grid cells with each plot displaying the land use at a 

specific position (Verburg et al., 2002). Future urban 

growth scenario-analysis is crucial for planners to make 

effective decisions in spatial planning (Wang et al., 

2021a). Therefore, developing efficient prediction 

models to anticipate future land-use changes and urban 

growth can better serve the work of planners (Ai et al., 

2022; Sohl and Claggett, 2013). 

A few researchers have used various theoretical 

and experimental modeling techniques, such as 

regression modeling, to model, simulate, and predict 

urban expansion, and land-use change (Alsharif and 

Pradhan, 2014; Nong and Du, 2011), CA (Cellular 

Automata) (Falah et al., 2020; Yeh et al., 2021), MC 

(Markov chain) (Arsanjani et al., 2011; Fathizad et al., 

2015), CA-Markov intergrated models (Wang et al., 

2021b; Ebrahimipour et al., 2016; Aburas et al., 2021), 

CA-logistic regression (Azizi et al., 2022; Wang et al., 

2019), and machine learning algorithms (Tsagkis et al., 

2023; Devendran and Gnanappazham, 2019). Each 

model has its limitations and has been discussed in 

many kinds of literature (Mas et al., 2014; Olmedo et 

al., 2015). The logistic regression analysis has been one 

of the most frequently utilized approaches for modeling 

land-use change over the past two decades. Logistics 

regression in urban expansion models helps to 

understand the urbanization process and provides an 

explicit picture of the weights of the independent 

variables and their related functions (Hu and Lo, 2007; 

Huang et al., 2009; Arsanjani et al., 2013). 

In Vietnam, there haven’t been many studies on 

land use change and urban development. Most research 

focuses on assessing land-use changes in the past by 

interpreting and analyzing remote-sensing images over 

time but not predicting land-use changes for the future. 

Urbanization studies have only concentrated on two 

large cities, Hanoi (Pham et al., 2015; Pham and 

Yamaguchi, 2011; Nguyen et al., 2019) and Ho Chi 

Minh City (Son et al., 2012). 

Vietnam’s terrain is very diversified, with hills 

and mountains occupying a quarter of the area (MARD, 

2015). Dalat City, located in the Central Highlands, is 

one of Vietnam’s most famous historical-tourist cities. 

The cool climate, gorgeous scenery, and historical 

architectures attract many tourists to this city. Over the 

past decade, this city has been rapidly developed but not 

strictly controlled. Urban expansion negatively affects 

natural resources such as forest land, agricultural land, 

and tourism landscapes. Dalat City is chosen to study 

future urban expansion in this research due to the 

importance of its historical, agricultural, and tourism 

environment. This research aims to analyze and 

anticipate urban expansion in Dalat City through land-

use changes by interpreting remote-sensing images and 

applying the Markov chain-logistic regression 

integrated model. This model helps to better understand 

urban expansion, examine quantitatively the 

relationship between land-use change and driving 

factors, and predict various scenarios for Dalat City’s 

future urban expansion.  

2. METHODOLOGY

Figure 1 depicts the process of predicting land-

use change using remote sensing images and the 

Markov chain-logistic regression integrated model. 

The land-use prediction in 2022 is conducted after 

analyzing land-use change in the 2010-2016 period. 

The model accuracy is measured by comparing the 

prediction map of land-use and the actual map of land-

use in 2022 based on the Kappa coefficient. Then, this 

model is used to forecast land-use change for future 

periods in 2028 and 2034 (6-year periods). 
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Figure 1. General methodology of the research 

2.1 Study area 

The research is conducted in Dalat, a city in the 

Central Highland, located on the Lam Vien Plateau, 

Lam Dong Province at an altitude of about 1,500 m 

(4,900 ft) above sea level (Latitude: 11°48′36″-

12°01′07″ N; Longitude: 108°19′23″-108°36′27″ S) 

(Figure 2). With a population of 240,000 people, Dalat 

is the second most popular mountainous city in 

Vietnam (LDSO, 2023). It is a unique urban area in 

Vietnam which has been perfectly planned with 

famous constructions and exquisite villas from the 

very beginning. Therefore, it is considered as a 

museum of Western architecture in the early 20th 

century (Tranh, 2001). 

The terrain of Dalat City is divided into two 

types: mountain and plain in mountain. It has a mild 

and cool mountainous climate all year round due to its 

elevation of 1,500 meters and surrounding mountain 

ranges and forest flora, particularly pine forests. This 

city has two distinct seasons: rainy and dry (Tro, 

1993). It has favorable soil and climate conditions for 

the development of temperate plants. Its main arable 

land area has been allocated to vegetables. Tea and 

coffee plants are also crucial products in the city’s 

processing industry. 

2.2 Data acquisition and processing 

The satellite images of Dalat City in three 

periods of 2010 (Landsat TM), 2016, and 2022 

(Landsat OLI/TIR) shown in Table 1 were 

downloaded from https://earthexplorer.usgs.gov/. 

They were adjusted to the local coordinate system 

(VN-2000 with 6° projection zone, 48th zone in the 

Northern hemisphere, an axis meridian of 105° of East 

longtitude).
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Figure 2. Map of the study area (Dalat City) 

Table 1. Characteristics of collected data 

Sensor Month/day/year Resolution Path/row 

Landsat TM 2010 04/02/2010 30 m × 30 m 124/052 

Landsat OLI/TIR 2016 08/03/2016 30 m × 30 m 124/052 

Landsat OLI/TIR 2022 20/01/2022 30 m × 30 m 124/052 

Furthermore, this study uses GIS data gathered 

from the People’s Committee of Dalat and the 

Department of Natural Resources and Environment of 

Lam Dong Province as a reference to support in image 

interpretation and the generation of driving factor 

maps. These materials include: (1) a land-use actual 

map of 2010, 2015, and 2020 at a scale of 1:10000 to 

assist with image interpretation and mapping of 

impact factors; (2) a topographic map of Lam Dong 

Province at a scale of 1:50000 to build slope maps and 

elevation maps; (3) a high-resolution satellite image 

data from google earth to assist in satellite image; and 

(4) the administrative boundary map of Dalat City to

determine the study area for the landsat image.

The study used the method of supervised image 

classification with the Maximum likelihood classifier 

(Perumal and Bhaskaran, 2010; Richards, 2022). This 

method works on the principle of using sample data to 

determine the probability distribution density 

function, which defines land use types to be classified 

for each pixel. Then, each land use type is determined 

according to the LULC having the prior probability. 

This interpretation result is evaluated by the 

Kappa statistical index and the overall accuracy. The 
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Kappa coefficient is a measure of overall agreement of 

a matrix (Richards, 2022) with formula (1). The 

evaluation results show that the accuracy of image 

interpretation through the Kappa index is very good 

(Richards, 2022) from 0.9457 to 0.9876. In addition, 

the overall accuracy of the interpretation results ranges 

from 95.94% to 99.08% (Table 2). 

K =
P0−Pe

1−Pe
      (1) 

The accuracy of observed agreement (P0) is 

determined according to the following formula: 

P0 =
∑ Xii

N
     (2) 

The estimate of chance agreement (Pe) is 

determined according to the following formula: 

Pe =
∑ Xi+X+i

N2       (3) 

Where; N: total number of observations; Xii: 

observation in row i and column i; Xi+: marginal total 

of row i; X+i: marginal total of column i. 

Table 2. Accuracy of remote-sensing image interpretation 

Years Overall accuracy (%) Kappa coefficient 

2010 98.23 0.9765 

2016 99.08 0.9876 

2022 95.94 0.9457 

The LULC map of land-use in three periods was 

successfully interpreted (Figure 3). The interpretation 

of LULC types on the actual map of land use consists 

of built-up land (residential area, industrial zones, and 

traffic infrastructure), water bodies (rivers, streams, 

ponds, and lakes), agricultural land (crops, industrial 

plants, fruit trees, etc.), and bare land. The manipulated 

process of image interpretation included the six 

following steps on Envi 5.3 software (RSI, 2001): (1) 

geometric correction of satellite images matching to 

the VN-2000 coordinate system; (2) enhance image 

quality; (3) crop the image according to the boundary 

of the study area; (4) set up the image decoding key; 

(5) classification of remote sensing images; (6)

evaluation of classification results (Table 2).

Figure 3. Extracted land use maps of Dalat City in 2010, 2016, and 2022 
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As an empirical estimation model, logistics 

regression is a data-driven rather than knowledge-

based approach to the choice of predictor variables 

(Hu and Lo, 2007). Previous studies identified the 

significant factors that determine the potential for 

urban expansion and land-use changes (Park et al., 

2011; Arsanjani et al., 2013; Musa et al., 2017; Aburas 

et al., 2017; Shafizadeh-Moghadam et al., 2017; 

Hassan and Elhassan, 2020; Cheng et al., 2022). This 

study used 12 factors driving the land-use change 

process and the data generated as Euclidean Distance 

maps in the ArcGIS environment (Figure 4). 

Figure 4. Driving variables associated with the simulation of land use and land cover in Dalat City: (a) distance to water source, (b) 

distance to nature reserve, (c) distance to tourist area, (d) distance to secondary traffic, (e) distance to main roads, (f) altitude/elevation, 

(g) distance to educational institutions, (h) distance to religious places, (i) distance to administrative office, (j) slope, (k) distance to

residential area, (l) distance to commercial area 

2.3 Intergrated model of Markov chain and logistic 

regression for the future LULC change prediction 

The combination of Markov chain and logistics 

regression has been the most popular integrated model 

used for modeling spatio-temporal changes. Markov 

chain analysis, which is a stochastic modeling, has 

been widely used for land cover variation modeling 

(Fathizad et al., 2015). It is assumed that the 
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probability of a system at an initial time and condition 

can be determined if the change rate observed during 

the calibration interval (t1 to t2) remains the same over 

the simulation period (t2 to t3). Markov chain analysis 

determines how much land-cover change will occur at 

a specific time in the future through land cover cross-

tabulation (Kamusoko et al., 2009). The Markov chain 

is applied to determine the future land-use demand for 

each type of land use according to the following 

formula (Sang et al., 2011):  

S(t+1) = Pij x S(t)        (4) 

Where; S(t) and S(t + 1) are the states of the system 

at an initial time t and t + 1. Pij is the matrix of the 

transition probability in a specific state and is 

calculated as follows: 

Pij = [

P11  P12    ⋯ P1n

P21  P22    ⋯ P2n

⋮ ⋮ ⋮
Pn1  Pn2    ⋯ Pnn

]       (5) 

Where; 0 ≤ Pij ≤ 1 and  ∑ Pij
n
j=1 = 1.

The Markov chain model is not able to allocate 

the estimated amount of change and must be integrated 

with other geospatial models (Arsanjani et al., 2013). 

Therefore, the Markov chain model integrates with 

logistics regression spatially to solve this problem. 

Logistics regression is used to model and 

explain the relationship of several independent 

variables (X) with a binary dependent variable (Y), 

representing the occurrence or non-occurrence of an 

event. Logistics regression is applied to determine the 

probability of the existence or non-existence of each 

land-use type at all locations and quantify the 

interaction between different land-use types and 

transition driving factors (Lin et al., 2011). Spatial 

land-use change is the dependent variable represented 

in a raster-binary map. A value of 1 on the generated 

probability map indicates the presence of a change, 

and a value of 0 indicates no change. The change 

probability for each pixel in the raster map is generated 

based on the following logistic regression equation:  

P (Y = 1|X1, X2, … , Xk) =  1 (1 + e−(α+∑ βiXi)⁄ )  (6) 

Where: Xi, which is the independent variable 

representing driving factors of the land-use change 

process, can be a continuous or categorical variable; α 

is the coefficient of the model formula; P (Y=1|X1, X2, 

..., Xk) is the probability of the dependent variable Y, 

means that the probability of a pixel changed in land 

use; and βi is the coefficient of the variable Xi. The 

regression coefficient (βi) reflects the function of the 

independent explanatory variables. Logistics 

regression creates the land transition probability map 

through the regression analysis of driving factors. The 

land-use prediction map is generated by allocating the 

number of pixels in the order of spatial transition 

probability defined by the Markov chain. 

3. RESULTS AND DISCUSSION

3.1 Description of land-use change in 2010-2022

period

The land-use change from 2010 to 2022 was 

determined to quantify the extent and location of the 

changes. Table 3 and Figure 5 illustrated the changes. 

The analysis of LULC change was carried out by using 

land cover data over a 12-year period (2010-2022), 

with two 6-year sub-periods: 2010-2016 and 2016-

2022.

Table 3. Statistical distribution of LULCs from 2010 to 2022 

LULC types 2010 2016 2022 2010-2016 2016-2022 2010-2022 

Area 

(km2) 

Area (%) Area 

(km2) 

Area 

(%) 

Area 

(km2) 

Area (%) Δ (km2) Δ(km2) Δ (km2) 

Built-up 33.79 8.57 38.59 9.78 43.15 10.94 4.80 4.56 9.36 

Water bodies 8.32 2.11 7.79 1.98 7.78 1.97 -0.53 -0.01 -0.54

Agriculture 104.61 26.52 136.41 34.59 152.83 38.75 31.80 16.42 48.22 

Forest 245.39 62.22 209.89 53.22 189.78 48.12 -35.50 -20.11 -55.61

Bare land 2.29 0.58 1.72 0.44 0.86 0.22 -0.57 -0.86 -1.43
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Figure 5. Maps of land use changes in Dalat City 

From 2010 to 2022, the land-use types in Dalat 

City changed dramatically. Specifically, agricultural 

and built-up land expanded rapidly, while forest land 

sharply declined. In 2010, forest land covered the most 

land area, followed by agricultural land, built-up land, 

water bodies, and bare land. The majority of built-up 

land was in the city center, with the remainder in the 

Southeast and West along main roads. Agricultural 

land was located near residential areas while the forest 

was in remote areas with complex topography. Over a 

12-year period, agriculture land area increased from 

104.61 km2 (26.52% of total land area) to 152.83 km2 

(38.75% of total land area), especially in 2010-2016; 

the built-up land area expanded steadily in 2010-2022 

from 33.79 km2 (8.57% of total land area) to 43.15 km2 

(10.94% of total land area). However, the forest land 

area sharply diminished by 55.61 km2 (from 62.22% 

to 48.12%). Water bodies and bare land area decreased 

by 0.54 km2 and 1.43 km2, respectively. Built-up land 

was likely to spread northward from existing 

residential areas in the central area. Furthermore, a 

portion of built-up land could be seen expanding along 

the main road. In addition to expanding from existing 

areas, agricultural land was also found in forested 

areas. To better understand the transitions among land 

use types for the 2010-2022 period, a transition matrix 

table was created by analyzing in the ArcGIS 

environment (Table 4). The table data demonstrates 

the forest area decreased as a result of agricultural 

growth and built-up land expansion. During the 

research period, 67.68 km2 of forest land was lost due 

to changing to 4.38 km2 of built-up land and 61.93 km2 

of agricultural land. In addition, 21.39 km2 of 

agricultural land decreased due to the transition of 

10.78 km2 to built-up land and 9.14 km2 to forest land. 

Currently, the greenhouse area in Dalat City accounts 

for approximately 57% of the total greenhouse area in 

Lam Dong Province. (Lam Dong online, 2023). 

Greenhouses built without planning have disrupted the 

landscape and urban aesthetic, increased local 

greenhouse effect and limited biodiversity. Therefore, 

to reduce greenhouse area during this period, the local 

goverment made efforts to demolish many 

greenhouses built for agricultural production, which 

resulted in a noticeable transition from built-up land to 

agricultural and forest land.
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Table 4. Transition area matrix of land-use types from 2010 to 2022 

LULC types 2022 (km2) 

Built-up Water bodies Agriculture Forest Bare land Total 

2010 (km2) Built-up 27.49 0.25 4.34 1.69 0.02 33.79 

Water bodies 0.36 5.43 2.18 0.33 0.02 8.32 

Agriculture 10.78 1.19 83.22 9.15 0.27 104.61 

Forest 4.38 0.87 61.93 177.71 0.50 245.39 

Bare land 0.14 0.04 1.16 0.90 0.05 2.29 

Total 43.15 7.78 152.83 189.78 0.86 

The reduction of forest area and its causes are 

typical characteristics of localities in the Central 

Highlands of Vietnam. Due to the suitability of the 

local soil and climate, vegetable-producing activities 

thrive. Population increase is also a major source of 

forest loss in the region, since it leads to the expansion 

of urban centers, residential areas, industrial 

production regions, and infrastructure (Müller and 

Zeller, 2002; Pham et al., 2019). The reduction of 

forests and vegetation leads to severe degradation of 

ecosystems, loss of biodiversity, reduction of water 

holding capacity leading to depletion of water 

resources, and extreme events such as landslides and 

erosion (Lambin et al., 2001). The analysis results of 

land use change from 2010 to 2022 build the 

foundation for future forecasts. 

3.2 Prediction results 

3.2.1 Quantification of land change and 

transition probability maps 

In this study, the 2010 LULC map of Dalat City 

is the first image (t1), the 2016 LULC map is the 

second image (t2), and the 2022 LULC map is the 

reference image to compare to evaluate the model. The 

Markov sequence analysis built into the module of 

TerrSet software to generate a transition probability 

matrix representing the total area is varied from one 

LULC layer to another in a given time unit. The 

Markov series assumed that the policies and 

development conditions in future scenarios would be 

the same as in the past. Table 5 show the prediction 

probability matrix for transition among land types 

from 2022 to 2034. Figure 6 illustrates the transition 

probability maps in 2028 and 2034. Forest land with 

the probability of not changing will be 79.06%, with 

the remainder continuing to decrease, namely, 

converting 18.84% to agricultural land, and 1.43% to 

built-up land. Meanwhile, built-up land is forecast to 

expand, in addition to converting from forest land to 

agricultural land at the rate of 6.59%. 

An input of logistics regression is driving factor 

maps combining 2010 and 2016 LULC maps to 

generate a spatial transition probability map, showing 

the probability that each pixel changes to another layer 

or remains constant. Visually, it is possible to see the 

pixels distributed in the vicinity of existing residential 

areas and along the roads with the highest transition 

probability. These results are the basis for forming 

prediction maps and forecasting future land use 

changes.

Table 5. Transition probability matrix for 2022-2028 and 2028-2034 periods 

LULC types Built-up Water bodies Agriculture Forest Bare land 

Probability 

value 2028 

Built-up 0.9025 0.0037 0.0621 0.0314 0.0002 

Water bodies 0.0159 0.8107 0.1208 0.0508 0.0018 

Agriculture 0.0386 0.0074 0.8802 0.0669 0.0069 

Forest 0.0043 0.0008 0.1134 0.8778 0.0037 

Bare land 0.0412 0.0168 0.4531 0.4777 0.0111 

Probability 

value 2034 

Built-up 0.8219 0.0066 0.1109 0.0598 0.0007 

Water bodies 0.0327 0.6756 0.1971 0.0922 0.0024 

Agriculture 0.0659 0.0119 0.8006 0.1152 0.0065 

Forest 0.0143 0.0027 0.1884 0.7906 0.0040 

Bare land 0.0570 0.0177 0.4595 0.4575 0.0083 
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Figure 6. Spatial-transition probability maps in 2028 (a) and 2034 (b) 

3.2.2 Validation 

Before creating the LULC forecast maps in 

2028 and 2034, it is necessary to validate the model 

output. The validation is performed by matching the 

LULC actual map with the LULC prediction map in 

2022 (Figure 7) using the VALIDATE module in 

IDRISI software. The accuracy of prediction results is 

evaluated based on comparing each pair of pixels, 

expressed by the Kappa statistical index system, 

including Kappa for locationStrata (KlocationStrata), 

location (Klocation), no information (Kno), and Kappa 

standard (Kstandard) (Pontius, 2002; Pontius, 2000). The 

Kappa values for these variants range from 0 to 1 (0% 

and 100%); The closer to 100% the value reaches, the 

higher the agreement accuracy (Christensen and 

Arsanjani, 2020). Overall, there was a significant level 

of agreement between the prediction and actual LULC 

maps (Table 6). The overall Kappa statistical 

variations of Kno=0.8987, Klocation=0.9112, 

KlocationStrata=0.9112, Kstandard=0.8743 were achieved. 

These values are accepted when they are related to the 

reliability of the model validation for further use 

(Pontius and Millones, 2011). 

Table 6. Land-use prediction map Kappa coefficient in 2022 

Kappa coefficient Value 

Kno 0.8987 

Klocation 0.9112 

KlocationStrata 0.9112 

Kstandard 0.8743 

Figure 7. Land use maps in Lam Dong Province in 2022 

(a) (b) 
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3.2.3 Land use change prediction results 

The results of the LULC forecast for 2028 and 

2034 using the integrated model of Markov chain-

logistic regression are illustrated in Table 7 and Figure 

8. Compared to 2022, the forecast data for 2034 shows

that forest land use continues to decrease from 48.12%

to 32.74% (from 189.78 km2 to 129.13 km2). The

agricultural and built-up land areas are forecast to

increase by 43.61 km2 and 14.07 km2, respectively,

accounting for 49.81% and 14.51% of the natural area 

by 2034. 

Figure 8 shows that the spatial destruction of 

forest area in LULCs is predicted for 2034. Forest cover 

is fragmented into small and narrow patches by 

agricultural areas, especially in the Western part of the 

city. A vast degradation of forest areas can have a 

negative influence on the local ecological environment. 

Table 7. Area statistics of land-use prediction in 2028 and 2034 

LULC types Simulated area (in km2) Change detection (in km2) 

2028 2034 2028-2022 2034-2022 

Built-up 53.30 57.22 10.15 14.07 

Water bodies 9.12 9.88 1.34 2.10 

Agriculture 185.84 196.44 33.01 43.61 

Forest 144.46 129.13 -45.32 -60.65

Bare land 1.68 1.73 0.82 0.87 

Figure 8. Prediction maps of land-use in Dalat City 

Figure 9 shows the development forecast of 

built-up land area over time and space. According to 

the simulated output of the Markov chain model, the 

built-up land area will increase by 53.30 km2 in 2028 

and 57.22 km2 in 2034. The prediction maps and 

transition matrix show that agricultural and forest land 

are converted into built-up land in the study area. 

Built-up land is forecast to expand in the central urban 

area, existing residential areas, and across roads. Small 

and narrow arable land areas are scattered throughout 

the city. The study results on urban expansion trends 

occupying other important land types such as forest 

and agricultural land are similar to other research in 

developing countries (Ntakirutimana and 

Vansarochana, 2021; Wang et al., 2021b). The results 

of the study reinforce the results of previous studies on 

land use change in mountainous areas. The Central 

Highlands of Vietnam have experienced a decline in 

forest land, particularly from 2000 to the present 

(Müller and Zeller, 2002; Castella and Verburg, 2007; 

Stephen, 2009). The following factors are the direct 

causes of deforestation and forest degradation in the 

area: (i) unsustainable logging, both legal and illegal; 

(ii) transition of forest land to agricultural land,
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including high-value perennial crops and other crops; 

(iii) transition of forest land to infrastructure

construction, particularly hydroelectric power plants;

and (iv) population growth, primarily due to free

migration (Pham et al., 2019).

Logistics regression used in the study has the 

advantage of quantitatively determining the 

relationships between land use change and driving 

factors such as natural, economic, and social factors. 

However, the model that incorporates Markov chain - 

logistic regression also has drawbacks. The spatial-

transition probability map generated by the logistic 

model depends on the quantity and accuracy of the 

driving factors. Difficulties in data collection and the 

integration of multiple factors, including demographics 

and development policy, can reduce the model's 

accuracy. The Markov chain forecasts future land-use 

changes based on an analysis of historical land-use 

changes, assuming the same factors affecting land use 

over time. 

The Markov chain illustrates that changes 

between land-use types in the future will take place 

over and over based on historical principles. However, 

it is a fact that a few phenomena and principles that 

happened in the past are unlikely to happen again.  

However, no specific research method can fully 

explain all of the processes affecting land use. Hence, 

to obtain a more comprehensive view, a synthesis of 

results from various methods is required. 

Figure 9. Change in built-up land from 2010 to 2034 

4. CONCLUSION

Understanding changes in the spatial pattern of 

land cover and the urban growth dynamics of any area 

over time is critical for effective land management and 

sustainable urban planning. This study used the 

integrated model of the Markov chain-logistic 

regression to simulate and forecast land-use changes 

and urban expansion in Dalat City, especially, 

applying GIS to create the spatial analysis of land-use 

changes, building a scale-transition probability matrix 

among land-use types by the Markov chain, and 

creating a probability surface of land-use change by 

logistic regression. This integrated model provides an 

understanding of the quantity and location of spatial 

transition probabilities. Twelve driving-factor maps 

are established from GIS data, and five land-use types 

are extracted from remote sensing images in 2010, 

2016, and 2022 by using supervised classification for 

analysis. 

In the 2010-2022 period, there has been a 

dramatic shifting trend of LULC categories from 

agricultural and built-up land to forest land, but water 

bodies and bare land changed insignificantly. The total 

area of urban areas was 33.79 km2 in 2010, increasing 

by 38.59 km2 in 2016, and 43.15 km2 in 2022 at a fairly 

even rate. A higher rate of urbanization has mainly 

occurred on formerly agricultural land near existing 

urban areas, road networks, and easily accessible 
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zones. The high-speed expansion of agricultural and 

built-up land converted from forest land can have 

serious ecological consequences. Therefore, the 

priority is that policies to boost agricultural production 

and urban development are obligated to be built in a 

balanced way to ensure sustainable development for 

the locality with two objectives: (1) economic 

development and (2) environmental protection. 

Through the research results, the integrated model of 

Markov chain-logistic regression is proposed as an 

effective tool for further research on the complicated 

characteristics of urban areas and LULCs. 
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Deforestation for the development of agricultural land is a critical  driver of 

biodiversity loss. We examined the relationships between tree species and 

environments after the abandonment of a plot of land at the Mae Klong 

Watershed Research Station, Western Thailand. Vegetation monitoring was 

conducted every two years on a 16- ha permanent plot established in 2011 until 

2019. All trees with diameter at breast height (DBH)≤1 cm were measured. 

Canonical correspondence analysis (CCA) was performed to investigate the 

relationships between tree species and environments. We found a total of  199 

tree species in the plot, which comprised both pioneer and climax species. The 

high tree density and low basal area were 1,280 stem/ha and 7.30 m2/ha, 

respectively. During 2011-2019, the species richness and total tree density were 

decreased by nine species (from 206 to 197 species) and 83 stem/ha (from 1,120 

to 1,037 stem/ha). In contrast, the total basal area increased from 6.41 to 7.26 

stem/ha. According to the measured environmental variables, mixed deciduous 

species such as Pterocarpus macrocarpus and Xylia xylocarpa var. kerrii 

preferred higher elevations and drier sites compared to dry evergreen species 

such as Dipterocarpus alatus. Early colonizing species such as Trema orientalis 

and Ficus species exhibited rapid population decreases, whereas climax species 

such as Lagerstroemia tomentosa exhibited highly successful regeneration under 

natural conditions. Artificial reforestation efforts may be  required in areas with 

large disturbance, including the planting of mixed tree species to promote natural 

regeneration and reduce the recovery period. 

Keywords: 

Abandoned land/ Canonical 
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1. INTRODUCTION

Compared to other forest types worldwide, 

tropical forests have high biodiversity and carbon 

density (Sullivan et al., 2017), which play important 

roles in ecosystem services such as climate regulation, 

carbon and water cycles, and food resource production 

(Good et al., 2015; Lewis et al., 2015; Hansen and 

DeFries, 2004). However, the rates of deforestation and 

land use change are increasing rapidly, with losses of 

over 80 million ha of primary tropical forest since 1990 

(FAO and UNEP, 2020). Across the tropics, primary 

forest is mainly lost through agricultural development, 

including the promotion of large-scale crop production 

and commercial tree plantation (Curtis et al., 2018; 

Klemick, 2011), which are accompanied by 

biodiversity loss and forest degradation (Chazdon, 

2014; Laurance, 2007; Geist and Lambin, 2002). Many 

such crop areas have been abandoned due to 

unsustainable practices, leading to the creation of post-

disturbance vegetation communities (Van Hall et al., 

2017) that vary according to habitat conditions. The 

impacts of abandonment on biodiversity and ecosystem 

services also vary greatly, depending on disturbance 

intensity and frequency (Chazdon, 2003; Collins et al., 

2001). Despite the importance of tropical forests, there 

is relatively little information on succession or recovery 

in these forests (Poorter et al., 2021). 

Citation: Saikhammoon R, Sungkaew S, Thinkampaeng S, Phumphuang W, Kamyo T, Marod D. Forest restoration in an abandoned seasonally dry 

tropical forest in the Mae Klong Watershed, Western Thailand. Environ. Nat. Resour. J. 2023;21(5):443-457.

(https://doi.org/10.32526/ennrj/21/20230121) 
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Degraded or abandoned cropland is typically 

characterized by canopy openness, with high sunlight 

intensity reaching the soil surface and affecting air and 

soil temperature and humidity near the ground. In 

tropical forests, plants are categorized into two 

functional groups based on light requirements: light-

demanding (i.e., pioneer) and shade-tolerant (i.e., late 

successional) species (Matsuo et al., 2021). Generally, 

pioneer plant species are more abundant along forest 

edges or in open areas than shade-tolerant species 

(Marod et al., 2004), due to germination stimulated by 

light exposure (Aide et al., 2000), whereas late 

successional species establish later and co-exist with 

recruited pioneer or early successional species 

according to environmental gradients (Gustafsson et 

al., 2016; Swinfield et al., 2016). In seasonally dry 

tropical forests, degraded sites undergoing natural 

recovery are susceptible to recurrent disturbances such 

as fire (Marod et al., 2004), and may experience 

slower colonization due to large distances from the 

intact forest edge (Marod et al., 2012). Compared with 

humid tropical regions, vegetation recovery occurs 

slowly in the dry tropics, where combustion is easily 

initiated (Scheper et al., 2021), particularly under the 

influence of anthropogenic factors (Quesada and 

Stoner, 2004; Miles et al., 2006; Mabry and Fraterrigo, 

2009). Colonization by grasses, bamboos, lianas, and 

shrubs can also inhibit the survival and regeneration of 

climax tree species and delay forest restoration 

(Rother et al., 2015). Various environmental factors 

can also affect the ability of plants to acquire 

resources, leading to differences in regeneration rates, 

forest structure, and species composition among 

different successional sites (Wang et al., 2019; 

Mondoni et al., 2020). Early successional species 

modify light availability within the canopy by 

providing shade, which also influences the thermal 

and moisture microclimates to shape the species 

diversity, composition, and productivity of shade-

tolerant species (Gravel et al., 2010). Therefore, an 

understanding of natural succession processes is 

important for developing forest conservation 

strategies for recovering degraded or abandoned areas 

(Wright, 2005; Sanchez-Azofeifa et al., 2005). Forest 

restoration programs based on planting suitable 

species for a given ecological niche should be 

developed at both regional and national levels to 

reduce the time required to reach successional climax, 

which would support ecosystem restoration and 

mitigate damage related to climate change. 

In Thailand, seasonally dry tropical forests are 

classified into three categories: mixed deciduous 

forest (MDF) on zonal soils; deciduous dipterocarp 

forest on poor, leached soils and laterites; and savanna 

forest on fertile soils (Takahashi et al.; 2012; Marod et 

al., 2002). The dominant species of MDF include 

many commercial tree species in the upper canopy 

such as teak (Tectona grandis), Pterocarpus 

macrocarpus, Xylia xylocarpa var. kerrii, and Afzelia 

xylocarpa and bamboos mainly occupy the middle 

layer (Marod et al., 2004). Teak generally has the 

highest commercial value for logging, although it may 

be absent from MDFs (Thein et al., 2007).  

The Mae Klong watershed of western Thailand 

is predominated by MDF, followed by deciduous 

dipterocarp forest on mountain ridges and dry 

evergreen forest along creeks (Marod et al., 1999). 

Forest degradation in the watershed has mainly been 

caused by logging and conversion into agricultural 

areas for upland rice production. Natural disturbance 

is frequent during the dry season due to forest fires and 

drought (Marod et al., 2002). These disturbed areas 

were abandoned after a logging ban in 1989, and 

natural reforestation was allowed. High recovery rates 

from non- forest to forested areas were detected in 

satellite images, especially during the initial phase 

(1992-1996) (Kamyo, 2016). The early successional 

stage (1989-1994) was initiated by colonization by 

short-lived pioneer species including herbaceous 

species and shrubs such as Eupatorium odoratum, 

Musa acuminata, Saccharum spontaneum, Trema 

orientalis, Bauhinia viridescens, and Sterculia 

macrophylla (Marod, 1995; Takahashi et al., 1995). 

However, few studies have examined successional 

processes in seasonally dry tropical forests using large 

permanent plots. Therefore, the objectives of this 

study were to examine secondary forest structure and 

species composition and their influential 

environmental factors in an abandoned agricultural 

area undergoing forest recovery, in the Mae Klong 

Watershed, Kanchanaburi Province, Thailand. 

2. METHODOLOGY

2.1 Study area

The study was conducted in a mixed deciduous 

forest (MDF) on abandoned (post-agricultural) land at 

the Mae Klong Watershed Research Station (1435N, 

9852E), Thong Pha Phum District, Kanchanaburi 

Province, western Thailand (Figure 1), covering an area 

of approximately 109 km2 and elevation range of 100-

950 m.a.s.l. The climate is subtropical, with a long wet 
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season followed by a short, cool and dry season. Annual 

rainfall normally exceeds 1,650 mm, and is 

concentrated from late April to October. The mean 

monthly temperature is ca. 27.5C, with a maximum of 

39.1C in April and minimum of 14.6C in December 

(Marod et al., 1999). The soil was weathered from 

alluvial parent material containing sandstone, limestone 

and quartzite (Suksawang, 1993). 

The study area can be classified into four main 

forest types:  MDF with bamboos, deciduous 

dipterocarp forest (on mountain ridges), dry evergreen 

forest, and disturbed forest (Kutintara et al., 1995). 

MDF is mostly scattered the whole areas with 

deciduous dipterocarp forest on some mountain 

ridges. The dominant tree species are Xylia xylocarpa 

var. kerrii, Vitex peduncularis, Schleichera oleosa, 

and Pterocarpus macrocarpus. Bamboos are dominant 

in the understory, including Bambusa tulda, 

Cephalostachyum pergracile, Gigantochloa albociliata, 

and Gigantochloa hasskarliana (Marod et al., 1999). 

Signs of forest disturbance from burning and cultivation 

are observed on the gentler slopes, where the dominant 

vegetation consists of wild banana (Musa acuminata), 

bamboos, lianas and pioneer tree species such as Trema 

orientalis, Bauhinia viridescens, and Sterculia 

macrophylla (Marod, 1995). 

Figure 1. The location of the study area and 16 ha permanent plot in abandoned area of MDF at MKWRS, Kanchanaburi Province 

2.2 Plot establishment and tree species 

investigation 

In 2011, a 16-ha permanent plot (400 m × 400 

m) was established in an abandoned area where MDF

was devastated by cultivation and recovered based on

natural succession (Kamyo et al., 2013). The plot was

divided into 1,600 subplots (10 m × 10 m) and all trees

with diameter at breast height (DBH) ≥ 2 cm were

tagged, identified, and their DBH and positions were

recorded every 2 years until 2019. As of 2019, all trees

with DBH ≥1 cm were included in the survey. Samples

of unidentified species were collected and identified

by comparison with specimens at the Forest

Herbarium, Department of National Parks, Wildlife

and Plant Conservation. Species nomenclature follows

Smitinand (2014).

2.3 Environmental data collection 

2.3.1 Topographic factors 

For each 50 m × 50 m subplot, topographic 

variables included the mean elevation of the four plot 

corners, the average slope, and the distance from the 

nearest stream.  These variables were analyzed using 

the fgeo package (Lepore et al. , 2019) in the R v3.6.1 

software (R Core Team, 2017). 

2.3.2 Soil properties 

To collect soil samples, the 16- ha plot was 

divided into 64 subplots, each with 50 m × 50 m, 

followed the method of Delgado-Baquerizo et al. 

(2020). In each subplot, five soil samples (center and 

four corners) were collected from the topsoil (depth, 

0-15 cm) and combined into a composite soil sample. 
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Soil physical and chemical properties were analyzed. 

The percentages of sand, silt and clay were determined 

using a hydrometer, according to a modified protocol 

(Soil Science Division Staff, 2017). Soil pH was 

determined using a pH meter in a 1:1 soil:water 

mixture (Beck, 1999). Organic matter was measured 

using the wet oxidation method (Allison, 1965). 

Available P was calculated using the Bray II method 

(Bray and Kurtz, 1945) and exchangeable cations (K+, 

Ca2+, and Mg2+) were analyzed using an atomic 

absorption spectrophotometer with 1 N ammonium 

acetate (NH4Oac) (Chapman, 1965). All soil samples 

were analyzed at the Laboratory of Soil Science, 

Faculty of Agriculture, Kasetsart University. 

2.4 Data analysis 

2.4.1 Plant ecological indices 

To evaluate the forest structure and species 

composition, plant ecological indices were 

constructed based on structural parameters (tree 

density and basal area) and taxon richness (at species, 

genus and family levels) (Mohandass et al., 2016). The 

dominant species and importance value index (IVI) 

were calculated based on the summation of relative 

density, dominance and frequency (Krebs, 1994). The 

Shannon-Wiener index (H/) was analyzed following 

Shannon and Weaver (1949). 

2.4.2 Tree species regeneration 

A DBH class-distribution based on trees in the 

16-ha plot with at least 30 stems was utilized for 

estimating tree regeneration. We divided the diameter 

of the stems into classes with 5 cm intervals for each 

species of tree. We estimated the total stem counts for 

each diameter class for each tree species to determine 

the DBH distribution form. Following Shumi et al. 

(2019), we then visually categorized the DBH 

distribution form by grouping forms with similar 

shapes. 

2.4.3 Relationships between plant community 

occurrence and environmental variables 

To investigate the influence of environmental 

factors on plant community establishment, we 

performed canonical correspondence analysis (CCA). 

CCA ordination was conducted at the subplot scale (50 

m × 50 m) using the cca function in the vegan package 

in R v3.6.1. Tree species classification was performed 

separately for trees (DBH ≥ 4.5 cm) and saplings (1 ≤ 

DBH < 4.5 cm) for inclusion in the first matrix, 

constructed based on IVI values for each subplot. The 

environmental variables including soil properties (i.e., 

sand, silt, clay and organic matter content and pH) and 

topographic factors (i.e., elevation, slope) were used 

to construct the second matrix. 

2.4.4 Statistical analyses 

Correlations between species and envi-

ronmental variables were evaluated using Monte Carlo 

simulations, with 999 permutations. Correlations 

between environmental variables were evaluated 

using Pearson correlation coefficient (R). The 

significance threshold was p<0.05. 

3. RESULTS AND DISCUSSION

3.1 Forest structure and species composition

In the 16-ha plot, a total of 20,478 individuals 

were identified with DBH  1 cm. These comprised of 

199 species, 129 genera and 49 families, the tree 

density and basal area (BA) were 1,280 stems/ha and 

7.30 m2/ha, respectively. Tree species diversity based 

on the Shannon-Wiener index was high (H/=4.28). In 

addition, the forest structure (species composition, tree 

density and BA) based on trees with DBH  2 cm 

varied between the first census (2011) and the last 

monitor (2019). Across the forest recovery, the 

decreased trend in density and species number was 

detected, with 83 stems and 9 species disappearing. 

Most of these were pioneer species such as Mallotus 

paniculatus, Bauhinia malabarica, and Gmelina 

asiatica. While the overall BA had increased from 

6.41 to 7.26 m2/ha.  

Among tree species with DBH  4.5 cm, the tree 

density was 605 stems/ha and the basal area was 6.91 

m2/ha; these included 176 species, 121 genera and 47 

families (Table S1). The species with the highest tree 

density was Lagerstroemia tomentosa (42 stems/ha) 

followed by Callerya atropurpurea (32 stems/ha), 

Markhamia stipulata (29 stems/ha), Garuga pinnata 

(21 stems/ha), Toona ciliata (20 stems/ha), 

Stereospermum neuranthum (20 stems/ha), Croton 

persimilis (18 stems/ha), Albizia lucidior (18 stems/ha), 

Mitragyna rotundifolia (17 stems/ha), and Artocarpus 

lacucha (13 stems/ha). The 10 most dominant tree 

species based on relative basal area (%) accounted for 

40% of the total basal area; these were Duabanga 

grandiflora (7.92%), followed by Litsea grandis 

(4.61%), Dipterocarpus alatus (4.33%), Lagerstroemia 

tomentosa (4.05%), Albizia lucidior (3.85%), Garuga 

pinnata (3.44%), Gmelina arborea (3.22%), Toona 

ciliata (3.15%), Callerya atropurpurea (2.83%), and 

Ficus racemosa (2.53%).The dominant species based 
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on IVI (%) was Lagerstroemia tomentosa (16.77%) 

followed by Markhamia stipulata var. stipulata 

(11.91%), Callerya atropurpurea (11.77%), Garuga 

pinnata (10.35%), Duabanga grandiflora (9.62%), 

Albizia lucidior (9.59%), Toona ciliata (9.31%), 

Stereospermum neuranthum (8.31%), Litsea grandis 

(8.18%), and Mitragyna rotundifolia (6.70%). 

In family level, Fabaceae, Moraceae, 

Malvaceae, Phyllantaceae, Lythraceae, and 

Lamiaceae families had the most species in the 

permanent plot (21, 15, 13, 11, 8, and 7, respectively). 

Species of the Fabaceae had the highest tree density, 

with 88 stems/ha followed by Moraceae (74 stems/ha), 

Lythraceae (58 stems/ha), Bignoniaceae (57 

stems/ha), and Phyllantaceae (35 stems/ha). Species of 

the Fabaceae also had the highest basal area, with 1.03 

m2/ha, followed by the Lythraceae (0.90 m2/ha), 

Moraceae (0.88 m2/ha), Lauraceae (0.49 m2/ha), and 

Bignonaceae (0.45 m2/ha) (Figure 2). 

After 30 years of abandonment (1989-2019), 

herbaceous species such as Eupatorium odoratum, 

Musa acuminata, and Saccharum spontaneum were 

drastically depleted and replaced by woody species at 

high tree density (605 stems/ha) and low basal area 

(6.91 m2/ha), which were lower than many reported 

values from natural MDF, with tree density and basal 

area values ranging from 170 to 450 stems/ha and from 

17 to 37 m2/ha, respectively (Marod et al., 1999; 

Chaiyo et al., 2012). High species diversity 

(87.94±10.38 species/ha) was observed and a similar 

trend as previously reported. Kamyo et al. (2013) 

studied at the same study site with different areas (4-

ha permanent plot) and reported tree species diversity 

increased during 18 years (1992 to 2010) after 

abandonment from 32 species into 147 species, 

respectively. In addition, it is also higher than in some 

selective cutting in MDF permanent plots in this 

watershed which only 49 species/ha were reported 

(Yarwudhi et al., 2000). It was high due to the 

coexisted species between pioneer and late succession 

species, which is a common phenomenon during forest 

recovery (Phumphuang et al., 2018; Chen et al., 2020). 

Likewise, the regeneration of this area was primarily 

explained by the decline of some pioneer species and 

the development of some late successional species 

from 2011-2019. This was consistent with the forest 

on Barro Colorado Island in Panama, where the 

abundance of species with heavy wood increased 

throughout succession (Chave et al., 2008). Thus, the 

recovery process is still ongoing, as shown by the 

variation of composition and structure of the forest, 

especially in a large number of small trees (Sann et al., 

2016).  

Furthermore, the influences of disturbed factors 

such as drought, forest fire and undergrowth may be 

prohibited forest recovery during the successional 

stages (Lacerda and Kellermann, 2019; Marod et al., 

2002). The deep shade of bamboo had a high impact 

on forest floor light intensity, while a large amount of 

bamboo litter may have an impact on seedling 

recruitment by interfering with seedling emergence 

and preventing newly distributed seeds from reaching 

an appropriate soil substrate (Larpkern et al., 2011). 

The intensity of forest fires that can be killed small 

trees that can also be influenced by the quantity of 

bamboo litter on the ground (Keeley and Bond, 1999). 

Forest fires frequently occurred in the study area 

during the first ten-year period (1990-2000). It not 

only burnt the herbaceous species but also some 

pioneer species such as Trema orientalis (Kamyo et 

al., 2013). However, some tree species received a 

significant vacant area from the forest fire (Marod et 

al., 1999). Thus, such an environment and natural 

disturbances significantly contributed to this forest's 

fluctuation, especially in terms of species 

composition. The most abundant pioneer species were 

Ficus trees of family Moraceae, including Ficus 

hispida, Ficus racemosa, Ficus auriculata, Ficus 

chartacea, Ficus variegata, Ficus callosa, and Ficus 

semicordata. Other pioneer species included Croton 

persimilis (Euphorbiaceae), Trema orientalis 

(Cannabaceae), Rhus Javanica (Anacardiaceae), 

Litsea grandis (Lauraceae), Litsea glutinosa 

(Lauraceae), Microcos paniculata (Malvaceae), 

Colona flagrocarpa (Malvaceae), Berrya mollis 

(Malvaceae), Sterculia pexa (Malvaceae), Sterculia 

foetida (Malvaceae), Albizia odoratissima (Fabaceae), 

Wrightia arborea (Apocynaceae), Morus macroura 

(Moraceae), Erythrina subumbrans (Fabaceae), Senna 

timoriensis (Fabaceae), Oroxylum indicum 

(Bignoniaceae), and Bridelia ovata (Phyllanthaceae). 

Many of these species facilitate the establishment of 

late successional species and supply food resources for 

wildlife (Rueangket et al., 2019). The climax species 

in this MDF (Marod et al., 1999; Khamyong et al., 

2018) have already colonized the area and some 

species became dominance, such as Lagerstroemia 

tomentosa, Garuga pinnata, Xylia xylocarpa var. 

kerrii, Pterocarpus macrocarpus, Anogeissus 

acuminata, Schleichera oleosa, and Vitex 

peduncularis. Some remnant species from the dry 

evergreen forest, such as Dipterocarpus alatus, 
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Aphanamixis polystachya, and Toona ciliata, which 

mainly occupy riverbanks with high moisture, have 

performed well in co-establishing with other species. 

Presently, the forest is recovering, with degraded and 

non-forest areas have been becoming forested as 

previously described by Kamyo et al. (2016). 

Figure 2. (a) Number of species, (b) tree density, and (c) basal area of families in the permanent plot. Only trees with diameter at breast 

height (DBH) ≥4.5 cm are included. 
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3.2 Tree species regeneration 

Our analysis of the regenerating tree populations 

according to DBH class distributions included a total of 

94 tree species with populations of ≥  30 stems. The 

results showed two types of DBH class distribution: 

inverted J-shaped (30 species) and irregular (64 

species). In both distributions, most stems occur in the 

lowest DBH classes, with progressively fewer stems in 

larger DBH classes (Table S1). Considering the 

dominance of MDF species, only some species in the 

upper canopy followed an inverted J-shaped 

distribution, such as Terminalia triptera, Terminalia 

calamansanai, and Artocarpus rigidus (Figure 3(a-c)). 

Most shrubby trees in the middle layer also followed an 

inverted J-shaped distribution, such as Lepisanthes 

rubiginosa, Millettia leucantha, and Millettia 

brandisiana (Figure 3(d-f)). These results indicate that 

these recovering species have a high capacity to 

maintain a stable population structure because small 

trees will grow into larger size classes and replace larger 

trees as they die. Notably, these species will be 

sustained if mortality is higher among small 

(suppressed) trees and large trees than among medium-

sized co-dominants (Marod et al., 2022). 

Species exhibiting irregular DBH class 

distributions included both climax and pioneer species 

(Table S1). Climax MDF species with discontinuous 

DBH class distributions included Lagerstroemia 

tomentosa and Pterocarpus macrocarpus (Figure 4(a-

b)). The irregular distributions were also observed in 

pioneer species such as Morus macroura, Litsea 

glutinosa, and Erythrina subumbrans (Figure 4(c-e)); 

these were found mainly in canopy gaps, which 

suggests that the high light conditions characteristic of 

disturbed areas are required for their successful 

establishment (Sangsupan et al., 2021; Swinfield et al., 

2016; Goodale et al., 2012). Some remnant tree 

species of dry evergreen forests such as Dipterocarpus 

alatus showed good regeneration performance, with 

increasing population sizes, despite irregular DBH 

class distributions (Figure 4(f)). This finding indicates 

that remnant trees during the early stage after 

abandonment are important for forest restoration, 

likely through enhancing seed dispersal and creating 

suitable environments for plant establishment. 

3.3 Environmental factors 

The mean±standard deviation (SD) elevation and 

slope of the study area were 303.05±7.60 m.a.s.l. and 

11.97±8.27%, respectively. The soil was slightly acidic 

(pH 6.32±0.72), with high organic matter content 

(6.22±0.15%). The soil texture was classified as loam 

due to the relative content of sand (38.75±0.001%), silt 

(34.88±4.55%) and clay (26.27±6.11%). Among eight 

environmental variables including topographic 

variables (elevation, slope and distance to the nearest 

stream) and soil properties (soil texture, soil pH and 

organic matter content), Pearson’s correlation analysis 

showed a strongly positive correlation (R>0.8) only 

between sand content and pH (R=0.96; Table 1). 

Among the remaining environmental variables, positive 

correlations were detected between silt content and pH 

(R=0.49), sand and silt content (R=0.43), elevation and 

slope (R=0.63), elevation and distance to the nearest 

stream (R=0.65), and slope and distance to the nearest 

stream (R=0.37). By contrast, clay content was 

negatively correlated with sand content (R=-0.78), silt 

content (R=-0.78) and soil pH (R=-0.73). Organic 

matter content was not significantly correlated with any 

other variable.

Figure 3. DBH class distributions plotted, showing an inverted J-shaped distributions. (a) Terminalia triptera, (b) Terminalia 

calamansanai, (c) Artocarpus rigidus, (d) Lepisanthes rubiginosa, (e) Millettia leucantha, and (f) Millettia brandisiana 
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Figure 3. DBH class distributions plotted, showing an inverted J-shaped distributions. (a) Terminalia triptera, (b) Terminalia 

calamansanai, (c) Artocarpus rigidus, (d) Lepisanthes rubiginosa, (e) Millettia leucantha, and (f) Millettia brandisiana (cont.) 

Figure 4. DBH class distributions plotted, showing an irregular distributions: (a) Lagerstroemia tomentosa, (b) Pterocarpus macrocarpus, 

(c) Morus macroura, (d) Litsea glutinosa, (e) Erythrina subumbrans, and (f) Dipterocarpus alatus

52

41

21

9

2 1 1

0

5

10

15

20

25

30

35

40

45

50

55

60

1
.0

0
-5

.0
0

5
.0

1
-1

0
.0

0

1
0
.0

1
-1

5
.0

0

1
5
.0

1
-2

0
.0

0

2
0
.0

1
-2

5
.0

0

2
5
.0

1
-3

0
.0

0

3
0
.0

1
-3

5
.0

0

N
u

m
b

er
 o

f 
st

em

Diameter at breast height size class (cm)

92

11

1

0

10

20

30

40

50

60

70

80

90

100

1
.0

0
-5

.0
0

5
.0

1
-1

0
.0

0

1
0
.0

1
-1

5
.0

0

N
u

m
b

er
 o

f 
st

em

Diameter at breast height size class (cm)

83

37

8

0

10

20

30

40

50

60

70

80

90

100

1
.0

0
-5

.0
0

5
.0

1
-1

0
.0

0

1
0
.0

1
-1

5
.0

0

N
u

m
b

er
 o

f 
st

em

Diameter at breast height size class (cm)

96

58

7
2

0

10

20

30

40

50

60

70

80

90

100

1
.0

0
-5

.0
0

5
.0

1
-1

0
.0

0

1
0

.0
1

-1
5

.0
0

1
5

.0
1

-2
0

.0
0

N
u

m
b

er
 o

f 
st

em

Diameter at breast height size class (cm)

514

471

88

18 9 4 2 2

0

100

200

300

400

500

600

1
.0

0
-5

.0
0

5
.0

1
-1

0
.0

0

1
0
.0

1
-1

5
.0

0

1
5
.0

1
-2

0
.0

0

2
0
.0

1
-2

5
.0

0

2
5
.0

1
-3

0
.0

0

3
0
.0

1
-3

5
.0

0

3
5
.0

1
-4

0
.0

0

4
0
.0

1
-4

5
.0

0

>
4
5
.0

0

N
u

m
b

er
 o

f 
st

em

Diameter at breast height size class (cm)

96

27

7
2 2 1 3

0

10

20

30

40

50

60

70

80

90

100

1
.0

0
-5

.0
0

5
.0

1
-1

0
.0

0

1
0
.0

1
-1

5
.0

0

1
5
.0

1
-2

0
.0

0

2
0
.0

1
-2

5
.0

0

2
5
.0

1
-3

0
.0

0

3
0
.0

1
-3

5
.0

0

3
5
.0

1
-4

0
.0

0

4
0
.0

1
-4

5
.0

0

>
4
5
.0

0

N
u

m
b

er
 o

f 
st

em

Diameter at breast height size class (cm)

(c) (d) 

(e) (f) 

(a) (b) 

450



Saikhammoon R et al. / Environment and Natural Resources Journal 2023; 21(5): 443-457

Figure 4. DBH class distributions plotted, showing an irregular distributions: (a) Lagerstroemia tomentosa, (b) Pterocarpus macrocarpus, 

(c) Morus macroura, (d) Litsea glutinosa, (e) Erythrina subumbrans, and (f) Dipterocarpus alatus (cont.)

Table 1. Pearson’s correlation coefficient matrix for environmental factors examined in this study 

Factor Elevation Slope Distance to 

stream 

Sand 

content 

Silt 

content 

Clay 

content 

Soil 

pH 

Organic matter 

content 

Elevation 1.00 

Slope 0.631*** 1.00 

Distance to stream 0.647*** 0.372** 1.00 

Sand content -0.051 0.012 -0.087 1.00 

Silt content 0.133 -0.023 -0.232 0.427** 1.00 

Clay content 0.037 0.067 0.236 -0.781** -0.779*** 1.00 

pH -0.016 -0.003 -0.052 0.956*** 0.49*** -0.728*** 1.00

Organic matter content 0.172 0.212 0.024 0.02 0.104 0.156 0.043 1.00 

Asterisks indicate significant differences (*=p<0.05; **=p<0.01; ***=p<0.001) 

During forest succession after abandonment, 

several environmental factors change rapidly, 

particularly soil properties. In the early stages of 

succession, soil is typically poor in nutrients and 

organic matter. However, as the forest matures, 

organic matter accumulates and new vegetation 

growth leads to improved soil quality and nutrient 

availability (Hooker and Compton, 2003). In the study 

area, soil in the recovering forest had high organic 

matter content and was slightly acidic, which is within 
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the suitable range for plant growth (Marod and 

Kutintara, 2009). The soil texture was similar to those 

reported in previous studies for MDF dominated by 

sandy loam and loam soils (Staelens et al., 2011). 

Furthermore, environmental factors are complex and 

interrelated. Topographic factors such as elevation and 

slope are positively interrelated (Du et al., 2017; 

Zhang et al., 2013). The elevation range of the 

permanent plot was 290-360 m.a.s.l., and higher 

elevation and slope have been associated with 

increased distance to the nearest stream, which 

produces a soil moisture gradient (Rong et al., 2017). 

3.4 Relationships between tree species occurrence 

and environmental factors 

We performed CCA analyses to evaluate the 

effects of various environmental factors on species 

occurrence separately for saplings (DBH<4.5 cm) and 

trees (DBH ≥4.5 cm). Among trees, the results showed 

strong correlations between species and all 

environmental variables, with eigenvalues of 0.31 and 

0.20 for the first (CCA1) and second (CCA2) axes, 

respectively. These high values indicate good 

predictive performance for species distribution and 

abundance.  Pearson correlation analysis showed that 

the environmental factors were strongly correlated to 

species occurrence for axis 1 (R=0.860) and axis 2 

(R=0.810). The Monte Carlo permutation test 

confirmed that axis 1 significantly explained the 

relationship between species occurrence and 

environmental factors (p<0.01). Elevation, slope and 

distance to the nearest stream strongly influenced the 

distributions of Pterocarpus macrocarpus, Anogeissus 

acuminata, Terminalia bellirica, Markhamia stipulata 

var. stipulata, and Gmelina arborea. These species 

favored high elevation and longer distances from the 

nearest river, indicating that they prefer dry conditions 

for establishment (Phumphuang et al., 2018; Sasunti, 

2021). By contrast, dry evergreen forest species such 

as Duabanga grandiflora and Albizia lucidior were 

mainly located in moist sites close to rivers. Some 

pioneer species were also found in these areas, such as 

Ficus auriculata, Ficus racemose, and Bischofia 

javanica (Figure 5). Silt and sand content, as well as 

soil pH strongly influenced the occurrence of 

Horsfieldia amygdalina, Pterospermum acerifolium, 

Artocarpus rigidus, Protium serratum, and Persea 

declinata. Clay content, which was negatively 

correlated with silt and sand content and pH, 

influenced the distribution of Xylia xylocarpa var. 

kerrii, Dipterocarpus alatus, and Artocarpus lacucha. 

Many pioneer species such as Ficus species and late 

succession species such as Duabanga grandiflora 

mainly occupied areas with high soil moisture content, 

as reported previously (Pothasin et al., 2014; Albrecht 

et al., 2017; Leishangthem and Singh, 2018). 

Figure 5. Canonical correspondence analysis ordination diagram for tree species occurrence and environmental factors. Tree species 

abbreviations are provided in Table S1. 
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The CCA results for saplings showed 

eigenvalues of 0.26 and 0.16 for the first (CCA1) and 

second (CCA2) axes, respectively, and high Pearson’s 

correlation coefficients for both axis 1 (R=0.882) and 

axis 2 (R=0.872).The Monte Carlo permutation test 

confirmed that axis 1 significantly explained the tree 

occurrence variation (p<0.01). Silt content, elevation 

and slope strongly influenced the occurrence of 

Monoon viride, Siphonodon celastrineus, Croton 

persimilis, and Pterospermum acerifolium (Figure 6). 

Clay content influenced the regeneration of lowland 

species such as Streblus ilicifolius, Flacourtia indica, 

Rhus javanica, Millettia brandisiana, and Baccaurea 

ramiflora. Organic matter strongly influenced the 

occurrence of species including Dalbergia volubilis, 

Ficus hispida, and Terminalia bellirica but did not 

influence tree regeneration. These findings indicate 

that organic matter is more important for providing 

soil nutrients at the sapling stage than at the mature 

stage. Previous studies also reported that nutrient 

availability and soil texture were the major 

determinants of plant species distribution (Sellan et 

al., 2019; Marod et al., 2019). 

Figure 6. Canonical correspondence analysis ordination diagram for sapling species occurrence and environmental factors. Tree species 

abbreviations are provided in Table S1. 

During the early successional stages, 

environmental factors significantly influence tree 

species regeneration, particularly under drought and 

poor soil conditions (Lebrija-Trejos et al., 2011). 

Facilitation allows plant species to resist and survive 

under adverse climate conditions (Bagousse-Pinguet 

et al., 2014). Thus, pioneer species play a major role 

in forest restoration in large disturbed areas, by 

facilitating the establishment of suitable conditions for 

vegetation restoration, especially soil properties such 

as increased soil organic matter and nutrients through 

the accumulation of plant litter (Wang et al., 2016; 

Zhao et al., 2017). Recently, the cultivation of fast-

growing pioneer species (i.e., nurse crops or 

framework species) has been applied to accelerate 

natural regeneration (Elliott et al., 2003; Fagundes et 

al., 2018; Boeschoten et al., 2021). Thus, larger 

populations of climax species such as Lagerstroemia 

tomentosa in MDF and Callerya atropurpurea in dry 

evergreen forests are establishing throughout the 

permanent plot, particularly at moist, low-elevation 

sites (Figure 7(a, b)). By contrast, species such as 

Pterocarpus macrocarpus prefer dry conditions, and 

are mainly distributed at higher elevations (Figure 

7(c)). Some pioneer species persist, such as Croton 

persimilis (Figure 7(d)), whereas species such as 

Trema orientalis was dense on high soil moisture area 

(180.43 stem/ha) in the early successional stage 

(Marod, 1995; Takahashi et al., 1995) have almost 

become depleted (0.625 stem/ha) at present. Trevesia 

palmata was almost exclusively found along river 

banks (Figure 7(e)), indicating an ecological niche for 
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this species. These data are important for the selection 

of suitable pioneer and late successional or climax 

species for forest restoration programs, to shorten the 

forest recovery period in degraded areas of Thailand. 

Figure 7. Tree species distribution in the 16-ha permanent plot: (a) Lagerstroemia tomentosa, (b) Callerya atropurpurea, (c) Pterocarpus 

macrocarpus, (d) Croton persimilis, and (e) Trevesia palmata. Each dots indicate position of tree (DBH ≥ 4.5, red dots) and sapling (DBH 

< 4.5, green dots) in the 16 ha permanent plot. 

4. CONCLUSION

The natural forest restoration in the 16-ha 

permanent plot after abandonment about 30 years from 

shifting cultivation is under well-recovery. The initiated 

recovery was occupied by herbaceous species, then, 

drastically depleted and replaced by woody species at 

high tree density (605 stems/ha) and low basal area 

(6.91 m2/ha). Forest fire disturbances were observed, in 

particular, during the first ten-year recovery period 

(1990-2000). It not only burnt the herbaceous species 

but also some pioneer species such as Trema orientalis. 

Then, the coexisted tree species between pioneer and 

climax species were observed, although, less diversity 

of pioneer was found. The result from CCA showed that 

high relationship between tree species and 

environments for their distribution and coexisting was 

found. Some species had distinct ecological niches, 

with dry evergreen forest species preferring moist 

lowland sites, compared with MDF species. The climax 

species as Lagerstroemia tomentosa showed 

particularly successful regeneration in the study area 

which represented by highest IVI, whereas other 

species recovered more slowly in response to 

environmental changes. While, pioneer species such as 

Musa acuminata, Eupatorium odoratum, Trema 

orientalis, and several Ficus species facilitated the 

formation of a suitable environment for climax species 

establishment, particularly in terms of increased soil 

fertility and moisture content. This study was conducted 

in a watershed with a small area of degraded land (ca. 1 

km2); therefore, the environmental conditions were not 

so severe as to preclude plant succession, and remnant 

climax species provided potential seed sources for 

natural forest regeneration, which can be a key factor in 

forest recovery. 

Therefore, the history of land use changes and 

the scale and intensity of past disturbances should be 

considered in designing management strategies to 

promote natural forest restoration. However, artificial 

restoration programs should be conducted in regions 

with large degraded areas and high disturbance 

intensity. In such regions, we recommend planting 

both pioneer species such as Trema orientalis and 

Ficus trees, and late successional or climax species, 

Pterocarpus macrocarpus, Terminalia bellirica, 

Lagerstroemia tomentosa, and Artocarpus rigidus, to 

shorten the recovery period and promote natural 

regeneration where possible. 
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Environmental contamination due to synthetic dyes is a severe problem due to 

their adverse eco-toxicological effects. This study prepared activated carbon 

from H3PO4-activated rice husks (AC-RH) to adsorb methylene blue (MB) and 

predicted the adsorption mechanism. The AC-RH was characterized for N2 

adsorption, surface functional groups, chemical compositions, and surface 

morphology. The activated carbon was classified to be a mesoporous material 

because 87% of its pore volume diameters are 3-50 nm. MB adsorption was 

studied under different conditions. Optimal MB adsorption occurred at pH 8, and 

the ideal equilibrium time was 360 min. The equilibrium adsorption was 

evaluated at concentrations of MB between 25 and 200 mg/L at 30°C. The 

Freundlich isotherm model matched the equilibrium data, and the greatest 

adsorption capacity of the Langmuir isotherm was 26.31 mg/g. The kinetic 

analysis revealed that the adsorption was pseudo-second-order, and its rate 

constant (k2) was higher at higher temperatures. For the thermodynamic 

adsorption study at 20 to 40°C, the Gibbs free energy (G) values were -6.291 to 

-9.197 kJ/mol, and the activation energy (Ea) was 26.248 kJ/mol: therefore, the

methylene blue adsorption was spontaneous and physical. This study also

revealed that the adsorption mechanisms were H-bonding, pore-filling, Yoshida

H-bonding, n- interactions, electrostatic, and cation exchange.

Keywords: 

Adsorption/ Activated carbon/ Rice 
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1. INTRODUCTION

Synthetic dyes are employed in the textile 

industry, including pulp mills, paper, printing, 

plastics, foods, and leather, and dye molecules degrade 

poorly in response to light, heat, and chemicals (Han 

et al., 2012). Most dyes are toxic and cause serious 

difficulties for the ecological system; water 

contaminated with dye harms aquatic life. Methylene 

blue (MB), a cationic dye, is often used for coloring 

and dyeing and is found in high concentrations in 

industrial effluent (Patawat et al., 2020). MB is a 

stable molecule that is not readily biodegradable (Hu 

et al., 2017), and it can cause health problems, 

including increased heart rate, vomiting, shock, 

cyanosis, mental confusion, eye burns, tissue necrosis, 

headache, nausea, and chest discomfort (Uner et al., 

2016). Various treatment methods have been utilized 

for dye removal in effluents, and adsorption is widely 

used to treat dyes from wastewater since it is a low-

cost process with excellent efficiency (Uner et al., 

2016).  

An activated carbon (AC) adsorbent can be 

utilized in water treatment because its surface area is 

large, and the functional groups that exist on its 

surfaces lead to a significant interaction in the 

adsorptive capacities of activated carbons (Kumar and 

Jena, 2016; Jawad et al., 2017). Commercial activated 

carbon is expensive and hard to reuse; hence, AC 

should be produced from cheap, readily available 

materials. Several investigations (Zazouli et al., 2016; 

Patawat et al., 2020; Han et al., 2020) have been 

conducted to search for activated carbons prepared 

from agricultural by‐products or waste.  

Rice husks are agricultural waste, and their 

residues are abundant in Thailand, ∼7.5×109 kg per 

year (Wantaneeyakul et al., 2021). The main 

components of rice husks are organic matter (70-85%) 

and mineral components (20-30%), such as silica, 

Citation: Sawasdee S, Watcharabundit P. Characterization and adsorption mechanism of methylene blue dye by mesoporous activated carbon 

prepared from rice husks. Environ. Nat. Resour. J. 2023;21(5):458-470.  (https://doi.org/10.32526/ennrj/21/20230074) 
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alkalis, and trace elements (Hossain et al., 2018). 

Shrestha et al. (2019) have used NaOH, ZnCl2, and 

KOH to create nanoporous carbon material from rice 

husks, whereas Sharma and Uma (2010) have 

carbonized rice husks for 2 h at 650°C with a nitrogen 

flow of 150 mL/min to adsorb MB dye. Phosphoric 

acid (H3PO4)  treatment, according to Al-Asadi et al. 

(2023), might increase the ability of activated carbon 

produced from fig leaves to adsorb MB from aqueous 

solutions, when compared to other activating agents, 

such as NaOH and H2 SO4 . No study has discussed 

the adsorption mechanism of rice husk-activated 

carbon and MB. This work generated activated 

carbon from rice husks (AC-RH) using H3PO4 as an 

activator, which was subsequently used to adsorb MB, 

and the adsorption mechanism was explained. The AC 

was characterized using N2 adsorption, surface 

functional groups, chemical compositions, and surface 

morphology. The adsorption variables were 

investigated for the highest adsorption, and the data 

obtained were analyzed using the isotherm and kinetic 

models. Also, thermodynamic adsorption was 

evaluated in order to calculate the Gibbs free energy 

(G), enthalpy (H), and entropy (S). The overall 

results were used to confirm the adsorption 

mechanism. 

2. METHODOLOGY

2.1 Material preparations

The rice husks employed in this investigation 

originated at a rice mill in Lopburi, Thailand. The rice 

husks were oven-dried at 80°C after being cleaned 

with distilled water. The dried rice husks were soaked 

in 1.0 mol/L H3PO4 at a ratio of 1/20 (g/mL) for a day. 

They were then oven-dried at 100°C. At 500°C for 1 

h, the dried char was carbonized. It was then rinsed 

thoroughly with water that had been distilled until its 

pH value was neutral. The AC was dried and ground 

into powder. Then, it was sieved to 150-300 µm 

particle size. It was dried and kept in a desiccator for 

use as the adsorbent. 

 MB (CI 52015, C16H18N3SCl, Merck, 

Germany, M.W. 319.98 g/mol) was used as the 

adsorbate. By diluting a 1,000 mg/L stock solution 

with distilled water, working solutions of MB (25-200 

mg/L) were obtained. The MB solution was adjusted 

to the required pH (OHAUS Starter 5000, USA.) by 

adding hydrochloric acid (0.1 M) or sodium hydroxide 

(0.1 M). The analytical-grade phosphoric acid 

(H3PO4), sodium hydroxide (NaOH), and hydrochloric 

acid (HCl) were purchased from Merck and Co. 

2.2 Characterization of adsorbent 

The N2 adsorption of the adsorbent was 

determined using a gas sorption analyzer (Autosorb 1 

MP, Quantachrome Instruments, USA), and the 

adsorption data was used to determine the Brunauer-

Emmett-Teller (BET) surface area and Barrett-Joyner-

Halenda (BJH) pore size distribution. The surface 

functional groups, chemical compositions, and surface 

morphology were analyzed using Fourier transform 

infrared (FTIR) spectroscopy (Model two, Perkin 

Elmer, USA), X-ray fluorescence (XRF) spectrometry 

(MESA-500W, HORIBA, Japan), X-ray diffraction 

(XRD) spectrometry (Smartlab2, Rigaku Japan), and 

scanning electron microscopy (SEM, 1450 VP LEO, 

Leo, UK). 

The pH at the point of zero charges, pHpzc, was 

determined using the pH drift method. A series of 0.1 

M KNO3 solutions were prepared with pH values 

between 2 and 12. The solution pH was adjusted by 

adding 0.1 M HCl and 0.1 M NaOH and measured 

using a pH meter. Then, 0.1 g of adsorbent was added 

for every 100 mL of 0.1 M KNO3 solution, and the 

mixtures were shaken at 150 rpm for 48 h. Each 

mixture was filtered, and its pH was measured. The 

pHpzc was calculated by plotting the curve of each pH 

(pHfinal-pHinitial) against pHinitial. The pHpzc is when the 

curve (pH vs. pHinitial) meets the line pH=0. 

2.3 Adsorption studies 

During the batch adsorption test, the suspended 

combination of 100 mL of dye solution and 0.6 g of 

adsorbent was placed into a series of 250-mL 

Erlenmeyer flasks. The adsorption experiments were 

conducted at pH 2-10, contact time of 1-540 min, 

initial dye concentrations of 25-200 mg/L, and 

temperatures between 20-40°C. The suspended 

sample in each flask was shaken at 200 rpm. After the 

sample was filtered at the appointed time, the amount 

of dye still present in the solution was measured using 

an UV‐visible spectrophotometer (Specord 210 plus, 

Analytik Jena, Germany) operating at a wavelength of 

665 nm. The adsorption capacity (qt) was determined 

as follows:  

qt =  (Co −  Ct) V M⁄ (1) 

Where; Co (mg/L) and Ct (mg/L) are the 

concentration of MB dye at initial and any time, 

respectively; V (L) is the volume of MB dye solution; 

qt (mg/g) is the adsorption capacity at any time; and W 

(g) is the mass of the adsorbent. All the adsorption
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experiments were performed in triplicate, and the 

average adsorption capacity values were used for data 

analysis. 

The adsorption data were analyzed using the 

linear forms of the pseudo-first-order, pseudo-second-

order kinetic, and intraparticle diffusion kinetic 

models, which are Equations. (2), (3), and (4), 

respectively. 

log(qe − qt) =  log qe − k1t/2.303 (2) 

t qt = (1/k2qe
2) + t qe⁄⁄ (3) 

qe = Kid(t)1 2⁄ + C (4) 

Where; k1 (1/min) and k2 (g/mg/min) are the 

rate constant of the pseudo‐first‐order and pseudo‐

second‐order models, respectively, Kid (mg/g/min1/2) 

is the intraparticle diffusion constant, and C (mg/g) is 

the intercept representing the thickness of the external 

diffusion layer. Also, qe (mg/g) is the adsorption 

capacity at equilibrium. 

The adsorption data at equilibrium were 

analyzed using the non-linear forms of the Langmuir, 

Freundlich, and Redlich-Peterson isotherm models, 

which are presented in Equations (5), (6), and (7), 

respectively: 

qe = qmax KL Ce/(1 + Ce KL)  (5) 

qe =  KF Ce
1 n⁄

(6) 

qe = A Ce/(1 + B Ce
g
) (7) 

Where; qe (mg/g) is the equilibrium adsorption 

capacity; Ce (mg/L) is the equilibrium concentration of 

adsorbate; KL (L/mg) is the Langmuir constant; and 

qmax (mg/g) is the maximum adsorption capacity. For 

the Freundlich isotherm, KF (L/g) is the adsorption 

capacity and 1/n is the adsorption intensity. A (L/g) 

and B (L/mg) are the Redlich-Peterson isotherm 

constants, and g is an exponent between 0 and 1. As 

stated in Equation (8), we calculated the non-linear 

coefficient of determination (R2) to assess the fit of an 

isotherm model to the experimental data (Islam et al., 

2015). 

R2  = 1 −
∑ (qe.exp−qe.mod)2N

N=1

∑ (qe.exp−qe.exp)2N
N=1

   (8) 

Where; N is the number of experimental data, 

qe.exp and qe.mod are the experimental and isotherm 

model-predicted adsorption capacities at equilibrium, 

respectively. Further, qe.exp̅̅ ̅̅ ̅̅ ̅̅  is the average of qe.exp. 

2.4 Adsorption thermodynamics 

The adsorption thermodynamics explains the 

energy change and the mechanism involved in the 

adsorption process. According to Equation (9), the 

Gibbs free energy (G) is related to the equilibrium 

constant, Kc(Kc=qe/Ce). The linear curve is given by 

the plot of ln Kc versus 1/T in Equation (10). The 

enthalpy (H) and entropy (S) can be calculated 

using the slope and intercept of the plot, respectively. 

∆G = − RT In Kc  (9) 

In Kc = (∆S/R) − ∆H/RT (10) 

Where; R (8.314 J/mol/K) is the gas constant 

and T (K) is the absolute temperature.  

3. RESULTS AND DISCUSSION

3.1 Characterization of adsorbent

3.1.1 Brunauer-Emmett-Teller (BET) and 

Barrett-Joyner-Halenda (BJH) analysis 

Following the IUPAC classification, the AC-

RH N2 adsorption-desorption isotherm in this study 

was Type IV(a) (Cychosz and Thommes, 2018). The 

isotherm showed hysteresis caused by capillary 

condensation in the mesopores. A Type IV isotherm 

indicates the existence of mesopores in the adsorbent 

and the formation of a multilayer structure at low 

pressure (Jawad et al., 2017). The N2 adsorption 

isotherm data were used to determine BET surface 

area and BJH pore size distribution. The parameters of 

the BET and BJH analyses are provided in Table 1. 

Table 1. Surface area and pore size distribution of AC-RH 

Parameters Values 

BET surface area (m2/g) 244.479 

BET total pore volume (cm3/g) 0.142 

BET average pore diameter (nm) 2.324 

BET average pore radius (nm) 1.165 

BJH pore volume (cm3/g) 0.025 

BJH average pore diameter (nm) 3.701 

BJH average pore radius (nm) 1.805 

The BET-specific surface area of the adsorbent 

was 244.479 m2/g, with a total pore volume of 0.142 

cm3/g and an average pore diameter of 2.324 nm. The 
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BJH pore size distributions shown in Figure 1 

indicated that the average pore diameter was 3.701 

nm; the adsorbent was mesoporous. Moreover, the 

pore diameter distribution was between 3.11 and 

136.28 nm, indicating that the AC-RH consisted of 

mesopores (2-50 nm) and a few macropores (>50 nm). 

About 87% of the pore volume had pore diameters 

between 3 and 50 nm, and the pores with a diameter 

>50 nm comprised about 13% of the total. Because the

MB size (0.59-1.38 nm) (Thang et al., 2021) is smaller

than the pore size, it can enter and adsorb in the pores

of the AC-RH.

Figure 1 .  Pore size distribution of activated carbon from H3PO4-

activated rice husks (AC-RH) 

3.1.2 X-ray fluorescence (XRF) analysis 

The chemical compositions of the AC-RH 

adsorbent before and after dye adsorption were 

investigated by XRF. The main elements present in the 

adsorbent were Si (45.71%), K (28.85%), Fe 

(11.97%), and Ca (9.515%). After dye adsorption, the 

amounts of Si and K were reduced to 41.90% and 

27.80%, respectively. The decreased amount of K 

indicated that cationic exchange plays a role in MB 

adsorption on the AC-RH surface (Zhu et al., 2018). 

3.1.3 X-ray diffraction (XRD) analysis 

The XRD patterns of AC-RH before and after 

dye adsorption are shown in Figure 2. Figure 2(a) 

shows the XRD patterns of the AC before the 

adsorption between 2 of 10° and 60°. The broad 

diffraction peaks at around 15°-30° indicated that the 

AC was amorphous (Ziezio et al., 2020), whereas 

sharp peaks indicate crystalline material (El-Bindary 

et al., 2021). Diffraction peaks were observed at 27.7°, 

28.0°, 30.0°, 31.2°, 42.8°, and 51.3°, with an estimated 

average crystallite size of 76.8 nm determined by 

using the Scherrer equation. Also, the broad band at 

around 22° was attributed to amorphous silica (Wazir 

et al., 2020). The low intensity of the peak at around 

43° showed the graphite structure and disorder formed 

by the activated carbon (Serafin et al., 2023). 

Moreover, these peaks at around 43° are associated 

with the honeycomb structure of sp2 hybridized 

carbon, indicating that the sample was formed of 

turbostratic carbon (Banuprabha et al., 2021). The 

diffraction peaks after adsorption (Figure 2(b)) 

appeared at 21.9°, 23.7°, 27.6°, 28.0°, 29.6°, 30.2°, 

33.6°, 35.4°, 51.3°, 62.4°, 67.7°, and 69.5°. Figure 

2(b) shows that the peak intensity changed, with some 

peaks disappearing and others reappearing, suggesting 

that the AC had become saturated with MB (Unugul 

and Nigiz, 2020). 

Figure 2. X-ray diffraction (XRD) patterns of AC-RH (a) before and (b) after adsorption 
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Figure 2. X-ray diffraction (XRD) patterns of AC-RH (a) before and (b) after adsorption (cont.) 

3.1.4 Determination of pH at point of zero 

charges (pHpzc) 

The pHpzc of the AC-RH was analyzed by the 

pH drift method, as shown in Figure 3, and the pHpzc 

was 5.2. When the pH is lower than pHpzc, the surface 

charge of the adsorbent is positively charged (pH>0). 

When the pH is higher than pHpzc, the surface charge 

of the adsorbent is negatively charged (pH<0), and 

an electrostatic attraction might form between the 

negatively charged surface and the cationic MB dye 

molecules. This suggests that MB adsorption on AC is 

more efficient at a pH higher than 5.2. 

3.1.5 Scanning electron microscopy (SEM) 

analysis 

The SEM images of the adsorbent are shown in 

Figure 4(a, b, and c). The raw rice husks showed a 

roughly structured fibrous material without pores. In 

contrast, the SEM image of AC-RH (Figure 4(b)) shows 

a porous structure. The acid  broke down the glycosidic 

bonds in the cellulose and the aryl bonds in the lignin 

(Yakout and El-Deen, 2016), forming pores in the 

adsorbent. At the same time, the silica remained in the 

rice husk (Ahiduzzaman and Sadrul Islam, 2016). 

Figure 4(c) shows the surface of AC-RH after MB 

adsorption coated with MB dye, with no pores visible. 

Figure 3. pHpzc of adsorbent 

Figure 4. SEM images of AC-RH (a) raw rice husk, (b) before adsorption, and (c) after adsorption 

3.1.6 Fourier transform infrared (FTIR) 

spectroscopy analysis 

Figure 5(a, b) shows the FTIR spectra of the 

AC-RH surface. The broad absorption peak observed 

prior to adsorption between 3,300 and 3,600 cm-1, 

peaking at 3,452 cm-1, was ascribed to the OH 

stretching vibration (Figure 5(a)) (Jawad et al., 2017). 

According to Al-Ghouti and Al-Absi (2020), the peak 
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at 1,750 cm-1 can be attributed to the stretching 

vibration of the C=O functional group. According to 

Liu et al. (2020), the aromatic ring C=C stretching 

vibration in the AC appeared at 1,596 cm-1. The band 

at 1,217 cm-1 was attributed to the Si-O-Si vibration in 

amorphous SiO2 (Hongo et al., 2021). According to 

Puziy et al. (2002) and İzgi et al. (2018), the peaks 

between 1,000 and 1,200 cm-1 correspond to the O-C 

bond in carboxylic acids, alcohols, phenols, and esters. 

The bands at 500-800 cm-1 were attributed to the C-H 

bending mode of out-of-plane aromatic ring 

deformation (Alau et al., 2015). According to Bakdash 

et al. (2020), the peak at 789 cm-1 is linked to the Si-

O-C stretching vibration. Therefore, the AC-RH used 

in this study contained OH, COOH, C=O, C=C, and 

Si-O-Si functional groups.  

After adsorption, the peaks shifted (Figure 5(b)), 

and their intensities differed from the original spectrum. 

For example, the peak at 1,596 cm-1 shifted to 1,595 

cm-1 with an increased intensity due to dye adsorption. 

Also, the intensities of the Si-O-C and Si-O-Si peaks at 

789 and 1,217 cm-1 weakened during adsorption due to 

n- interactions between the lone pair of O (Si-O) and 

-electrons in the MB molecule (Zhu et al., 2018).

Moreover, new peaks appeared at 3,359 and 3,237

(stretching vibration of OH group), 2,815 (-N(CH3)3),

1,656 (=N+ immonium band), 1,357 and 1,342 (C-N),

1,038 (heterocycle skeleton), and 876 cm-1 (C-H

bending in heterocyclic) (Amin et al., 2017), showing

the adsorption of the MB onto the AC-RH.

Figure 5. FTIR spectra of adsorbent (a) before and (b) after adsorption 
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3.2 Effect of pH on adsorption 

Figure 6 shows the effects of pH (2-10) on the 

adsorption. As seen in Figure 6, the adsorption 

capacity was enhanced when the pH was increased 

from 2 to 8, and the optimal removal was determined 

at pH 8. At a pH greater than 8, the adsorption capacity 

did not change significantly. When the pH of the dye 

solution was low, the surface charge of the adsorbent 

became positive, repelling the positive dye molecules. 

At a pH greater than 5.2 (pHpzc), the surface of 

the adsorbent was negative (Equation 11), driving an 

electrostatic attraction between the cationic dye (MB+) 

and the negative surface of the adsorbent (R-O-), as 

seen in Equation (12). This observation was consistent 

with other reports (Zazouli et al., 2016; Pathania et al., 

2017) of MB adsorption onto AC from different 

sources. 

R − OH + HO−  → R −  O− +  H2O (11) 

R − O− + MB+ → R −  O−MB+ (12) 

3.3 Effect of contact time and temperature 

Figure 7 shows the contact time-dependent 

adsorption at 1-540 min. Due to the empty adsorption 

sites of the adsorbent and the high dye concentration, 

adsorption occurred quickly during the first 15 min. 

After that, the adsorption rate slowly decreased until 

the equilibrium adsorption was reached at 360 min. 

This is because while the adsorption process occurred, 

the number of empty sites on the adsorbent and the dye 

concentration decreased. Mansour et al. (2021) have 

confirmed that the dye molecules were adsorbed on 

the exterior surface of the AC via boundary adsorption 

during the first rapid adsorption stage. A comparable 

report has been presented for MB adsorption by AC 

developed from eucalyptus residue (Han et al., 2020).  

Figure 6. Effect of pH on adsorption (adsorbent dose 0.6 g, initial 

dye concentration 50 mg/L, contact time 360 min, and temperature 

30°C) 

Figure 7. Effect of contact time (1, 5, 10, 15, 30, 60, 90, 120, 180, 240, 300, 360, 420, 480, and 540 min) on adsorption (adsorbent dose 

0.6 g, initial dye concentration 50 mg/L, pH 8, and temperature 20-40°C)  

Figure 7 also indicates that the endothermic 

adsorption process improved adsorption capacity as 

the process temperature rose from 20 to 40°C. The rise 

in temperature increased pore size and sorbent surface 

activation, boosting adsorption. In addition, increased 

temperature enhanced dye ion mobility and decreased 

swelling, allowing the dye molecules to permeate 

deeper into the adsorbent pores (Pathania et al., 2017). 

MB adsorption on activated carbons derived from 

Citrullus lanatus rinds (Uner et al., 2016) and coconut 
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leaves (Jawad et al., 2017) increased with temperature. 

However, in this study, the adsorption capacity did not 

change significantly at higher temperatures because of 

the reduced attractive force, which favored 

physisorption (Horsfall Jnr and Spliff, 2005). Also, 

Zhu et al. (2018) have studied the influence of 

temperature at 5, 15, 25, and 35°C and discovered that 

the effects of temperature on the adsorption capacities 

of MB on cow manure‐derived biochar were reduced 

at temperatures between 25 and 35°C.  

3.4 Adsorption kinetics 

Kinetic models were  employed to  analyze the 

data from the contact time-dependent experiments. 

Figure 8 shows the linear graphs of the kinetic model. 

Table 2 shows the calculated kinetic parameters. The 

pseudo-second-order model exhibited higher R2 

values than the pseudo-first-order and intraparticle 

diffusion models. The pseudo-second-order model 

capacities (qe, cal) were also closer to the experimental 

values (qe, exp). The pseudo-second-order model fit 

the data better, showing that the adsorption of MB 

onto the AC-RH included the diffusion of an external 

liquid membrane, surface adsorption, and intraparticle 

diffusion (Zhu et al., 2018). 

 

Figure 8. Kinetic models of MB adsorption: (a) pseudo-first-order, (b) pseudo-second-order, and (c) intraparticle diffusion 

As seen in Figure 8(c), the plots of qt versus t1/2 

show three stages of adsorption. In the first stage, 

diffusion of the boundary layer rapidly adsorbed MB 

molecules   on   the   surfaces   of   the   adsorbent. 

 Intraparticle diffusion, the second stage, began at 15 

min and lasted until 60 min. At this stage, the 

adsorbate was transferred from the outer surface of the 

adsorbent  to  its  pores.  The  MB   molecules  were 
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adsorbed on the active sites of the surfaces of the 

adsorbent during the third step, known as the 

equilibrium stage (Ma et al., 2012). The second linear 

plot for the three temperatures had R2 values ranging 

from 0.909 to 0.987. Because the line did not pass 

through the origin, intraparticle diffusion was not the 

only rate-determining step. As a result, intraparticle 

diffusion and external film diffusion were active 

during adsorption (Patawat et al., 2020). A similar 

observation has been reported for the adsorption of 

MB onto AC derived from Citrullus lanatus rind 

(Uner et al., 2016).  

The activation energy (Ea) of MB adsorption 

onto AC-RH was determined from a plot (not shown) 

of ln k, the pseudo-second-order rate constant, and 

1/T. The Ea value calculated from the slope of the 

graph was 26.248 kJ/mol. Because the Ea value was 

lower than    40 kJ/mol, the adsorption process of MB 

on AC-RH was physisorption (Inglezakis and Zorpas, 

2012). 

Table 2. Kinetic parameters of MB adsorption by AC-RH 

Kinetic parameters Values 

20°C 30°C 40°C 

qe (exp) (mg/g) 7.90 8.21 8.25 

Pseudo-first-order 

qe (mg/g) 4.00 2.63 2.06 

k1 (1/min) 0.024 0.014 0.018 

R2 0.909 0.928 0.939 

Pseudo-second-order 

qe (mg/g)  8.01 8.30 8.31 

k2 (g/mg⋅min)  0.019 0.022 0.039 

R2  0.999 0.999 1.000 

Intraparticle diffusion 

C (mg/g)  4.64  5.54  6.08 

Kid (mg/g/min1/2)  0.279  0.242  0.217 

R2  0.909  0.987  0.914 

3.5 Adsorption isotherm 

From the study of the effect of initial dye 

concentrations of 25-200 mg/L, the results (Figure 9) 

were plotted as a non-linear function between the 

adsorption capacity (qe) and the equilibrium 

concentration of MB (Ce). Table 3 shows the 

adsorption isotherm parameters obtained using a non-

linear solver (Excel, Microsoft). Based on the R2, the 

Freundlich model, as opposed to the Redlich-Peterson 

and Langmuir models, provided a better description of 

the adsorption isotherm of MB onto AC-RH. Because 

the obtained 1/n value (1/n=0.231) was between 0 and 

1, adsorption was favorable (Patawat et al., 2020). In 

addition, the Langmuir monolayer coverage (qmax) of 

MB on AC-RH was 26.31 mg/g. According to Wu et 

al. (2010), because the g-value for the Redlich-

Peterson model was less than 1, it indicated that the 

adsorption was not comparable to the Langmuir 

isotherm model. In Table 4, the present work was 

compared to various research papers on MB 

adsorption by different ACs. 

Table 3. Adsorption isotherm parameters 

Isotherms Values 

Langmuir isotherm 

qmax (mg/g) 26.31 

 KL(L/mg) 0.88 

 RL 0.046-0.005 

 R2 0.974 

Freundlich isotherm 

 KF (L/g) 12.53 

 1/n 0.231 

 R2 0.990 

Redlich-Peterson isotherm 

 A (L/g) 903.26 

 B (L/mg) 66.87 

 g 0.795 

 R2 0.983 
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Table 4. The maximum adsorption capacity of MB on different activated carbons 

Activated carbons Optimal adsorption conditions qmax(mg/g) References 

Coconut leaves pH=5.6, 303-323°K 357.1-370.4 Jawad et al. (2017) 

Bamboo pH=6, 298°K 183.3 Liu et al. (2010) 

Fig leaves pH=7, 298°K 41.7 Al-Asadi et al. (2023) 

Corn cobs pH=8, 298°K 28.6 El-Sayed et al. (2014) 

Sugarcane bagasse pH=7, 293°K 6.7 Hazzaa and Hussein (2015) 

Coconut shells pH=8, 298°K 15.2 Khuluk et al. (2019) 

Rice husks pH=7, 303-323°K 9.8-14.3 Sharma and Uma (2010) 

Rice husks pH=8, 303°K 26.3 This study 

Figure 9. The equilibrium adsorption experiments and the non-

linear isotherm prediction plots (initial dye concentration 25-200 

mg/L, pH 8, contact time 360 min, and temperature 30°C) 

3.6 Thermodynamic study 

Thermodynamic equilibrium tests were 

conducted at 20-40°C, and the adsorption increased 

from 8.230 to 8.294 mg/g. Using Equation (9), the ΔG 

values for 20, 30, and 40°C were estimated as -6.291, 

-8.463, and -9.197 kJ/mol, respectively. Therefore, the

adsorption was spontaneous and favorable at higher

temperatures. In general, physisorption is suggested

by ΔG values between -20 and 0 kJ/mol (Xu et al.,

2021). Therefore, physisorption was the main

mechanism involved in MB adsorption onto AC-RH.

The slope and intercept seen in Figure 10 were 

used to calculate ΔH and ΔS, respectively, using 

Equation (10). As shown by the ΔH, which was 39.565 

kJ/mol, adsorption was an endothermic process. 

Because the ΔH value was less than 84 kJ/mol, the 

adsorption suggested physical sorption (Hasani et al., 

2022). Because ΔS was 0.156 kJ/mol·K, it is possible 

that there was more randomization at the interface of 

the dye solution and the active sites of the adsorbent. 

Several other reports have also concluded that the MB 

adsorption on activated carbon is endothermic 

(Ahiduzzaman and Sadrul Islam, 2016; Pathania et al., 

2017; Zazouli et al., 2016).  

Figure 10. Thermodynamics of MB adsorption on AC-RH (initial 

dye concentration 50 mg/L, pH 8, and equilibrium time 360 min) 

3.7 Adsorption mechanism 

AC-RH surfaces contain functional groups 

containing oxygen atoms, called oxygen groups. 

These groups are important for adsorption. 

Additionally, the electrons (n) of the oxygen-free 

Lewis primary sites (electron donors) on the surfaces 

of AC-RH and the π‐electrons of the conjugated bonds 

in the aromatic rings of dye molecules contributed to 

the adsorption interaction (Faria et al., 2004). As seen 

in Figure 5, the intensity of the Si-O-Si and Si-O peaks 

decreased after adsorption. The presence of the n- 

interaction in the adsorption between the oxygen 

groups and dye molecules was further confirmed by 

the C=O peak, which lost some of its intensity and 

shifted from 1,750 to 1,738 cm-1. The C=C peak 

center, on the other hand, did not shift noticeably, 

suggesting there were no - interactions (Tran et al., 

2017). In addition, the C=C peak increased in intensity 

because of pore filling. Due to the effect of pH, an 

electrostatic interaction should exist between the 

AC-RH and the MB molecules. Therefore, the 
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possible mechanisms (Figure 11) of MB adsorption on 

AC-RH are (a) H-bonding interactions between the 

hydrogen on the adsorbent surface and the nitrogen in 

the amine group of the dye molecule; (b) pore filling 

in AC-RH; (c) Yoshida H-bonding interactions 

between the hydrogen on the OH groups in the 

adsorbent surface and the aromatic rings of the dye 

molecule; (d) n- interactions between the oxygen 

functional groups of AC-RH and the aromatic rings of 

the dye molecule; (e) electrostatic interactions 

between the negatively charged AC-RH and the 

positively charged dye molecules (MB+); and (f) 

cation exchange of MB+ to K+.

Figure 11. Possible mechanisms of MB dye adsorption on AC-RH 

4. CONCLUSION

The N2 adsorption-desorption isotherm, XRF 

spectroscopy, XRD, SEM, and FTIR spectroscopy 

were used to evaluate the pores and surfaces of AC-

RH. The nitrogen adsorption-desorption isotherm was 

Type IV and primarily mesoporous. The BET surface 

area was 244.479 m2/g. The BJH-determined pore 

diameter distribution ranged between 3.11 and 136.28 

nm, with 87% in the 3-50 nm range. MB adsorption 

onto AC-RH was studied at different pH, contact 

times, initial dye concentrations, and temperatures. 

The equilibrium time was 360 min, and the highest 

MB adsorption occurred at pH 8. The adsorption 

kinetic data corresponded to the pseudo-second-order 

model, and the equilibrium data fit the Freundlich 

isotherm. According to thermodynamics models and 

the activation energy, the process was spontaneous, 

endothermic, and physisorption. The MB adsorption 

on AC-RH was also attributed to H-bonding, Yoshida 

H-bonding, pore filling, n- interactions, cation 

exchange, and electrostatic attraction. 

ACKNOWLEDGEMENTS 

The authors would like to express their gratitude 

to Thepsatri Rajabhat University for the support of the 

research. 

REFERENCES 
Ahiduzzaman Md, Sadrul Islam AKM. Preparation of porous 

biochar and activated carbon from rice husk by leaching ash 

and chemical activation. Springerplus 2016;5(1):Article No. 

1248.  

Al-Asadi ST, Al-Qaim FF, Al-Saedi, HFS, Deyab IF, Kamyab H, 

Chelliapan S. Adsorption of methylene blue dye from aqueous 

solution using low-cost adsorbent: Kinetic, isotherm 

adsorption, and thermodynamic studies. Environmental 

Monitoring and Assessment 2023;195:Article No. 676  

Al-Ghouti MA, Al-Absi RS. Mechanistic understanding of 

adsorption and thermodynamic aspects of cationic methylene 

blue dye onto cellulosic olive stones biomass from wastewater. 

Scientific Reports 2020;10:Article No. 15928.  

Alau KK, Gimba CE, Agbaji BE, Abeche SE. Structural and 

microstructural properties of Neem husk and seed carbon 

activated with zinc chloride and phosphoric acid. Journal of 

Chemical and Pharmaceutical Research 2015;7(3):2470-9.  

Amin MT, Alazba AA, Shafiq M. Effective adsorption of 

methylene blue dye using activated carbon developed from 

468



Sawasdee S and Watcharabundit P / Environment and Natural Resources Journal 2023; 21(5): 458-470 

rosemary plant: Isotherm and kinetic studies. Desalination and 

Water Treatment 2017;74:336-45.  

Bakdash RS, Aljundi IH, Basheer C, Abdulazeez I. Rice husk 

derived Aminated Silica for the efficient adsorption of 

different gases. Scientific Reports 2020;10:Article No. 19526. 

Banuprabha TR, Karthikeyan A, Kalyani P. Evaluation and 

application of phytomass derived activated carbons as 

electrodes for coin cell supercapacitors. International Journal 

of Electrochemical Science 2021;16:Article No. 211251. 

Cychosz KA, Thommes M. Progress in the physisorption 

characterization of nanoporous gas storage materials. 

Engineering 2018;4:559-65.  

El-Bindary MA, El-Desouky MG, El-Bindary AA. Adsorption of 

industrial dye from aqueous solutions onto thermally treated 

green adsorbent: A complete batch system evaluation. Journal 

of Molecular Liquids 2021;346:Article No. 117082. 

El-Sayed GO, Yehia MM, Asaad AA. Assessment of activated 

carbon prepared from corncob by chemical activation with 

phosphoric acid. Water Resources and Industry 2014;7-8:66-75. 

Faria PCC, Orfao JJM, Pereira MFR. Adsorption of anionic and 

cationic dyes on activated carbons with different surface 

chemistries. Water Research 2004;38(8):2043-52. 

Han Q, Wang J, Goodman BA. High adsorption of methylene blue 

by activated carbon prepared from phosphoric acid treated 

eucalyptus residue. Powder Technology 2020;366:239-48.  

Han X, Niu X, Ma X. Adsorption characteristics of methylene blue 

on poplar leaf in batch mode: Equilibrium, kinetics and 

thermodynamics. Korean Journal of Chemical Engineering 

2012;107(3):494-502.  

Hasani N, Selimi T, Mele A, Thaçi V, Halili J, Berisha A, et al. 

Theoretical, equilibrium, kinetics and thermodynamic 

investigations of methylene blue adsorption onto lignite coal. 

Molecules 2022;27(6):Article No. 1856. 

Hazzaa R, Hussein M. Cationic dye removal by sugarcane bagasse 

activated carbon from aqueous solution. Global NEST Journal 

2015;17(4):784-95. 

Hongo T, Moriura M, Hatada Y, Abiko H. Simultaneous 

methylene blue adsorption and pH neutralization of 

contaminated water by rice husk ash. ACS Omega 

2021;6:21604-12.  

Horsfall Jnr M, Spiff AI. Effects o temperature on the sorption of 

Pb2+and Cd2+ from aqueous solution by Caladium biochar 

(Wild Cocoyam) biomass. Electronic Journal of 

Biotechnology 2005;8(2):43-50. 

Hossain SK S, Mathur L, Roy PK. Rice husk/rice husk ash as an 

alternative source of silica in ceramics: A review. Journal of 

Asian Ceramic Societies 2018;6(4):299-313. 

Hu L, Yang Z, Wang Y, Li Y, Fan D, Wu D, et al. Facile 

preparation of water soluble hyperbranched polyamine 

functionalized multiwalled carbon nanotubes for high-

efficiency organic dye removal room aqueous solution. 

Scientific Reports 2017;7(1):Article No. 3611. 

Inglezakis VJ, Zorpas AA. Heat of adsorption, adsorption energy 

and activation energy in adsorption and ion exchange systems. 

Desalination and Water Treatment 2012;39:149-57. 

Islam MA, Tan IAW, Benhouria A, Asif M, Hameed BH. 

Mesoporous and adsorptive properties of palm date seed 

activated carbon prepared via sequential hydrothermal 

carbonization and sodium hydroxide activation. Chemical 

Engineering Journal 2015;270:187-95. 

İzgi MS, Saka C, Baytar O, Saraçoğlu G, Şahin Ö. Preparation and 

characterization of activated Carbon from microwave and 

conventional heated almond shells using phosphoric acid 

activation. Analytical Letters 2018;52(5):772-89. 

Jawad AH, Rashid RM, Ismail K, Sabar S. High surface area 

mesoporous activated carbon developed from coconut leaf by 

chemical activation with H3PO4 for adsorption of methylene 

blue. Desalination and Water Treatment 2017;74:326-35. 

Khuluk RH, Rahmat A, Buhani B, Suharso S. Removal of 

methylene blue by adsorption onto activated carbon from 

coconut shell (Cocous Nucifera L.). Indonesian Journal of 

Science and Technology 2019;4(2):229-40. 

Kumar A, Jena HM. Preparation and characterization of high 

surface area activated carbon from Fox nut (Euryale ferox) 

shell by chemical activation with H3PO4. Results in Physics 

2016;6:651-8. 

Liu L, Deng G, Shi X. Adsorption characteristics and mechanism 

of p-nitrophenol by pine sawdust biochar samples produced at 

different pyrolysis temperatures. Scientific Reports 2020; 

10:Article No. 5149.  

Liu QS, Zheng T, Li N, Wang P, Abulikemu G. Modification of 

bamboo-based activated carbon using microwave radiation 

and its effects on the adsorption of methylene blue. Applied 

Surface Science 2010;256(10):3309-15. 

Ma J, Yu F, Zhou L, Jin L, Yang M, Luan J, et al. Enhanced 

adsorptive removal of methyl orange and methylene blue from 

aqueous solution by alkali-activated multiwalled carbon 

nanotubes. ACS Applied Materials and Interfaces 2012; 

4:5749-90.  

Mansour RAE, Simeda MG, Zaatout AA. Removal of brilliant 

green dye from synthetic wastewater under batch mode using 

chemically activated date pit carbon. RSC Advances 

2021;11:7851-61.  

Patawat C, Silakate K, Chuan-Udom S, Supanchaiyamat N, Hunt 

AJ, Ngernyen Y. Preparation of activated carbon from 

Dipterocarpus alatus fruit and its application for methylene 

blue adsorption. RSC Advances 2020;10:21082-91. 

Pathania D, Sharma S, Singh P. Removal of methylene blue by 

adsorption onto activated carbon developed from Ficus carica 

bast. Arabian Journal of Chemistry 2017;10(1):1445-51. 

Puziy AM, Poddubnaya OI, Martınez-Alonso A, Suarez-Garcıa F, 

Tascon JMD. Synthetic carbons activated with phosphoric 

acid: I. Surface chemistry and ion binding properties. Carbon 

2002;40(9):1493-505.  

Serafin J, Dziejarski B, Junior OFC, Srenscek-Nazzal J. Design of 

highly microporous activated carbons based on walnut shell 

biomass for H2 and CO2 storage. Carbon 2023;201:633-47. 

Sharma YC, Uma. Optimization of parameters for adsorption of 

methylene blue on a low‐cost activated carbon. Journal of 

Chemical and Engineering Data 2010;55,435-9. 

Shrestha LK, Thapa M, Shrestha RG, Maji S, Pradhananga RR, 

Ariga K. Rice husk-derived high surface area nanoporous 

carbon materials with excellent iodine and methylene blue 

adsorption properties. Journal of Carbon Research 

2019;5(1):Article No. 10. 

Thang NH, Khang DS, Hai TD, Nga DT, Tuan PD. Methylene blue 

adsorption mechanism of activated carbon synthesized from 

cashew nut shells. RSC Advances 2021;11:26563-70. 

Tran HN, You S-J, Chao HP. Insight into adsorption mechanism 

of cationic dye onto agricultural residues-derived hydrochars: 

Negligible role of - interaction. Korean Journal of Chemical 

Engineering 2017;34(6):1708-20. 

Uner O, Geçgl Ü, Bayrak Y. Adsorption of methylene blue by an 

efficient activated carbon prepared from Citrullus lanatus 

469



Sawasdee S and Watcharabundit P / Environment and Natural Resources Journal 2023; 21(5): 458-470 

rind: Kinetic, isotherm, thermodynamic, and mechanism 

analysis. Water, Air, and Soil Pollution 2016;227:Article No. 

247. 

Unugul T, Nigiz FU. Preparation and characterization an active 

carbon adsorbent from waste mandarin peel and determination 

of adsorption behavior on removal of synthetic dye solutions. 

Water, Air, and Soil Pollution 2020;231:Article No. 538.  

Wantaneeyakul N, Kositkanawuth K, Turn SQ, Fu J. Investigation 

of biochar production from copyrolysis of rice husk and 

plastic. ACS Omega 2021;6(43):28890-902. 

Wazir AH, Wazir IU, Wazir AM. Preparation and characterization 

of rice husk based physical activated carbon. Energy Sources, 

Part A: Recovery, Utilization, and Environmental Effects 

2020;11:Article No. 1715512. 

Wu FC, Liu BL, Wu KT, Tseng RL. A new linear form analysis of 

Redlich-Peterson isotherm equation for the adsorption of dyes. 

Chemical Engineering Journal 2010;162:21-7. 

Xu L, Pan C, Li S, Yin C, Zhu J, Pan Y, et al. Electrostatic self-

assembly synthesis of three-dimensional mesoporous 

lepidocrocite-type layered sodium titanate as a superior 

adsorbent for selective removal of cationic dyes via an ion-

exchange mechanism. Langmuir 2021;37(19):6080-95.  

Yakout SM, Sharaf El-Deen G. Characterization of activated 

carbon prepared by phosphoric acid activation of olive stones. 

Arabian Journal of Chemistry 2016;9(2):1155-62.  

Zazouli MA, Azari A, Dehghan S, Salmani Malekkolae R. 

Adsorption of methylene blue from aqueous solution onto 

activated carbons developed from eucalyptus bark and 

Crataegus oxyacantha core. Water Science and Technology 

2016;74(9):2021-35. 

Zhu Y, Yi B, Yuan Q, Wu Y, Wang M, Yan S. Removal of 

methylene blue from aqueous solution by cattle manure 

derived low-temperature biochar. RSC Advances 2018; 

8:19917-29. 

Ziezio M, Charmas B, Jedynak K, Hawryluk M, Kucio K. 

Preparation and characterization of activated carbons obtained 

from the waste materials impregnated with phosphoric 

acid(V). Applied Nanoscience 2020;10:4703-16. 

470



Environment and Natural Resources Journal 2023; 21(5): 471-478 

Estimating Land Use Change Effects on Groundwater Recharge in 

Nadi and Kabinburi, Thailand 

Patchares Chacuttrikul* and Supattra Thueksathit 

Department of Conservation, Faculty of Forestry, Kasetsart University, Bangkok, Thailand 

ARTICLE INFO ABSTRACT 

Received: 10 May 2023 

Received in revised: 3 Aug 2023 

Accepted: 10 Aug 2023 

Published online: 12 Sep 2023
DOI: 10.32526/ennrj/21/20230111

The effect of land use change on groundwater recharge in Nadi and Kabinburi 

Districts, Prachinburi Province, Thailand was studied by forecasting land use change 

using the CLUE model and estimating groundwater recharge using the H08 model. 

The results suggested that compared to the current average groundwater recharge, the 

groundwater recharge estimates from scenario 1 (changing the miscellaneous areas 

of mostly wasteland to mixed perennial areas) and scenario 2 (predicting the land use 

scenario for the next 10 years based on trends of land use change from the past to the 

present) were greater by 1.46 and 2.25%, respectively. In scenario 1, the increase in 

forest and mixed perennial areas increased the groundwater recharge by helping to 

slow down the surface runoff and, thus, increased the chances of water seepage into 

the soil. However, increasing the perennial area or turning wasteland into mixed 

perennial area (scenario 1), resulted in an increase in the groundwater recharge that 

was similar to the results from simulating future land use scenarios in the next 10 

years (scenario 2). Therefore, to increase the efficiency of groundwater management 

and drought relief, the relevant agencies should adopt appropriate land use planning, 

be encouraged to plant perennials or support mixed farming on wasteland, restore 

degraded forest areas, and improve the management of water use concurrently. 
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1. INTRODUCTION

At present, water shortage is a major global issue, 

with many countries facing this problem (Miyan, 2015; 

Zhong et al., 2020), especially in developing countries 

(Sharafi et al., 2021). This problem is influenced by 

both natural factors and human activities. Human 

activities, such as land use change that acts as an 

important catalyst to droughting problems, are 

worsening rapidly (Owuor et al., 2016). Water 

resources are extremely important for the survival of all 

living things (people, animals, and plants). Thailand is 

one country facing drought problems annually, where 

the water shortage problem has a profound effect on 

people’s livelihoods (United Nations, 2022). In 

addition, Thailand is an agricultural country where the 

main occupation of the people is agriculture. Drought 

affects agricultural productivity, including the food 

security of the country (Keshavarz and Karami, 2018; 

He et al., 2019). One of the major problems that causes 

a drought to intensify rapidly is land use change without 

planning or proper management. Unused area greatly 

affects water resources because there is nothing to cover 

the soil surface and no plants protecting the soil. Thus, 

rain affects the soil surface directly, increase the 

likelihood of surface runoff and reduce the chance of 

water seepage into the soil (Kumar et al., 2017). These 

affect both groundwater recharge and the amount of 

groundwater. 

Groundwater is an important water source that 

helps to add water to surface water sources during the 

dry season (Niyom, 1992). Most of the rain that falls 

on the surface will return to the atmosphere due to 

evapotranspiration, with only 14% becoming 

groundwater recharge (Fornes and Pirarai, 2014). 

Thailand has widely used groundwater, from the past 

to the present, to alleviate the problem of water 

shortage and to respond to the increasing water 

demand of the people (Department of Groundwater 

Resources, 2018). However, factors affecting 

groundwater recharge have not been studied much in 

Thailand. Most studies have examined the relationship 

between streamflow and land use change, for example, 

Chacuttrikul et al. (2018) projected the streamflow in 

the land use change situation at Lam Chi Sub-

Citation: Chacuttrikul P, Thueksathit S. Estimating land use change effects on groundwater recharge in Nadi and Kabinburi, Thailand. Environ. 
Nat. Resour. J. 2023;21(5):471-478. (https://doi.org/10.32526/ennrj/21/20230111)
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watershed, Northeast Thailand, using H08 model, 

Faksomboon et al. (2019) investigated the land use 

change of head water area on streamflow, suspended 

sediment, and water quality in Khlong Lan Watershed, 

Kamphaeng Phet Province using SWAT model, and 

Borrabut et al. (2022) studied the effect of land use 

change on streamflow of Mae Nam Khuan and Nam 

Pi Sub-watersheds in Nan and Phayao Provinces, 

Thailand. Therefore, it is not yet clear what factors 

affect groundwater recharge. Furthermore, there is 

limited quantitative evidence on how changes in land 

use affect groundwater recharge. 

The selected areas for the current research were 

the Nadi and Kabinburi Districts, Prachinburi Province, 

eastern Thailand. The Nadi and Kabinburi Districts are 

recurring drought-affected and drought-prone areas, 

respectively. The recurring drought-affected area was 

the area that experienced drought in agriculture 

regularly or frequently. It is an area that lacks water for 

use in agriculture and consumption, affecting the 

livelihood of the people (Research Institute Developed 

for Desertification Prevention and Early Warning, 

2005). In addition, water demand by the people in this 

area is continuously increasing. As a result, the amount 

of surface water and groundwater is insufficient to meet 

demand. Thus, the drought response plan for the year 

2019-2020 was established by the Office for Prevention 

and Mitigation in Prachinburi Province and one of the 

drought relief plans was to survey the area that could 

supply groundwater to help alleviate this problem. 

Therefore, the Nadi and Kabinburi Districts, 

Prachinburi Province are very suitable as a relevant 

study area. The drought problem of the study area may 

be due to the land use changes that have resulted in an 

increase in abandoned areas and to increasing people's 

water demand (Department of Groundwater Resources, 

2015), make the water from both surface sources and 

groundwater not sufficient to meet the demand of the 

total population.  

Therefore, this research simulated the land use 

change scenario using the Conversion of land use and 

its effects (CLUE) modelling framework, which is a 

land use change model (Verburg et al., 1999; Verburg 

and Overmars, 2009). Afterward, the H08 model, 

which is an open-source global hydrological model 

that can consider the interactions between natural 

hydrological processes and human activities (Mateo et 

al., 2014; Hanasaki et al., 2018; Hanasaki, 2022), was 

applied to estimate the impacts of land use changes on 

groundwater recharge in Nadi and Kabinburi Districts, 

Prachinburi Province, Thailand. 

2. METHODOLOGY

2.1 Study area

The Nadi and Kabinburi Districts (2,611 km2) 

in Eastern Thailand, Prachinburi Province, were 

selected as the study site (Figure 1). To the north, it 

connects with Nakhon Ratchasima Province, to the 

east with Sa Kaeo Province, to the south with 

Chachoengsao Province, and to the west with Nakhon 

Nayok Province. The Nadi and Kabinburi Districts are 

constantly experiencing drought. 

Figure 1. Location of study areas in Nadi and Kabinburi Districts, 

Prachinburi Province 

The research procedures and methods are 

shown in Figure 2 and detailed as follows: 

Figure 2. Methodology

Nadi District  

Kabinburi 

District  
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2.2 Data preparation for the model 

2.2.1 CLUE model 

The conversion of land use and its effects 

modelling framework (the CLUE model) was used to 

develop the future land use scenario by the boundary 

of the study area, land use data in 2020 from Land 

Development Department, elevation and slope data 

from topographic map, and roads and main streams 

from topographic map (Verburg, 2015). 

Chacuttrikul’s findings regarding the impact of 

land use and climate change on future soil erosion and 

sediment yield in Northern Thailand indicate that the 

CLUE model has high performance for simulated land 

use change scenarios. The results from the CLUE 

model closely corroborate the land use change data 

from the actual measurement for over 82% of the total 

area. However, there are some errors in simulating 

small areas such as water and urban areas 

(Chacuttrikul, 2018).  

2.2.2 H08 model 

H08 model (Hanasaki, 2022) estimating land 

use change impact on groundwater recharge during 5 

years by the Meteorological data (rainfall, air 

temperature, and relative humidity) were collected 

from the weather monitoring station of the Thai 

Meteorological Department and the Royal Irrigation 

Department for 2016-2020, in daily time scale, 

boundary from topographic map, land use data in 2020 

from Land Development Department, elevation and 

slope from topographic map, and data regarding 

artesian wells or groundwater such as well depth and 

water level in the well from field data collection by the 

Department of Groundwater Resources. Soil moisture, 

soil texture, soil depth, and water holding capacity of 

soil from field data collection. For field data 

collection, the soil sampling points were chosen based 

on different land use and soil groups. The soil samples 

were collected at a depth of 0-30 cm at 11 points, with 

3 replications at each sample collection points (total of 

33 samples). 

In addition, a geographic information system 

(GIS) was used to prepare the data for the H08 model, 

including boundary, elevation, slope, and land use 

data. Data were prepared at 1 arc-minute spatial 

resolution, or approximately 2 × 2 kilometers. In 

addition, some soil hydrological data from the field 

collection were also included in the GIS after analysis 

in the laboratory.  

2.3 Simulation of land use situation based on CLUE 

model 

After preparing the input data, land use situation 

was created using the CLUE model, which is an 

integrated land use change model (Verburg et al., 

2002; Verburg, 2007; Verburg, 2015). The 

relationships were analyzed among land use types and 

factors that affect land use change, such as elevation, 

slope of the area, slope direction, and distances from 

communities to rivers and roads. 

There were two land use scenarios: scenario 1 

changed other agricultural areas (such as floricultural, 

animal husbandry, and pasture) and miscellaneous 

areas (such as bare areas and wasteland) to an area for 

mixed perennial plants to be consistent with the daily 

life and well-being of the people in the area; and 

scenario 2 simulated the next 10 years of land use 

change from the trends in land use change from the 

past to the present, to forecast the groundwater 

recharge rate in the near future and plans for water use. 

As basic data for simulation, both land use scenarios 

used the GIS, the CLUE model (Dyna version) and 

land use data in 2020 from the Land Development 

Department. The CLUE model is an integrated land 

use change model (Verburg et al., 1999) that can be 

used to simulated land use change scenarios from land 

use data in the past along with the data that are related 

to land use change, including slope data, elevation, 

distances from roads, and distances from water 

sources. 

2.4 Forecasting effect of land use change on 

groundwater recharge based on H08 model  

Step 1: Assessment of groundwater recharge 

was based on current land use (in 2020) and climatic 

data (2016-2020).  

Step 2: Calibration of the H08 model was done 

using the groundwater level data that had been 

measured by the Department of Groundwater 

Resources. The model was calibrated by changing the 

values of the parameters that related to the amount of 

groundwater and groundwater recharge. In addition, 

the coefficient of determination (R2) and standard 

error of the estimate (SSE) were used to measure the 

accuracy of the values obtained from the models. 

Step 3: Evaluation of the effects of land use 

change on groundwater recharge using land use data 

from the CLUE model along with current climatic 

data.  
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3. RESULTS AND DISCUSSION

3.1 Land use and land use change

The land use data for the research site between 

2008 and 2020 from the Land Development 

Department showed that the major land uses were 

forest, perennial, field crop, and paddy field, with 

areas of 26.45, 16.73, 15.77, and 15.47%, respectively, 

in 2008 and 29.32, 18.81, 17.91, and 12.42% in 2020, 

respectively. These figures suggested that land use for 

the study site had slightly changed. In 2020, the forest 

area, field crops, perennial, water, and miscellaneous 

areas increased by approximately 2.79, 2.15, 2.08, 

1.47, and 1.18%, respectively. In contrast, paddy field, 

other agricultural, urban, and degraded forest area 

decreased by approximately 3.05, 2.43, 1.61, and 

1.61%, respectively. The areas with little change were 

forest plantations and orchards that decreased and 

increased by only 0.99 and 0.02%, respectively, of the 

total area (Table 1). 

3.2  Forecasting land use change under the two 

scenarios 

Scenario 1 (changing the land use area of other 

agricultural and miscellaneous areas to mixed 

perennial) involved approximately 219.6 km2 or 8.4% 

of the total area. The relevant maps and land use data 

are shown in Table 2 and Figure 3(a). 

Scenario 2 (trends in land use change from 2008 

to 2020) showed that the forest, field crops, fruit trees, 

perennial plants, water, and miscellaneous areas 

tended to increase, while degraded forest, forest 

plantations, paddy fields, other agricultural, and urban 

areas tended to decrease. This affected land use in 

scenario 2. The future land use areas under the two 

scenarios are shown in Table 2 and Figure 3. 

Table 1. Changes in land use (2008-2020) 

Land use type Land use in 2008 Land use in 2020 % Change 

km2 % km2 % 

Forest 690.70 26.45 763.52 29.23 2.79 

Degraded forest 81.18 3.11 39.15 1.50 1.61 

Paddy field 404.05 15.47 324.40 12.42 3.05 

Field crops 411.79 15.77 467.88 17.91 2.15 

Orchard 42.83 1.64 43.34 1.66 0.02 

Perennial 436.89 16.73 491.28 18.81 2.08 

Other agricultural areas 231.50 8.86 168.08 6.44 2.43 

Forest plantations 32.35 1.24 6.45 0.25 0.99 

Urban area 218.33 8.36 176.35 6.75 1.61 

Water area 41.41 1.59 79.79 3.05 1.47 

Miscellaneous area 20.79 0.80 51.57 1.97 1.18 

Table 2. Original land use and future land use under scenarios 1 and 2 

Land use type Land use in 2008 Land use in 2020 Scenario 1 Scenario 2 

km2 % km2 % km2 % km2 % 

Forest 690.7 26.4 763.5 29.2 763.5 29.2 823.0 31.5 

Degraded forest 81.2 3.1 39.2 1.5 39.2 1.5 0.0 0.0 

Paddy field 404.0 15.5 324.4 12.4 324.4 12.4 251.3 9.6 

Field crops 411.8 15.8 467.9 17.9 467.9 17.9 517.1 19.8 

Orchard 42.8 1.6 43.3 1.7 43.3 1.7 53.1 2.0 

Perennial 436.9 16.7 491.3 18.8 491.3 18.8 567.3 21.7 

Other agricultural areas 231.5 8.9 168.1 6.4 0.0 0.0 75.7 2.9 

Mixed perennial tree 0.0 0.0 0.0 0.0 219.6 8.4 0.0 0.0 

Forestry plantations 32.3 1.2 6.5 0.2 6.5 0.2 0.0 0.0 

Urban area 218.3 8.4 176.3 6.8 176.3 6.8 127.9 4.9 

Water area 41.4 1.6 79.8 3.1 79.8 3.1 109.6 4.2 

Miscellaneous area 20.8 0.8 51.6 2.0 0.0 0.0 86.8 3.3 

Total 2,611.8 100.0 2,611.8 100.0 2,611.8 100.0 2,611.8 100.0 
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Figure 3. Land use maps: (a) scenario 1 and (b) scenario 2 

3.3 Predicting the effect of land use change on 

groundwater recharge using H08 model 

3.3.1 Calibration of H08 model 

To calibrate the H08 model, the groundwater 

data obtained from the actual measurements was 

compared with the results from the model and used to 

modify the relevant parameters such as groundwater 

depth, groundwater yield (Gwyield), the maximum 

time constant for groundwater runoff per day (Tau), 

and parameters related to groundwater flow (Gamma). 

In this study, the Gwyield, Tau, and Gamma 

parameters were adjusted according to land use in 

2020 in the Nadi and Kabinburi districts, with the 

groundwater depth data of the Department of 

Groundwater Resources being used as a baseline. The 

actual measurement groundwater data were recorded 

during 2018-2020 from two groundwater wells of the 

Department of Groundwater Resources. The 

coefficient of determination (R2) and standard error of 

the estimate (SSE) were used to measure the accuracy 

of the values obtained from the model. However, due 

to the lack of continuity of the measurement 

groundwater data, only 5 data values per well were 

available for calibration. The results of the model 

calibration are shown in Table 3. 

For model calibration, the groundwater data 

from the Kabinburi and Ladtakian wells were 

compared with the data output from the model. It was 

found that the R2 value for the Kabinburi well was 0.97 

and the SEE was 0.017, while for the Ladtakian well, 

the R2 value was 0.76 and the SEE was 0.012. 

Table 3. Results of H08 model calibration 

Statistic Groundwater well 

Kabinburi Ladtakian 

R2 0.97 0.76 

SEE 0.017 0.012 

3.3.2 Effect of land use change on groundwater 

recharge  

The simulations for both land use scenarios 

using the GIS and the CLUE model indicated that land 

use change clearly affected the groundwater recharge. 

The results of the assessment of groundwater recharge 

for both scenarios (scenario 1 that changed other 

agricultural areas and miscellaneous areas, such as 

mixed perennial area, and scenario 2 that predicted the 

next 10 years of land use based on land use change 

trends from the past to the present) showed that the 

average monthly groundwater recharge for the current 

situation and all scenarios were the highest in October 

and the lowest in May (Table 4 and Figure 4) and 

that the groundwater recharge amounts from scenarios 

1 and 2 were higher than the groundwater recharge 

from the current situation. The average groundwater 

(a) Scenario 1 (b) Scenario 2
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recharge for 5 years of the current situation,       

scenario 1, and scenario 2 were 7.33×10-4, 7.44×10-4, 

and 7.49×10-4 m3/s, respectively. The average 

groundwater recharge amounts of scenario 1 and 

scenario 2 were greater than the current situation by 

1.46 and 2.25%, respectively, due to the decrease in 

miscellaneous areas (mostly wasteland), the increase 

in forest area in scenario 2, and the increase in mixed 

perennial areas in scenario 1. These all helped to cover 

the surface soil leading to reduced surface runoff, 

reduced soil erosion, an increased chance of greater 

penetration of water into the soil, which affected the 

groundwater recharge and the amount of groundwater 

(Winter et al., 2003; Graf and Przybylek, 2018). The 

results of the current study were consistent with the 

research of Zomlot et al. (2015) that assessed the 

control factors regarding the spatial distribution of 

groundwater recharge and found that land use had a 

profound effect on the rate of groundwater recharge, 

especially an increase in forest area, because the forest 

helped to slow down surface runoff and increased the 

chance of water seepage into the soil. On the other 

hand, groundwater recharge tends to decrease when 

the built-up area increases (Ghimire et al., 2021; 

Ashraf et al., 2022; Salem et al., 2023) or the vegetated 

land cover decreases (Sajjad et al., 2022; Siddik et al., 

2022). The groundwater recharge rate was dependent 

on land cover, soil properties, surface runoff, and 

infiltration, which were influenced by land use change 

(Sajikumar and Remya, 2015; Owuor et al., 2016; 

Abdelaziz et al., 2020). 

Moreover, this research showed the benefits of 

land use management. If the wasteland were converted 

into mixed perennial, there is a tendency of increasing 

groundwater recharge and may help to relieve the 

drought problem in this study area. The average 

groundwater recharge is shown in Table 4. 

Table 4. Average groundwater recharge 

Groundwater recharge (×10-4 m3/s) 

Current situation Scenario 1 Scenario 2 

Min-max Average Min-max Average Min-max Average 

January 2.20-12.76 7.30 2.20-13.17 7.40 2.27-14.44 7.46 

February 2.07-12.83 7.29 2.07-13.25 7.39 2.13-14.55 7.45 

March 1.93-12.90 7.28 1.93-13.33 7.38 1.99-14.66 7.44 

April 1.85-12.96 7.28 1.85-13.39 7.37 1.89-14.75 7.44 

May 1.79-13.01 7.27 1.79-13.45 7.37 1.81-14.84 7.43 

June 1.95-13.06 7.29 1.95-13.50 7.38 1.95-14.92 7.45 

July 2.24-13.10 7.33 2.24-13.55 7.43 2.30-14.99 7.49 

August 2.53-3.13 7.38 2.59-15.06 7.54 2.59-15.06 7.54 

September 2.69-13.16 7.41 2.69-13.62 7.51 2.76-15.11 7.57 

October 2.75-13.19 7.43 2.75-13.66 7.53 2.83-15.16 7.59 

November 2.53-13.03 7.39 2.56-13.68 7.52 2.64-15.20 7.58 

December 2.27-12.62 7.31 2.29-13.19 7.43 2.36-14.48 7.49 

Average 7.33 7.44 7.49 

Figure 4. Monthly groundwater recharge for current situation, scenario 1, and scenario 2 
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4. CONCLUSION

Land use changes between 2008 and 2020 in the 

Nadi and Kabinburi Districts, Prachinburi Province, 

showed that the increased areas of forest, field crops, 

perennials, water, and miscellaneous and decreased 

areas of paddy fields, other agricultural, urban, and 

degraded forest areas. In addition, the areas with very 

little change were forest plantations and fruit tree 

areas. The major focus of this research was evaluating 

the impact of land use change on groundwater 

recharge. The simulation showed that the average 

monthly groundwater recharge amounts in scenario 1 

that changed other agricultural areas and 

miscellaneous areas, and scenario 2 that predicted the 

future land use based on land use change trends from 

the past to the present, were more than the current 

situation. Changes in land use in the study area, such 

as increasing land cover or turning wasteland into 

mixed perennial areas (scenario 1), affected the 

groundwater recharge in the Nadi and Kabinburi 

Districts and produced recharge values, close to the 

results from the simulating future land use scenarios in 

the next 10 years (scenario 2), which was based on the 

trends of land use change from the past to present. 

Therefore, planting more and protecting the forest 

area, establishing a forest care policy, creating water 

use plans for both surface water and groundwater, and 

following the principles of soil and water conservation 

to prevent the occurrence of surface runoff are 

increasing the opportunity to replenish the 

groundwater in Nadi and Kabinburi Districts, 

Prachinburi Province. 
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